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Preface

This thesis investigates the method of X-ray single-crystal structure determination. The
work presented here is a collection of publications and manuscripts that have been written
during my PhD studies at the University of Regensburg.

Every chapter of this thesis, which is based on a published or submitted publication,
is preceded by a separate preface that provides a list of authors and their respective
contributions to the publication.

The published and submitted publications were kept in their original form, including the
text and its language (British or American English), the images, and the formatting of the
references. The titles were adjusted for this thesis to ensure consistency. The supporting
information is included as .pdf file in the end of each chapter in its original format and
page numbering.

The introduction chapter of this thesis provides a methodological overview of the field of
X-ray single-crystal structure determination, including quantum crystallography, bonding
indices, anomalous dispersion, and X-ray absorption spectroscopy. The introduction puts
the results of this thesis into a broader context and the conclusion chapter summarises
the findings comprehensively.
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1 Introduction

1.1 X-ray crystallography

Within only a few years of Wilhelm Conrad Réntgen’s discovery of X-rays [1], their
diffraction by ordered materials provided direct evidence for the atomic nature of matter,
the periodic arrangement of atoms in crystals, and ionic bonding in salts. X-ray diffraction
by crystals was discovered by Walter Friedrich, Paul Knipping, and Max von Laue in
1912 [2], with conceptual guidance from Paul Peter Ewald [3]. William Henry Bragg and
William Lawrence Bragg subsequently established X-ray crystallography as a practical
method for crystal structure determination in 1913 [4, 5].

The Braggs reported the fundamental relation now known as Bragg’s law (Equation 1.1),
which gives the condition for constructive interference of radiation diffracted by a crystal
lattice

nA = 2dsiné (1.1)

where \ is the wavelength of the incident radiation, n is the diffraction order, d is the
spacing between lattice planes, and 6 is the Bragg angle. The enduring importance
of Bragg’s law resides in its mathematical elegance, contemporary indispensability, and
cross-disciplinary relevance.

This thesis focuses on X-ray crystallography, which has become the most mature and
widely used diffraction technique for determining atomic structures and the corresponding
electron density in crystals [6].

When X-rays are diffracted by a single crystal, the positions of the diffraction spots provide
information about the symmetry and periodicity of the lattice, whereas their intensities
are related to the electron density because X-rays interact primarily with the electrons in
the crystal.

The periodic electron density is related to the crystallographic structure factors through
the inverse Fourier transform

o) = & 3 F(h)e 2t (1.2

where p(r) is the electron density at position r, V' is the unit-cell volume, F'(h) is the
structure factor for the reflection with Miller indices h, and the sum extends over all
reciprocal-lattice points |7].

The structure factors are therefore the Fourier coefficients of the total electron density.
Their subsequent decomposition into atom-centred contributions introduces the atomic
form factor, which links the measured diffraction intensities to a physically meaning-
ful description of the electron density and underlies modern quantum chemistry and a
wavefunction-based descriptions of X-ray scattering.

1.1.1 Quantum mechanics in early X-ray crystallography

The ambition to obtain chemical information from diffraction intensities is almost as old
as crystal structure analysis itself. In 1915, only a few years after the discovery of X-ray
diffraction, Arthur H. Compton argued that the angular decrease of diffracted intensity
could not be understood by treating an atom as a point scatterer. Instead, the atom
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had to be considered as a spatial distribution of electrons, so that sufficiently accurate
reflection intensities could, in principle, reveal this distribution [8]. This early insight
already contains the essential concept of the atomic form factor: the coherent scattering
amplitude of an atom is the Fourier transform of its electron density.

The connection between quantum mechanics and crystallographic electron density was
recognised with remarkable clarity soon after the emergence of wave mechanics. Already
in the 1920s, Linus Pauling emphasised the prospect that X-ray diffraction might provide
experimental access to the spatial distribution of electrons and thereby reveal information
about the nature of the chemical bond. This idea anticipated the central ambition of
modern quantum crystallography [9]. A diffraction experiment does not directly measure
a many-electron wavefunction, since the observed intensities are related to the square
moduli of the structure factors, which correspond to the total electron density [10]. The
wavefunction contains substantially more information and cannot be measured directly.
Nevertheless, the electron density derived from a wavefunction and the Fourier coefficients
obtained from diffraction are linked through the same spatial distribution of electrons
[6, 11]. This early connection between wave mechanics and crystallographic measurements
therefore provides a natural historical starting point for the development of experimental
charge-density analysis and wavefunction-based refinement |9, 12, 13].

The first crystal structures also demonstrated that diffraction intensities contain infor-
mation beyond the positions of ideal point scatterers. Rock salt was among the earliest
and most consequential examples. Bragg’s structural analysis established an alternat-
ing arrangement of sodium and chlorine sites rather than discrete NaCl molecules, while
subsequent quantitative measurements by Bragg, James, and Bosanquet examined the
absolute intensities of reflections from rock salt [14, 15]. The observed scattering could
not be understood solely from the nuclear arrangement. It depended on the distribution
of electrons assigned to the two sublattices. Describing the sites as approximately Na‘t
and C17, rather than as neutral Na and Cl atoms, gave physically more appropriate low-
angle form factors because electron transfer decreases the diffuse valence density around
sodium and increases that around chlorine. The improvement obtained with ionic form
factors provided early diffraction evidence consistent with the ionic description of alkali
halides.

Figure 1.1 compares the calculated atomic form factors of Na, Na™, Cl, and Cl™. It is
evident that form factors of ions and neutral atoms differ in the low resolution regime. The
negatively charged Cl™ possesses one more electron than in its neutral form, increasing
the scattering power for forward scattering by one electron. In contrast, the positively
charged Nat has one fewer electron than neutral Na, reducing its scattering power for
forward scattering by one electron. The difference between the form factors of neutral and
ionic species is therefore most pronounced at low resolution, where the valence density
dominates the scattering. At higher resolution, the core density dominates and the form
factors of neutral and ionic species converge.

The quantum mechanical basis of X-ray scattering was developed further during the fol-
lowing years. Waller and Hartree derived a general treatment of the total scattering
intensity, including coherent elastic and incoherent contributions, in terms of matrix el-
ements between electronic wavefunctions [17]. Their formalism showed explicitly that
X-ray scattering is governed by the quantum-mechanical electronic state rather than by
an assembly of classical point electrons. In modern notation, the total scattering contains
a sum over possible final electronic states,
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Figure 1.1: Scattering power of neutral and ionic sodium and chlorine as a function of
resolution. Neutral and ionic form factors are calculated from the International Tables
for Crystallography [16].

N 2

Z exp(2miq - rj)

Jj=1

: (1.3)

Itotal (q) X Z

n

R

where Uy and W, are the initial and possible final electronic states, respectively, N is
the number of electrons, and q is the scattering vector. The term with ¥,, = ¥, is the
coherent elastic contribution that gives the ordinary atomic form factor and, in a periodic
crystal, the Bragg reflections. Terms with U,, # W, represent inelastic scattering.

Despite these early developments, routine chemical structure refinement has largely re-
mained geometrical. In the independent-atom model (IAM), atoms of the same element
are normally assigned identical spherical reference densities, apart from occupancies and
displacement parameters. Valence redistribution caused by ionisation, covalency, polari-
sation, and intermolecular interactions is therefore omitted from the refined density. This
simplification is highly successful for locating atoms, but it deliberately discards much of
the electronic information that attracted Compton and Pauling.

Modern quantum crystallography provides several routes for recovering part of this in-
formation. Hansen—Coppens multipole refinement represents the density with flexible
atom-centred spherical-harmonic functions [12]|. Transferable pseudoatom databanks and
programs such as MoPro extend this idea to chemically transferable aspherical density pa-
rameters |18]. Wavefunction-based approaches generate scattering factors from quantum-
chemical densities or allow experimental structure factors to influence a wavefunction
directly |9, 13]. Current implementations of the XD and MoPro program packages pro-
vide multipolar refinement, topological analysis, and property evaluation for experimental
and theoretical structure factors [19, 20|. These methods differ in the extent to which
their resulting electronic quantities are experimentally refined or theoretically constrained,
but all pursue the objective anticipated by Pauling: using X-ray diffraction not only to
determine where atoms are, but also to investigate how their electrons are distributed and
how they participate in chemical bonding.
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1.1.2 Thermal motion and the Debye—Waller factor

A second early development that remains fundamental to every modern crystal structure
refinement was the recognition that atoms are not stationary at their mean lattice posi-
tions. Thermal motion changes the phase of the wave scattered by each instantaneous
atomic configuration. Averaging over many configurations reduces the coherent Bragg
amplitude, particularly at large scattering angles, while transferring intensity into ther-
mal diffuse scattering. Peter Debye first derived a temperature-dependent attenuation of
X-ray interference intensities in 1913 [21]. Ivar Waller subsequently developed a more gen-
eral treatment of the influence of lattice vibrations on X-ray interference and established
the form that became the basis of the modern Debye-Waller factor [22].

For an atom with instantaneous displacement u; from its mean position r;, the thermally
averaged phase factor is

Ty(h) = (exp(2mih - w,)). (1.4)

where the angle brackets denote an ensemble or time average. If the displacement distri-
bution is Gaussian and harmonic, this average becomes

Tj(h) = exp[—27°h"U;h], (1.5)

where U; = <ujujT> is the mean-square displacement tensor. In the isotropic approxima-
tion, U; = Ui ;1, and the factor is often written as

Tj(s) = exp(—8m° Ui j5°) = exp(—B;s?), B; = 87%Usso (1.6)

with s = sinf/A. The Debye-Waller factor (see Figure 1.2) therefore attenuates high-
angle reflections more strongly than low-angle reflections. This angular dependence is
central to crystallographic refinement because it creates correlations between displacement
parameters, occupancies, scale factors, and the radial form of the atomic density. An
inadequate electron-density model may be partly compensated by distorted anisotropic
displacement parameters (ADPs), while unmodelled disorder or anharmonic motion may
appear as apparent bonding density. The historical work of Debye and Waller therefore
establishes the formal separation between the mean atomic structure and the distribution
of instantaneous displacements around it.

The term “Debye—-Waller factor” is sometimes used for either the amplitude factor 7} or the
corresponding intensity attenuation |Tj|%. The convention should therefore be specified
explicitly. In the structure factor equation used below, T; multiplies the atomic scattering
amplitude, so the intensity contains its squared modulus.

1.1.3 The crystallographic structure factor

Equation 1.2 expresses the periodic electron density as a Fourier series. Its coefficients, the
complex structure factors F'(h), contain the amplitude and phase of each spatial Fourier
component. The corresponding forward Fourier transform is

F(h) = /Vp(r) exp(2mih - r)dr, (1.7)

where the integration extends over the unit-cell volume V. The reciprocal-lattice vector
is h = ha* 4+ kb* 4 [c*, with Miller indices h, k, and [ and reciprocal basis vectors a*, b*,
and c* [6, 16].

4
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Figure 1.2: Dependence of the isotropic Debye-Waller factor T'(s) = exp(—Bs?) on s =
sinf/\ for different values of the displacement parameter B. Adapted from Equation
(1.6) using representative values of B.

For a crystal composed of atoms at positions r;, the total density may be approximated
as a sum of atom-centred contributions,

p(r) = ZP;’(I‘ —1), (1.8)

where p; is the electron density assigned to atom j. The Fourier transform of an isolated
atomic contribution is its atomic form factor,

fi(a) = / py(r) exp(2miq - ) dr, (L.9)

where q is the scattering vector. At the Bragg condition, q coincides with a reciprocal-
lattice vector. For a spherically symmetric atomic density, the angular part can be inte-
grated analytically,

sin(4wsr) , sin @

fi(s) =4n /000 p;(r) redr, 5 = o

where 6 is the Bragg angle and A the incident wavelength. For a neutral atom, f;(0) =
Zj, with atomic number Z;. Substitution of Equation 1.8 into Equation 1.7 gives the
conventional crystallographic structure factor,

1.10
4 sr ( )

Nat
F(hkl) =) " o, f;(hkl)T;(hkl) exp[2mi(ha; + ky; + 1z;)] . (1.11)
j=1
Here, N, is the number of atoms in the unit cell, o; is the site occupancy, (z;,v;,2;)
are fractional coordinates, and 7Tj is the atomic displacement factor. In the harmonic
anisotropic approximation, Equation 1.5 gives the Debye-Waller factor, where U; is the
symmetric anisotropic displacement tensor. The six independent elements of U, describe
the mean-square displacement distribution about the average atomic position. They pri-
marily represent thermal motion but can also absorb static disorder and deficiencies of
the structural or scattering model.
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Within the kinematical approximation, the integrated intensity of a Bragg reflection is
proportional to the squared modulus of the structure factor,

I(hkl) = K L(hkl) P(hkl) A(hkl) E(hkl) |F(hkD)|? (1.12)

where K is the overall scale factor, L the Lorentz factor, P the polarisation factor, A an
absorption term, and E an extinction correction. Crystallographic data reduction and
processing aim to remove these experimental contributions and obtain estimates of | F, |?
(except for E, which is considered by the refinement software). The phase of F', how-
ever, cannot be measured directly, which constitutes the “crystallographic phase problem”.
The solution of the phase problem can be approached by a variety of methods, includ-
ing direct methods |23, 24|, the Patterson method |25], charge flipping |26], molecular
replacement [27], dual-space methods [28], iterative projection algorithms [29], and, more
recently, Al-based [30].

1.1.4 Conventional crystallographic refinement

In routine small-molecule crystallography, the electron density is represented by the IAM
[8, 10]. Every atomic position is assigned a spherical atomic form factor calculated for an
isolated atom, and the electron density in the crystal is constructed as their superposition.
Structural parameters are optimised by minimizing the disagreement between observed
and calculated diffraction data. Modern refinements are commonly performed against £
using a weighted least-squares target,

S=3 wn [F2(h) - F2(h)]’, (1.13)

where wy, is a reflection weight and the subscripts “0” and “c” denote observed and calcu-
lated quantities. The principal refined quantities are atomic coordinates, site occupancies,
scale factors, and atomic displacement parameters. Additional parameters may account
for disorder, twinning, extinction, or anharmonic motion.

Despite the simplicity of spherical isolated-atom form factors, the IAM routinely yields
accurate connectivity, bond lengths, angles, stereochemistry, and crystal packing. This
is possible because the phases of the atomic contributions are dominated by the nuclear
positions and because much of the core-electron density remains close to spherical.

The IAM is nevertheless not a complete description of a bonded system. Molecular
formation redistributes valence density through polarisation, charge transfer, covalency,
lone-pair formation, and intermolecular interactions |9]. If these effects are ignored in
the model, their signatures can be transferred partly into positional and displacement
parameters. The consequences are especially visible for hydrogen atoms, whose only elec-
tron participates directly in bonding, and in high-quality data, where systematic residual
density around bonds and lone pairs becomes visible. The limitations of spherical-atom
refinement motivate more accurate descriptions of both the ordinary elastic form factor
and its energy-dependent resonant contribution [10, 12, 31|.

1.1.5 Atomic scattering

The term “atomic form factor” suggests that it is a single entity. In reality, the scattering
amplitude depends on momentum transfer, photon energy, polarisation, the electronic
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state of the atom, and its chemical environment. Within the scalar approximation, the
atomic scattering factor is written

fila, E) = foj(a) + fi(E) +if] (E), (1.14)

where fy ; is the non-resonant elastic form factor, while f; and f]’ are the real and imagi-
nary anomalous dispersion corrections.

Elastic scattering leaves the internal quantum state of the sample unchanged and preserves
the photon energy. Coherent elastic scattering from the periodic density produces Bragg
diffraction. Inelastic processes, including Compton scattering, transfer energy to the
sample and generally contribute diffuse background rather than coherent Bragg intensity.
The imaginary term f” should therefore not be interpreted simply as an “inelastic form
factor”. It represents the absorptive part of the coherent forward-scattering response and
is related to photoabsorption through the optical theorem. The terms f’ and f” are more
accurately described as resonant or anomalous contributions [11, 16].

A refined physical description of the measured electron density consequently requires two
complementary developments. First, the spatial shape of the ground-state elastic density
must be improved beyond spherical isolated atoms. Second, the energy dependence and
chemical sensitivity of the resonant terms must be treated accurately, particularly near
an absorption edge. The first route leads to experimental charge-density and quantum-
crystallographic methods, while the second connects anomalous diffraction directly to
X-ray absorption spectroscopy.

1.2 Beyond the independent atom model

1.2.1 Multipolar modelling

The most established experimental approach to model the aspherical electron density
attributed to chemical effects within the crystal is multipolar refinement. In the Hansen—
Coppens formalism, each atomic density is divided into a spherical core, a spherical valence
shell, and an aspherical deformation contribution to the valence shell [12]:

Pj (I‘) = Pc,jpcore,j (T) + Pv,j/’i?pval,j('%jr)
lmax

l
+ Z H;‘SRl,j(K’;‘T) Z f)lm,j}/lm(ev ¢)
=0

m=—1

(1.15)

Here, P.; and P, ; are core and valence populations, x; and s} describe radial contrac-
tion or expansion, R;; are radial functions, Y;,, are real spherical harmonics, and P, ;
are multipole populations. Fourier transformation of these pseudoatomic densities gives
aspherical atomic form factors that can be refined against high-resolution diffraction data.
Multipolar refinement provides a compact and chemically flexible description of the static
one-electron density. It can describe electron-density accumulation in covalent bonds [32],
lone-pair density [33], polarisation of metal-ligand interactions [34], and redistribution
associated with intermolecular contacts [35]. A static deformation density is commonly
defined as

Ap(r) = pmutipole (r) — pram(r), (1.16)
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A dynamic deformation density is obtained by including the atomic displacement factors
in the Fourier synthesis of the deformation density.

Multipolar modelling is experimentally demanding. Reliable separation of static density
from thermal motion requires accurate, redundant, high-resolution data, usually collected
at low temperature. Absorption, extinction, scaling, detector effects, disorder, anharmonic
motion, and parameter correlations must be controlled [36]. Multipole populations are
also model dependent: truncation of the angular expansion, local coordinate systems,
radial functions, chemical constraints, and treatment of core density influence the result.
A multipole model is thus not the model-free exact electron density, but a physically
informed parametrisation tested against experimental structure factors |9, 10, 37|.

1.2.2 Hirshfeld atom refinement

A different strategy is to calculate a tailor-made molecular density quantum mechanically
and use it to generate aspherical atomic form factors. Hirshfeld atom refinement (HAR)
partitions the molecular density by the Hirshfeld stockholder scheme [31, 38, 39]:

pa(r) = wa(T)pmol (1), (1.17)

with

wa(r) = Al (1.18)

> 5 rp(r)
where p¥ is the spherical reference density of atom A. Fourier transformation of each p4
yields aspherical atomic scattering factors. In iterative HAR, coordinates and ADPs are
refined, a new wavefunction is calculated for the updated geometry and crystal environ-
ment, and the form factors are regenerated.

. Electron density calculation
- Structural refinement

- Density maps
- Agreement statistics

- E.g. Hirshfeld partitioning

Crystallographic Atomic Form Factors .
ryModeISI’ing < (tsc, tscb) ( Partitioning
L— Calculate ASFs
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- E.g, ORCA/Qu. Espresso

SCF, etc.

Figure 1.3: Schematic of the Hirshfeld atom refinement procedure.

Figure 1.3 illustrates the HAR workflow. The initial geometry is typically obtained from
an TAM. A single-point wavefunction is calculated for the current geometry, the resulting
Hirshfeld-partitioned form factors are used in the crystallographic refinement, and the
cycle is repeated until convergence is reached.

HAR provides an improved model for structure refinement, but it also yields a theory con-
strained electron density evaluated at an experimentally refined geometry. The density
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depends on the selected quantum-chemical method, basis set, spin state, relativistic treat-
ment, and representation of the crystal environment. A major advantage is that chemically
realistic asphericity can be introduced with relatively few additional model parameters.
This often reduces chemically structured residual density, improves bond-length precision
and quality indicators, and can permit anisotropic refinement of hydrogen atoms. HAR
has been shown to yield X—H distances similar to neutron-diffraction values when the
diffraction data quality and theoretical model are adequate [31, 40].

HAR yields an experimental electron density on the basis of the experimental geometry.
A DFT calculation performed at the exact same geometry would yield exactly the same
electron density. Nonetheless, HAR has some key advantages for experimental analysis.
First, the geometry is purely experimental and is the best agreement of the non-spherical
atomic form factors with the diffraction data. A quantum chemical geometry optimisation
could only by chance yield the exact same geometry. Second, the ADPs in the HAR model
are included in the dynamic deformation density, giving experimental insights. Lastly,
the residual electron density can be analysed to test the improvement of the chemical
model over the TAM, giving experimental insights into the accuracy and physicality of the
quantum chemical calculation at hand.

1.2.3 X-ray constrained or restrained wavefunction fitting

The X-ray constrained wavefunction approach introduced by Dylan Jayatilaka allows
measured structure factors to influence the wavefunction through an additional term in
the electronic energy functional [13, 41, 42]. Typically, a Hartree-Fock wavefunction is
optimised by striking a balance between electronic energy and the degree of agreement
between the quantum crystallographic model and the measured diffraction data. The
fitted wavefunction may acquire polarisation and correlation-like features, but these are
not automatically or uniquely determined by the diffraction experiment. In general, the
functional to be minimised is

L[U] = E[W] + X [}*(V) — A], (1.19)

where E[¥] is the electronic energy, x? measures disagreement between observed and
wavefunction-derived structure-factor amplitudes, A controls the experimental constraint,
and A is the target agreement level. A representative crystallographic residual is

X*(0)

1 Ez[mﬁgk@u@N—WF&dhﬂf (1.20)

“N.—N, o2(h) ’

where N, is the number of reflections, NV, is the number of fitted parameters (usually one
or zero), n is a scale factor, and o(h) is the experimental uncertainty.

The terms “X-ray constrained wavefunction” and “X-ray restrained wavefunction” are
both used. Recent methodological discussions favour “constrained” when the calculation
is driven towards a specified goodness of fit, whereas “restrained” remains common in
quantum-crystallographic practice [43]. The combined workflow of HAR and X-ray con-
strained wavefunction fitting is often termed X-ray wavefunction refinement or fitting.
The conceptual attraction is that the resulting many-electron model is subject to quan-
tum mechanics and diffraction data simultaneously. Its limitations are equally important.
Intensities are affected by thermal motion, experimental error, disorder, and intermolecu-
lar fields. The fitted wavefunction depends on the Hamiltonian, basis set, embedding
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model, relativistic approximation, and stopping criterion. A lower residual does not
demonstrate that every orbital or correlated property has been determined experimentally.
Reproducibility and information content are therefore central methodological questions
[43, 44, 45].

1.3 Bonding analyses

1.3.1 Topological analysis of the electron density

Once a continuous electron density has been obtained, either from multipole refinement
or from a quantum-mechanical wavefunction, it can be analysed using Bader’s quantum
theory of atoms in molecules (QTAIM) [46, 47|. Critical points satisfy

Vp(r,) =0, (1.21)

and are classified by the eigenvalues Ay, Ao, and A3 of the Hessian of p. A bond critical
point has rank three and signature —1, conventionally denoted (3, —1). The Laplacian,

VQp(r) = )\1 + /\2 + /\37 (122)

identifies local valence-shell charge concentration (VSCC) when negative and local valence-
shell charge depletion (VSCD) when positive. Atomic basins are bounded by the respec-
tive zero-flux surfaces,

Vp(r) -n(r) =0, (1.23)

where n is the surface normal. Numerical integration over a basin (24 gives its electron
population and net charge,

NA = / p(I‘)dI‘, qa = ZA - NA. (124)
Qa4

The presence of a bond path and bond critical point is a topological observation, not
a complete statement about bond strength, covalency, or energetic stabilisation. In-
terpretation should consider the density and Laplacian at the critical point, curvature,
energy-density descriptors, delocalisation indices where available, and suitable reference
compounds. This is especially important for metal-metal bonds, weak interactions, and
heavy-element compounds.

The electron-density model determines which chemical analyses are formally available. A
multipolar model provides the scalar one-electron density and its derivatives. It there-
fore supports deformation-density maps, electrostatic properties, QTAIM topology, basin
integration, and other density-based descriptors. It does not provide a unique set of
molecular orbitals or a many-electron wavefunction. Orbital-dependent analyses cannot
be reconstructed uniquely from p(r) alone.

1.3.2 Wavefunction-based bonding descriptors

Wavefunction-based approaches provide access to a substantially larger set of bonding
descriptors than can be obtained from the electron density alone. Besides the elec-
tron density and its derivatives, the molecular orbitals, density matrix, pair density, and

10
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kinetic-energy density become available. Consequently, both real-space and orbital-based
bonding analyses can be performed.

One important extension of QTAIM is the calculation of delocalisation indices (DIs),
which quantify the number of electron pairs shared between two atomic basins. Within
the QTAIM framework, the delocalisation index between atoms A and B can be written
as

5(14, B) = —2/ / pxc(rl,rg) dI'l dI'Q, (125)
Q4 JQp

where py. is the exchange-correlation density and €24 and () are the atomic basins of
atoms A and B, respectively. delocalisation indices often correlate with bond order and
are frequently employed for metal-metal bonds and highly delocalised systems [46, 48|.
Another important class of real-space descriptors is based on electron localisability. The
electron localisation function (ELF), introduced by Becke and Edgecombe, measures the
probability of finding same-spin electrons in the vicinity of a reference electron relative to
a homogeneous electron gas [49]. In its common form,

1

ELF(r) = Tt

(1.26)
where x is a dimensionless measure of the excess same-spin kinetic-energy density rela-
tive to the corresponding homogeneous-electron-gas reference. ELF values close to unity
indicate strongly localised electronic regions, whereas values close to zero indicate low
localisation.

A related quantity is the electron localisability indicator in its D representation (ELI-D),
introduced by Kohout and co-workers [50]|. ELI-D is derived from the curvature of the
conditional same-spin pair probability and provides a particularly intuitive representation
of bonding and lone-pair domains. Maxima of ELI-D define attractors corresponding
to localised electron pairs and can therefore be used to identify covalent bonds, lone
pairs, multicentre interactions, and metallic bonding domains. Because ELI-D depends
on the kinetic-energy density and pair-density information, it is naturally evaluated from
a wavefunction or density matrix rather than from an experimental multipole density
alone.

An alternative Hilbert-space perspective is provided by the Roby—Gould bond indices.
These indices are defined using the one-electron density operator and atomic projection
operators and yield separate covalent and ionic contributions to the bond index [51, 52].
They are therefore not equivalent to a Mulliken overlap population and are most appro-
priately used to compare trends obtained with a consistent computational protocol.
Natural Bond Orbital (NBO) analysis approaches chemical bonding from a localised-
orbital perspective [53, 54]. The wavefunction is transformed into a set of localised
Lewis-type bonding, antibonding, and lone-pair orbitals. Donor—-acceptor interactions
are typically quantified through second-order perturbation theory,

ol Elo|

€ — &

E(z) =n;

: (1.27)

where n; is the occupation number of donor orbital ¢;, F'is the Fock operator, and ¢; and
g; are the orbital energies. Large stabilisation energies indicate strong donor-acceptor
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interactions and are frequently used to describe hyperconjugation, back-bonding, and
metal-ligand interactions.

Natural Resonance Theory (NRT) extends NBO analysis by expressing the wavefunction
as a weighted combination of resonance structures [55, 56, 57|. The resulting resonance
weights provide a quantitative measure of the importance of individual Lewis structures
and allow natural bond orders, valencies, and resonance contributions to be evaluated.

1.3.3 Atomic charges

The assignment of atomic charges is not unique because the electron density is a continu-
ous quantity and cannot be partitioned uniquely into atomic contributions. Consequently,
a wide variety of charge definitions exist, each emphasizing different physical aspects of
bonding.

Within QTAIM, atomic charges are obtained directly from integration over zero-flux
basins according to Equation 1.24. These charges are defined directly in real space and
do not require an orbital-population partition, although their values still depend on the
underlying electron-density model. They are often larger in magnitude than chemically
intuitive oxidation-state assignments.

Mulliken population analysis partitions the density matrix according to basis-function
overlaps [58]. The gross population of atom A can be written as

NA = Z Z P[AI/SMV7 (128)

HEA v

leading to the Mulliken charge

qAIZA—NA. (129)

Although computationally inexpensive, Mulliken charges are strongly basis-set dependent
and often exhibit poor numerical stability.

Léwdin charges attempt to reduce this basis dependence by orthogonalising the basis
functions prior to population analysis [59]. Natural population analysis (NPA), derived
from NBO theory, further improves robustness and is widely used in quantum chemistry
[54, 60].

Real-space alternatives include Voronoi deformation density (VDD) charges, introduced
by Bickelhaupt and co-workers [61]. VDD charges are obtained by integrating the defor-
mation density over Voronoi polyhedra,

qyPP = — Ap(r)dr, (1.30)
Q\A/or

where Ap is the deformation density relative to neutral atoms. VDD charges are generally
less sensitive to basis-set effects and often provide chemically intuitive trends.
Other commonly employed charge schemes include Hirshfeld charges [38], CM5 charges
[62], electrostatic-potential-derived charges such as CHELPG [63], and density-derived
electrostatic and chemical (DDEC) charges [64]. Each scheme reflects a different parti-
tioning philosophy, and numerical values should therefore only be compared within the
same charge framework.
Consequently, no single charge definition can be regarded as the “true” atomic charge.
Meaningful interpretation generally relies on comparing trends across related compounds

12
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and combining charge analysis with complementary bonding descriptors such as delocal-
isation indices, ELI-D, NBO/NRT analyses, and QTAIM topology.

1.4 Anomalous dispersion

1.4.1 Complex scattering factors and Friedel’s law

Near an atomic absorption edge, the dispersive terms in Equation 1.14 vary rapidly with
energy. The complete crystal structure factor can be written as

F(hkl, E) = Z 0; [fovj(hkl) + fj'(E) + ij"(E)} T;(hkl) exp[2mi(hx; + ky; + 1z5)] .

J

(1.31)
For purely real scattering from a real density, Friedel’s law states, that

F(~h) = F*(h),  I(~h) = I(h). (1.32)

Complex resonant contributions can make inversion-related intensities unequal. The cor-
responding Bijvoet difference is

A]Bijvoet - ](h) - I(_h) (133)

Bijvoet, Peerdeman, and van Bommel used this effect in 1951 to determine the absolute
configuration of sodium rubidium tartrate and connect molecular stereochemistry exper-
imentally to the Fischer convention [65]. Flack later introduced a refined parameter for
estimating enantiomorph polarity and inversion twinning [66]. These developments estab-
lished anomalous scattering as an essential method for absolute-structure determination.
The Templetons broadened the chemical interpretation of resonant diffraction. Their syn-
chrotron experiments demonstrated high-resolution energy dependence and polarisation
anisotropy of anomalous scattering. Close to an edge, the response can become tensorial
because transitions into directionally anisotropic unoccupied states depend on polarisa-
tion and local symmetry [67, 68, 69, 70]. This phenomenon, often termed anisotropic
resonant or Templeton—Templeton scattering, shows that resonant diffraction can probe
orbital anisotropy and site symmetry in addition to elemental identity.

1.4.2 X-ray crystallography and X-ray absorption

The imaginary dispersion correction used in the crystallographic model is directly re-
lated to the photoabsorption, which is experimentally accessible in X-ray absorption spec-
troscopy (XAS). In a common convention, the atomic absorption cross section o.ps(E) is

related to f”(E) by

() = 2,

where 7, is the classical electron radius and A the photon wavelength. Equivalent expres-
sions may contain unit-dependent constants or use the linear attenuation coefficient rather
than an atomic cross section. The essential result is that f”(E) follows the element-specific
absorption spectrum, including edge and fine-structure features.

(1.34)
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The real and imaginary parts of a causal response are connected through Kramers—Kronig
relations, also called Kramers—Kronig transformation (KKT). One expression is

/ _pl 2 ooE/f//(El) /

where P denotes the Cauchy principal value. The additive convention depends on the
high-energy reference. The equation demonstrates that f’ is the dispersive counterpart
of absorption over the full energy range. Sharp features in f” consequently generate
characteristic variations in f’.

This connection explains why isolated-atom tabulations can become inadequate directly
at an absorption edge. Chemical shifts, multiplet effects, oxidation state, ligand-field
splitting, hybridization, and anisotropy alter the absorption spectrum and therefore the
site-specific resonant factors. Energy-resolved diffraction can, in principle, recover these
chemical differences, especially when inequivalent sites of the same element contribute
with different crystallographic phases.

X-ray absorption spectroscopy (XAS) measures energy-dependent attenuation. In trans-
mission geometry, the Lambert-Beer law describes the exponential decay of intensity
through a sample [71],

1(E) = I(E) exp[-u(E)], (1.36)

where Io(E) and I(E) are incident and transmitted intensities, u(E) is the linear absorp-
tion coefficient, and t is the sample thickness. Within the electric-dipole approximation,
the absorption probability can be written using Fermi’s golden rule [71, 72],

u(E) o< Y |(f le-x]i)* 8(Ey — E; — B), (1.37)
!

where |i) is an initial core state, | f) an unoccupied final state, € the polarisation vector,
E; and Ey are the energies of the initial and final states, and the delta function enforces
energy conservation.

The near-edge region, XANES, is sensitive to oxidation state, local symmetry, orbital hy-
bridization, core-hole effects, and multiple scattering. At higher photoelectron energies,
EXAFS oscillations encode local interatomic distances, coordination numbers, and disor-
der 71, 72, 73|. Diffraction and XAS therefore observe closely related aspects of the same
photon—matter interaction. XAS measures the spatially averaged absorption response of
the selected element, whereas resonant diffraction weights the same energy-dependent re-
sponse by crystallographic phase factors. Resonant diffraction can consequently become
site selective when crystallographically inequivalent atoms interfere differently in different
reflections.

The statement that f” is an “elemental absorption spectrum” is physically useful but
requires qualification. It is element selective because the edge energy identifies a core
level of a particular element. It is also site and environment sensitive because the final
states depend on oxidation state, coordination, bonding, and symmetry. In anisotropic
systems, both XAS and resonant diffraction depend on polarisation, and the anomalous
scattering factor is more correctly represented as a tensor.
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1.5 Methodological comparison and model selection

The methods described above differ not only in mathematical form but also in the type
of information that is allowed to enter the refinement. This distinction is important when
the resulting density is interpreted chemically. In the IAM, the scattering factors are
fixed before refinement and only structural parameters are adjusted. The refined model
is therefore strongly data driven with respect to geometry, but its electron density is
predetermined by the library of spherical atoms. In a multipole refinement, additional
density parameters are optimised directly against experimental diffraction data. The
resulting density may consequently be described as experimental within the limits of
the multipole basis, data resolution, thermal-motion model, and applied restraints. In
HAR, by contrast, the aspherical density is generated by a quantum-chemical calculation
and the crystallographic refinement mainly adjusts geometry and motion. The density
is tailor made for the investigated compound but remains theory led. X-ray constrained
wavefunction fitting occupies an intermediate position because experimental structure
factors modify a quantum-mechanical wavefunction, although the final result remains
dependent on the selected Hamiltonian, basis, environment, and statistical constraint.
These distinctions are sometimes obscured by the broad term “quantum crystallography”.
The term is useful for methods that combine crystallographic observables with quantum-
mechanical models, but it does not imply that all derived quantities possess the same
experimental status. Atomic coordinates and ADPs refined against measured intensities
are direct model parameters of the crystallographic experiment. A multipole population is
also a refined parameter, but it depends on the chosen pseudoatom expansion. An NBO
occupation or HOMO-LUMO gap obtained from a HAR wavefunction is a theoretical
property evaluated for a geometry constrained by experiment. An analogous quantity
derived from an X-ray constrained wavefunction has a more direct dependence on the
diffraction data, yet its uncertainty cannot be inferred simply from the crystallographic
standard uncertainties of atomic positions.

The choice of model should therefore follow the scientific question. For routine molecular
geometry, absolute structure, and crystal packing, the TAM often remains adequate and
efficient. Where hydrogen positions, polar bonds, or heavy-element coordination require
more realistic scattering, HAR can improve geometry without the very high resolution
normally required for a free multipole refinement. Where the objective is an experimental
deformation density or topological comparison within a series, a carefully executed multi-
pole analysis remains valuable. Where orbital-based bonding concepts, resonance weights,
or localised electron pairs are central, a wavefunction-based model is required. When the
aim is to determine whether the diffraction data contain information beyond a chosen
theoretical wavefunction, X-ray constrained fitting provides the relevant framework.
Transferable aspherical atom models provide an additional compromise between the IAM
and compound-specific quantum calculations. In such approaches, multipole populations
or aspherical form factors derived from theoretical calculations or high-quality experimen-
tal studies are stored in databanks and transferred according to atom type and chemical
environment. They can reduce residual density and improve structural parameters at
a computational cost closer to conventional refinement. Their accuracy depends on the
transferability of the local electronic environment and on the quality of atom typing.
They are therefore especially useful as improved structural models or starting points,
while unusual bonding situations may require compound-specific calculations or experi-
mental multipole parameters [9, 10].
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The separation of density and thermal motion is a recurring challenge across all ap-
proaches. The measured structure factor corresponds to an electron density averaged over
nuclear motion and experimental time. If the displacement model is incomplete, density
parameters may compensate for anharmonicity or unresolved disorder. Conversely, an in-
adequate spherical density can distort ADPs. High-order refinement, neutron-derived hy-
drogen parameters, rigid-bond tests, temperature-dependent measurements, and compar-
ison between independent datasets can help identify such correlations. For heavy atoms,
relativistic contraction, core polarisation, absorption, extinction, and insufficient high-
angle data introduce further complications. A visually convincing deformation-density
map is therefore insufficient by itself. Robustness should be demonstrated against rea-
sonable changes in model, resolution, weighting, and treatment of motion.

The same principle applies to bonding interpretation. Chemical bonds are not quantum-
mechanical observables represented by a unique operator, and every bonding analysis
introduces a partition or representation. QTAIM partitions real space according to the
gradient field of the density. NBO analysis constructs an optimally localised Lewis-like
orbital representation. NRT expresses the wavefunction in terms of resonance structures.
ELF and ELI-D identify localisation domains using kinetic or pair-density information.
Canonical molecular orbitals diagonalize an effective one-electron operator but are gen-
erally delocalised and non-unique under transformations within occupied or virtual sub-
spaces. Nomne of these viewpoints is universally superior. Their value lies in producing
reproducible descriptors that can be compared across related compounds and connected
to chemical behaviour.

For this reason, conclusions should be formulated at a level supported by the data and
model. An accumulation of deformation density between two atoms supports redistri-
bution relative to a promolecular reference, but does not alone determine a bond order.
A QTAIM bond path identifies a line of maximum density connecting atomic basins,
but does not by itself quantify stabilising interaction energy. A donor—acceptor term
in NBO analysis depends on the chosen localised representation and perturbative par-
tition. A HOMO-LUMO diagram is useful for rationalising symmetry and qualitative
reactivity, but orbital energies and shapes depend on the electronic-structure method.
Stronger conclusions emerge from converging evidence: geometry, deformation density,
QTAIM descriptors, localised-orbital analyses, spectroscopic signatures, and comparison
with chemically meaningful reference systems.

1.5.1 Uncertainty, validation, and reproducibility

Conventional least-squares refinement provides standard uncertainties for parameters un-
der assumptions about the model and reflection errors. Extending this concept to electron-
density and wavefunction properties is not straightforward. Derived topological quantities
are nonlinear functions of many correlated parameters. Wavefunction analyses addition-
ally depend on theoretical choices that are not represented by the crystallographic co-
variance matrix. Meaningful validation should therefore combine statistical and chemical
tests rather than relying on a single residual factor.

For multipole studies, useful tests include inspection of residual-density maps, resolution-
dependent agreement factors, normal probability plots, rigid-bond criteria for ADPs, com-
pleteness and redundancy of high-angle data, and stability towardss changes in the re-
finement strategy. Comparison with theoretical structure factors can help distinguish
experimental deficiencies from limitations of the pseudoatom model. For HAR, sensitiv-
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ity to basis set, density functional, cluster size, point-charge embedding, and relativistic
Hamiltonian should be assessed where these choices affect the scientific conclusion. For
X-ray constrained wavefunctions, the dependence on the constraint strength and the re-
producibility across datasets are central. The target should be agreement with experiment
within its credible uncertainty, not unrestricted overfitting of noise [43, 44, 45].
Independent experimental observables provide particularly strong validation. Neutron
diffraction can test hydrogen positions and displacement parameters. Electric-field gradi-
ents, dipole moments, electrostatic potentials, magnetic measurements, and spectroscopic
transitions may test properties derived from a density or wavefunction. XAS can ver-
ify oxidation-state and orbital assignments suggested by resonant diffraction or charge-
density analysis. Agreement between methods does not eliminate model dependence, but
it constrains the range of physically acceptable interpretations.

The increasing automation of aspherical refinement makes explicit validation more rather
than less important. Automated HAR and databank methods can now be applied to
large numbers of routine datasets, and wavefunction calculations are increasingly embed-
ded in crystallographic software. This widens access to improved scattering models, but
also makes it possible to generate sophisticated-looking results without sufficient data
quality or understanding of the assumptions. A modern refinement should therefore re-
port the origin of the form factors, electronic-structure level, crystal-environment model,
relativistic treatment, reflection resolution and completeness, and criteria used to judge
convergence and reliability.

1.6 Implications for modern crystallography

The development of crystallography has often been driven by improved sources, detectors,
data reduction, and structure-solution algorithms. The accuracy of a refined structure is
also limited, however, by the physical adequacy of the scattering model. Greater photon
flux and detector sensitivity do not automatically produce more accurate electron densities
if spherical form factors, inappropriate dispersion corrections, unmodelled absorption,
radiation damage, or correlated ADPs dominate the error budget.

Improving the elastic scattering model is therefore one major route towards more accurate
crystallography. Multipolar refinement can extract an experimental static density when
resolution and data quality permit. Transferable aspherical atom models can introduce
chemically informed density at moderate computational cost. HAR provides tailor-made
quantum-mechanical form factors and improves structural parameters, particularly for hy-
drogen atoms. X-ray constrained wavefunctions attempt to combine diffraction data with
the representability and interpretability of a quantum-mechanical wavefunction. These
approaches answer different questions and should not be ranked using a single notion
of accuracy. The appropriate model depends on whether the objective is geometry, ex-
perimental density, electrostatics, orbital interpretation, or a wavefunction influenced by
experiment.

A second route is improved treatment of resonant scattering. Standard tabulations of
f" and f” are indispensable away from strong edge structure, but energy-resolved mea-
surements near an edge require chemically specific values. XAS, Kramers-Kronig trans-
formation, and theoretical XANES calculations can supply more appropriate corrections.
Conversely, crystallographic refinement of energy-dependent scattering can provide site-
resolved information that conventional XAS cannot separate. This is especially promising
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for mixed-valence materials, compounds containing several crystallographically distinct
atoms of the same element, transition-metal complexes, and actinide systems.

A third requirement is the joint treatment of density, dynamics, spectroscopy, and ra-
diation damage. ADPs describe averaged nuclear displacements, whereas charge-density
and resonant-scattering models describe electrons. These contributions are correlated in
measured intensities. Close to absorption edges, absorbed dose rises and element-specific
photochemistry can alter oxidation state or coordination during data collection. Small
changes in f’, f”, or bonding density must therefore be distinguished from time-dependent
sample damage.

Modern crystallography can consequently be improved not by replacing one conventional
model with a universally superior method, but by connecting complementary observables
and models. Accurate geometry requires realistic elastic scattering and displacement pa-
rameters. Experimental bonding analysis requires high-quality data and explicit density
models. Orbital and resonance interpretations require wavefunctions or density matri-
ces. Element- and site-specific electronic information requires anomalous diffraction and
XAS. The most reliable conclusions emerge where these approaches agree and where their
assumptions and uncertainties are made explicit.

In this perspective, the structure factor is more than a mathematical device for locating
atoms. It is the experimental interface between periodic electron density, atomic motion,
resonant electronic response, and chemical bonding. Investigating and improving each
of these contributions is essential if crystallography is to progress from highly precise
structure determination towards a quantitatively accurate experimental description of
electronic structure.
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2 Research Objectives

Single-crystal X-ray diffraction is commonly regarded as the definitive method and gold
standard for establishing molecular and solid-state structures. Nevertheless, the mea-
sured diffraction intensities do not constitute a structure by themselves. Every structural
and chemical conclusion depends on the quality of the experiment, the corrections ap-
plied to the data, and the electron-density model used during refinement. This distinc-
tion has become increasingly important as modern laboratory sources, synchrotrons, and
photon-counting detectors have made the collection of large numbers of precise diffrac-
tion datasets substantially faster. The principal bottleneck is therefore shifting from data
acquisition towards the reliable, reproducible, and chemically meaningful interpretation
of the recorded intensities. Achieving this goal requires more accurate crystallographic
models and a better understanding of the individual components of the crystallographic
workflow.

The objective of this dissertation is to advance and utilise small-molecule single-crystal
X-ray diffraction beyond the routine determination of connectivity and geometry. The
work pursues two closely connected aims. First, it seeks to identify, quantify, and reduce
limitations that compromise the agreement between the measured diffraction data and
the crystallographic model (Figure 2.1). Second, it aims to establish how experimentally
informed electron-density and wavefunction models can be used to answer chemical ques-
tions that are not accessible from an independent atom model alone. The studies therefore
span database-scale quality assessment, automated serial refinement, anomalous disper-
sion, radiation damage, and quantum-crystallographic analyses of bonding in main-group,
transition-metal, and actinide compounds.

2.1 Crystallographic models

A first objective is to determine whether the major technological and computational
advances in crystallography have translated into a measurable improvement in published
crystal structures. For this purpose, quality indicators from approximately 1.4 million
entries in the Cambridge Structural Database are analysed as functions of publication
year and elemental composition. The temporal analysis is designed to distinguish absolute
changes in conventional indicators such as R1, wR2, and the minimum and maximum
residual electron-density peaks from changes caused by the increasing complexity of the
structures under investigation. The elemental analysis aims to identify regions of the
periodic table in which the independent atom model or the treatment of experimental
effects is particularly inadequate. This database-wide perspective provides the statistical
context for the more targeted methodological studies in the dissertation.

The rapidly increasing number of diffraction datasets also creates a need for reproducible
and efficient model comparison. A further objective is therefore to develop a general
procedure for serial crystallographic refinement.

2.2 Anomalous dispersion refinements

Heavy-element structures present a particularly demanding test of crystallographic accu-
racy because strong absorption, anomalous dispersion, relativistic effects, Fourier trun-
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Figure 2.1: Methodological overview of approaches used in this dissertation to improve
the crystallographic model and extract chemically meaningful information from it. The
atomic form factors can be both improved by quantum crystallography and used as a
probe by refining the anomalous dispersion correctional parameters for a specific site in
the structure.
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cation, and radiation damage can all produce systematic features in the refined model.
One objective of this dissertation is to improve the treatment of anomalous dispersion in
uranium compounds. The dispersive and absorptive corrections, f’ and f”, are refined
directly against single-crystal diffraction data collected around the uranium L absorp-
tion edges. Simultaneously recorded X-ray absorption spectra and their Kramers-Kronig
transforms serve as independent experimental references. The study is designed to es-
tablish whether anomalous dispersion refinement can reproduce element- and site-specific
spectral features, whether tabulated values are adequate near an absorption edge, and
whether refinement of these parameters can improve structures measured using conven-
tional Mo Ko radiation.

A complementary objective is to characterise radiation damage in small-molecule crystal-
lography. Triphenylbismuth (BiPhs) is investigated through extensive serial diffraction
experiments at synchrotron and laboratory sources over a range of energies and tem-
peratures. The purpose is to determine how diffraction intensity, unit-cell dimensions,
atomic displacement parameters, bond precision, residual density, and conventional qual-
ity indicators evolve with absorbed dose. Measurements around the Bi L3 edge, together
with X-ray absorption spectroscopy and relativistic electronic-structure calculations, are
used to distinguish dose-rate effects from changes in the microscopic damage mechanism.
Particular attention is given to whether the loss of diffraction arises from specific bond
cleavage or from a more general loss of crystalline periodicity.
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2.3 Quantum crystallography

The second major part of the dissertation investigates whether diffraction-derived electron-
density and wavefunction models can provide robust chemical information. A central
methodological principle is the use of complementary descriptions. Multipolar modelling
provides a flexible experimental parameterisation of aspherical electron density, Hirshfeld
atom refinement combines experimental diffraction data with quantum-chemically derived
atomic scattering factors, and X-ray restrained wavefunction fitting introduces the mea-
sured structure factors directly into wavefunction optimisation. The convergence of these
approaches with conventional quantum-chemical calculations, spectroscopy, and chemi-
cally meaningful reference systems serves as the principal criterion for interpretation.
The bonding in Cp”’NiP3 is studied to test Hoffmann’s isolobal analogy between the
Cp”Ni fragment and a phosphorus atom in white phosphorus. The objective is not
only to establish the existence and character of the Ni-P and P-P interactions, but
also to determine whether the experimentally informed electronic structure explains the
distinct stability and reactivity of Cp”NiP3 and P4. Multipolar modelling, Hirshfeld atom
refinement, X-ray restrained wavefunction fitting, density-functional calculations, orbital
and real-space bonding analyses, and solid-state >'P NMR spectroscopy are combined to
relate electron density, bond character, frontier orbitals, and dynamic behaviour. The
behavior of anomalous dispersion effects in all three applied quantum crystallographic
models is investigated at a borderline case in Cp”’NiPs which contains a highly CuKp
absorbing nickel species.

The synthesis and quantum-crystallographic analysis of WYLID address a second class
of chemically ambiguous bonding descriptions. The objectives are to identify the red
side product formed during the synthesis of the widely used YLID calibration crystal,
establish a selective synthetic route, and determine whether its S—C interaction is better
described as ylidic or ylenic and whether the adjacent C-O group is better represented
as a carbonyl or an enolate. The presence of three C-O groups in different electronic
environments, together with comparisons to YLID and indandione, provides an internal
reference system for separating local substituent effects from general delocalisation. Multi-
wavelength diffraction and complementary charge-density and wavefunction analyses are
used to develop a transferable strategy for distinguishing between competing resonance
descriptions.

The most stringent test of the quantum-crystallographic approach is the investigation of
three-centre thorium-thorium bonding in two trithorium clusters containing either two
delocalised electrons or one delocalised electron in the Ths core. The objective is to
determine whether Hirshfeld atom refinement can be extended to complexes containing
three closely spaced Z = 90 centres and whether routine-resolution laboratory diffraction
data contain sufficient information to visualise the weak actinide—actinide interaction.
Agreement between the experimentally based HAR densities and independent relativis-
tic quantum-chemical calculations is assessed using bond critical points, Laplacian dis-
tributions, electron-localisability indicators, deformation densities, and residual-density
differences. This study is intended both to test the proposed Ths bonding models and to
establish the practical limits of HAR for heavy-element chemistry.

Across all studies, the unifying objective is to establish a workflow in which experimen-
tal design, physical corrections, automated model comparison, advanced electron-density
modelling, and independent chemical validation are treated as inseparable components.
The central premise of this dissertation is that more intense sources and more sophisticated
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calculations do not automatically produce more reliable chemical conclusions. Progress
instead depends on matching the experiment, correction model, and electron-density de-
scription to the scientific question and on demonstrating that the resulting interpretation
is stable across complementary methods.

2.4 Software

In order to help systematically evaluate these approaches, effects, and models, the aid
of a software package is immensely helpful. For this purpose, a program is developed to
automate the refinement of multiple datasets and the comparison of different modelling
strategies. The resulting Olex2 module SISYPHOS is designed to refine a common start-
ing model against multiple diffraction datasets or to refine one dataset using multiple
modelling strategies, while adapting relevant experimental parameters and extracting the
resulting structural and statistical information in a consistent format. The intended ap-
plications include crystal screening, multi-temperature experiments, resonant diffraction,
radiation-damage series, electron diffraction, mixed-occupancy problems, and the system-
atic benchmarking of quantum-crystallographic calculations. Automation is not intended
to replace crystallographic judgement, but to remove avoidable inconsistencies and make
large-scale comparisons traceable and reproducible.
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Abstract

In this work, the temporal progression of quality indicators in the Cambridge Structural
Database is evaluated statistically. R1, wR2, and the minimum and maximum residual
electron density peaks show a trend of stagnation (R1, densities) or regression (wR2)
for structural quality over time. In contrast, cell volume-normalised quality indicators
show an improvement in recent crystal structures in the CSD. Also, quality indicators are
plotted on an elemental basis, and their trends are described.

3.1 Introduction

Single-crystal structure determination by X-ray, neutron, or electron diffraction is the
gold standard for qualitative analysis (Bragg & Bragg, 1913; Ewald, 1962; Authier, 2013).
With a rich and successful history, structural scientists can look back at over 110 years
of development, advances, and applications. As far as data management is concerned, a
cornerstone for small-molecule structures was the foundation of the Cambridge Structural
Database (CSD) by Olga Kennard in 1965 (Allen, 2002; Groom et al., 2016; Hargittai
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& Hargittai, 2023). The CSD quickly became the central home of curated and ma-
chinereadable structural data. Today, with about 1.4 million structures, the CSD is one
of the largest curated scientific databases in the world (Taylor & Wood, 2019). With
a modern software toolkit for structural analysis (Bruno et al., 2002a; Allen & Bruno,
2010), the database is versatile and useful in various fields employing structural science,
including small-molecule chemistry, structural chemistry, crystal engineering, pharma-
ceutical chemistry, computational chemistry, materials science, quantum crystallography,
machine-learning and data-driven modelling, and educational applications (Battle et al.,
2010; Allen & Bruno, 2010; Pallikara et al., 2024; Stuke et al., 2020). This is especially
true in small-molecule crystallography, where CSD-based tools provide duplicate checks
for newly determined structures, while the CSD deposition workflow incorporates struc-
tural validation through the TUCr checkCIF/PLATON service (Bruno et al., 2002b; Spek,
2009). The database further supports systematic analyses of molecular conformations, in-
termolecular interactions, crystal packing, crystal engineering, and polymorphism. Single-
crystal structure determination has undergone numerous significant improvements, both
from a technological and a software perspective. For instance, X-ray radiation sources
have experienced a massive improvement: modern rotating-anode sources and metal-jet
technology now produce above 10 — 10! photons/s (Hemberg et al., 2003; Graw et
al., 2023), bringing them to the same level as 3rdgeneration synchrotron facilities only a
decade ago (Lindley, 1999). On the other hand, 4th-generation modern synchrotron de-
vices can achieve fluxes of up to 10 — 10 photons/s (Eriksson et al., 2014; Raimondi et
al., 2023; Schroer et al., 2018), making radiation damage an increasingly significant prob-
lem in small-molecule crystallography. Photon detection technologies for X-rays have seen
stepwise improvement as well, from point-detectors, which were very accurate, but needed
a long time and a stable sample for each experiment, to charge-coupled devices (CCD,
(Gruner & Ealick, 1995)), which made data acquisition much faster, to "the best of both
worlds", modern photon counting devices, detectors that are fast and able to detect "sin-
gle photons" (Broennimann et al., 2006; Johnson et al., 2014). Software and modelling
techniques were similarly improved by incorporating the Debye-Waller factor (Debye,
1913; Waller, 1923) into the crystallographic model, direct methods for structure solution
(Karle & Hauptman, 1950), modern integration and processing techniques (Duisenberg
et al., 2003), absorption correction (Blessing, 1995; Krause et al., 2015), and charge den-
sity /quantum crystallographic models (Coppens & Hermansson, 1998; Grabowsky et al.,
2017; Kleemiss et al., 2021). Computer programs for data collection and processing, such
as XDS (Kabsch, 2010), EVAL (Duisenberg et al., 2003), CrysAlisPRO (Rigaku Oxford
Diffraction Ltd, 2025), and APEX (APEX Software), and modern structure solution and
refinement programs, such as the ShelX suite (Sheldrick, 2015b,a), ShelXle (Hiibschle et
al., 2011), Olex2 (Bourhis et al., 2015; Dolomanov et al., 2009), and JANA (Petficek et
al., 2023) have also seen vast improvements in speed and sophistication.

Last year, Tovee et al. (2025) published a survey of crystallographic quality metrics
in the CSD. The authors analysed R -factors, max/min residual electron density peaks,
goodness-of-fit values, parameter shifts, and resolution, compared the results across sev-
eral structure classes, and provided a perspective on future adaptations with respect to
machine learning and data mining compatibility.

Complementary to the above survey, this work examines the temporal evolution of ac-
cessible quality parameters for structures deposited in the CSD through the end of 2025.
The chosen parameters were R1, which has the most extensive coverage across the whole
CSD data set, and, additionally, wR2 and the minimum and maximum residual electron
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density peaks, which have substantial coverage only in this millennium. R1 provides
insight into the agreement between the measured and modelled/calculated structure fac-
tors, while wR2 describes the weighted agreement between squared measured and mod-
elled /calculated structure factors. Minimum and maximum residual densities complement
the two relative agreement factors with a third absolute value, describing the peaks in
the difference Fourier map between the observed and calculated electron densities. Cell
volume is considered as a relatively coarse measure of structural complexity, and its im-
plications for structural quality are evaluated.

3.2 Data processing and description

For this work, a dataset was generated based on the CSD entries available via the CSD
Python API (V3.6.2) as of 14.02.2026. The dataset contained 1,394,755 entries, which
were deposited up to the end of 2025. Table 3.1 summarizes the CSD-extracted fields
used for the analyses.

Table 3.1: Data fields extracted from the CSD for this work, the number of entries in each
field, and statistical descriptors. N gives the number of entries in the dataset. Name refers
to the name used within the manuscript. ESD gives the estimated standard deviation.

field Name N average mean min max ESD
formula - 1,393,581 NA NA NA NA NA
publication year - 1,394,719 2010.2 2010.2 1923 2025 11.883
cell_volume / A 3 - 1,394,231 3490.1 3490.1 15.244 11950873 19831
r_factor / % R1 1,373,754 5.2133 5.2133 0.026 49.24 2.5071
refinement weighted r wR2 1,068,869 13.416 13.416 0.19 74.98 7.1756
_factor / %

refinement residual min 1,063,997 -0.7057 -0.7057 -49.432 -0.001 0.74045
_electron density min

JeA™3

refinement _residual max 1,064,555 0.89118 0.89118 (0.001  49.51 0.984
_electron _ density max/

eA3

For the residual electron-density fields, values with absolute magnitude above 50e - A3
were excluded before summary statistics were computed. In addition, the minimum resid-
ual electron density (min) was restricted to values < 0, the maximum residual electron
density (max) was restricted to values > 0, and cell volume was restricted to values > 0.
R1 was restricted to values < 50%, and wR2 was restricted to values < 75%. This re-
moved 524 entries from cell volume, 27 entries from R1, 199 entries from wR2, 576 entries
from min, and 532 entries from max.
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3.3 Results and discussion

3.3.1 Temporal evolution

As a first approach to answer the title question, it was informative to look at the progres-
sion of the structural quality indicators R1, wR2, and |min|/max residual electron density
peaks over time. Figure 3.1 shows these developments alongside a linear fitting model.
For R1, the data is the most complete, and there is a clear break point around 1980.
Therefore, separate fits describe the time before, and after the year 1980. Since the data
for wR2 show a more consistent trend, the fit covers the entire range of data from 1964 to
2025. Because the average data points for the residual electron density descriptors were
highly variable, their fit was restricted to the time span between 2000 and 2025.

A —— Average B 251 — Average

Ml e +/- ESD
=== Lin, Fit (pre 1980) 20{ ~== Lin. Fit (since 2000)
...... Lin. Fit (since 1980)

15

WR2 / %

,_.-——-—"—'—""‘"4
154 <
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104
5] or = 5
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Publication year Publication year
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1.25 max +/- ESD
-==|min| Lin. Fit (since 2000)
¢ 1.00 -+ max Lin. Fit (since 2000)
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Publication year

Figure 3.1: Progression of average R1 (A), wR2 (B), and |min|/ max residual electron
density peaks (C) over time, with asymmetric standard deviations around the average
value and a linear fit.

The progression of R1 showed a steady decrease with a slope of —0.41% /year until the
year 1980, where an average value of 5.92 % was reached. Afterwards, the R1 flattened
out with a slope of 0.00%/ year . An average R1 value of 5.37% was finally reached for
2025. The progression in R1 indicated a stable plateau after 1980, with an increasing
error, and thus more diverging values, but still centred around the post-1980 average of
5.17% (slightly lower than the global average of 5.21%). In contrast, the wR2 showed
a steady increase, indicating a worsening of the weighted agreement between measured
and calculated squared structure factors. Here, the fit described a 0.05%/ year increase,
which was low but statistically significant. This trend was also reflected in the |min|/max
residual electron density peaks, where both again showed a low, but significant increase
of 0.007e - A’?’/ year, while their scatter remained essentially unchanged since 2000. The
temporal progression shows that the asymmetry, which was also described by Tovee et
al. (2025), has been a stable feature in the database since at least the beginning of the
millennium, after which this statistic was consistently included in the entries.
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Most importantly, these trends describe a generally high quality of crystal structures and
immense improvements in the crystal structures’ data-model agreement since their begin-
ning. For a timespan of over forty years, the trends describe a combination of improve-
ments in technology and software, and the increased tractability of complicated crystal
structures. The most recent trends suggest that the average quality of crystal structures
has been decreasing very slowly; this trend is more pronounced in the weighted structure
factors than in the measured and calculated intensities themselves. The asymmetry in
residual electron density peaks supports the same trend. This asymmetry also shows
that, on average, in the entire CSD, there is an excess of positive, or unexplained residual
electron density. Alongside systematic or artificial errors, this residual electron density
should also capture the shortcomings of the independent atom model, which is unable
to describe chemical bonding correct and thus making a strong case for the adoption of
non-spherical atomic form factors, which are obtained by quantum crystallographic meth-
ods, such as Hirshfeld atom refinement or multipole/database approaches(Jayatilaka &
Dittrich, 2008; Capelli et al., 2014; Hansen & Coppens, 1978; Pichon-Pesme et al., 1995).
Non-spherical atomic form factors have especially in the last years become more accessible
by recent software developments like NoSpherA2 in Olex2 or DiSCaMB (Kleemiss et al.,
2021; Chodkiewicz et al., 2018).

A possible descriptor of increasing complexity in crystal structures is the cell volume,
since in general, larger molecules or larger unit cells lead to greater complexity in both
the data and the model. For this study, cell volume-normalised quality indicators were
calculated and fitted with a linear fit (Figure 3.2).

A 0.007 —— Average B 0.012
+/- ESD
0.006 === Lin. Fit (pre 1980) 0.010
" -+ Lin. Fit (since 1980) 5
=g 0.005 b
2 £ 0.008
3 0.004 >
i Q 0.006 = T |
& 0.003 % \
0.004
0.002 A —— Average
— 2 +/- ESD
1950 1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Publication year Publication year
C 0.0064 — Average
=== Lin. Fit (post 2007)
0.0062
ki
T TN e ]
< it W o S|
< 0.0058
3
& 0.0056
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= 0.0054
0.0052
0.0050
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Figure 3.2: Progression of the cell-volume normalised average R1 (A), wR2 (B) over time,
with asymmetric standard deviations around the average value, a linear fit and a zoomed
region of B with a fit from the publication year 2007 (C).

For the cell-volume-normalised R1 metric, the progression pre-1980 also showed a signifi-
cant decrease with a slope of —1.16x 10_4%/A_3 per year. Additionally, the post-1980 pro-
gression fit for this metric showed a significant decrease with a slope of —1.61 x 10_5%/A_3
per year. This showed that the average cell volume per structure, as a proxy for structure
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complexity, increased faster than the ratio of measured and calculated reflection intensi-
ties. On the other hand, the normalised wR2 remained nearly unchanged, with the linear
fit showing a low but significant slope of —0.80 x 10_5%/A_3 per year, corresponding to
recent improvements in wR2 relative to the increase in cell volume.

In summary, the CSD temporal data describe an incongruity between R1 and wR2. While
R1 decreased until ca. 1980 and then remained stable to the present day, wR2 rose slowly
but significantly every year, indicating a lower agreement between the weighted measured
and calculated structure factors on average. When the cell volume as an indicator of
structure complexity was taken into account, the trend in normalised wR2 was reversed,
as wR2 decreased concomitantly with the normalised R1. This indicated that, on average,
the structure quality (after normalizing for cell volume) increased.

3.3.2 Elemental data

Another question that was addressed by the examination of this CSD data set was where in
the periodic table problematic regions were located, and which elements had a statistically
positive or negative influence on structural quality.

Figure 3.3 shows the average R1 and wR2 values for each element in the Periodic Table
(PT). In general, there is a good agreement between the elemental values for R 1 and wR2.
Carbon-containing structures have R1 and wR2 values of 5.22% and 13.47%, respectively,
which are very close to the global averages for R1 and wR2, consistent with most struc-
tures in the CSD containing carbon. Notably, the heavier halogens Br and I , which are
notorious for absorption issues and artificial residual electron densities, nevertheless show
lower-than-average, and thus better, quality indicators.

General trends in these data are that, with increasing atomic number, the quality indica-
tors R1 and wR2 improve, while | min | and max densities increase. For R1 and wR2, the
trend shows that with increasing scattering power, structures are more clearly defined by
the heavy atoms, their positions, and ADPs. These two relative quality indicators are less
affected by small inaccuracies, e.g., due to disorder or other crystallographic challenges
than by the heavy-atom atomic parameters. Also implicated in this trend is that for
lighter elements, bonding density, which is uncaptured by the default independent atom
model, makes up a higher percentage of the total electron density or scattering power.
This effect further worsens the relative quality indicators for lighter atomic structures.
To improve quality indicators for lighter-element structures, a non-spherical atomic form
factor could provide significant benefits across the CSD and PT.

The | min| and max residual electron density, however, indicate in absolute terms the
features not modelled in the crystal structure. As Z rises, these absolute numbers in-
crease as well and a better treatment of artificial effects, such as absorption correction or
anomalous dispersion correction, becomes more and more necessary for heavier element
structures.
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Figure 3.3: Average R1 (A) and wR2 (C) values per element in the periodic table of the
elements. Average R1 and wR2 (B) and |min| and max residual electron densities (D)
are given as a function of the atomic number Z. Averages are calculated on an occurrence
basis, rather than weighted by their molar frequency in a given sum formula. The Ne
sample deviates because of only two usable entries.
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Figure 3.4: Average max(A) and |min |(B) residual electron density values per element in
the periodic table of the elements. Averages are calculated on an occurrence basis, rather
than weighted by their molar frequency in a given sum formula.
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Figure 3.4 shows the PTs color-coded by |min| and max residual electron density. A
surprising outlier is boron, which could indicate high complexity in chemical bonding,
which is again not fully captured by the independent atom model, or general crystallo-
graphic problems such as low crystal quality in boroncontaining structures. A similar
pattern is observed to a lesser degree with fluorine, sulfur, and the alkali metals, except
for lithium. Tungsten is the subjectively most important element with relatively large
residual densities.

3.4 Conclusion

In conclusion, this work presents the temporal evolution of selected quality indicators in
the CSD, which comprises almost 1.4 million structures as of the end of 2025. The trends
show a significant increase in wR2 and a stable plateau in R1, indicating an influence of
either the difference between intensities and structure factors or the employed weighting
scheme. When cell volume is taken into account as an index of structural complexity,
both normalised wR2 and normalised R1 show improved quality over at least the last
19 years. A comparison of min and max residual electron densities reveals the stable
temporal progression of these residuals, possibly attributable to the shortcomings of the
independent atom model.

When quality indicators were analysed on an elemental basis, the trends observed were
an increase in min and max residual electron density and an improvement in relative
quality indicators wR2 and R1 as functions of atomic number. These trends in both the
relative and absolute measures were as expected for crystallographic reasons. Part of
the trend toward poorer R1 and wR2 values for low-Z structures could also be explained
by shortcomings of the independent-atom model, while high min and max densities for
heavy elements could be improved by better treatment of their relativistic, absorption,
and anomalous dispersion effects.
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3.6 Supporting Information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.
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Supporting information

S1. Data collection and processing

S$1.1. CSD Python API CSV generation.

The CSV datasets used in this study were generated directly from the CSD Python API. Extraction
scripts iterated over EntryReader('CSD").entries() and wrote one row per structure to a CSV file. The
main export included identifiers, formula, publication metadata, crystal properties, refinement metrics,
and experimental information. In particular, the extracted fields included refcode, accession number,
formula, cell parameters and volume, calculated density, space group descriptors, R factors, weighted
R factors, goodness of fit, residual electron-density extrema, reflection counts, radiation metadata, and

publication year.

e The comprehensive CSV  export was implemented in scripts such as

enhanced csd_extraction.py and fetch_csd_comprehensive.py.

e Chunked exports csd.part*.csv were used for downstream analyses to keep memory use

manageable.

e The filtering utility analyse csd.py wrote csd_filtered.csv from the CSD API after applying

structure-level criteria.

e The temporal analysis scripts read the part files and derived time-dependent statistics from the

exported columns.

S$1.2. Derived datasets

The downstream analysis produced yearly trend tables, per-element average datasets, and periodic-
table/Z-axis plots. Element-level metrics were computed from parsed molecular formulas and
aggregated by element presence. For the Z-axis plots, each element symbol was mapped to its atomic

number and plotted in natural periodic order.
S2. Temporal-quality analysis

Table S1  Overview of the linear fit statistics in Figures 1 and 2.

plot Lin. fit year_min year_max n_years slope_per_year r_squared p_value

R1 <1980 1939 1980 38 -0.409039 0.845496  3.59786 x 10°!°
R1 >1980 1980 2025 46 -0.00678503 0.205408  0.00156144
wR2 >2000 2000 2025 26 0.0465002 0.906753 7.28591 x 10714
R1/CV <1980 1948 1980 31 -0.000116098 0.904031 2.68101 x 10°1°
R1/CV  >1980 1980 2025 46 -1.60555 x 10 0.821375  4.58311 x 1018
R2/CV  >2007 2007 2025 19 -7.51897 x 10 0.492812  0.00080676
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S3. Elemental-average analysis

Average metrics versus atomic number. Average R1 and wR2 were plotted against atomic number
Z, together with average |min| and max residual densities. The R1/wWR2 panel includes horizontal
reference lines for the global averages, and the wR2 periodic-table plot was also generated without Ne

as a sensitivity check.

Table S2 Correlations of elemental averages with the atomic number Z.

metric n pearson_r spearman_rho
R1 93 -0.766414 -0.808361
wR2 93 -0.708099 -0.810973
abs_min_density 93 0.733300 0.771180
max_density 93 0.795960 0.817388

S4. Al statement

For the data analysis and dataset generation, the GitHub Copilot in the Microsoft Visual Studio Code

Editor was used.

Role of the Al assistant. An Al coding assistant (GPT-5.4 mini) was used to inspect the existing CSV-
generation and analysis scripts, collate the plotting outputs, verify the Ne-specific data source, and draft
this Supporting Information document in a concise IUCr-style format. The assistant also generated

contents of the supporting information from these outputs.

The author has reviewed all output and code that the Al provided for consistency.

S5. Plotted data

S5.1.Fig1A

year mean  esd minus esd_plus N
1939 22.800 0.000 0.000 1

1940 28.000 0.000 0.000 1

1941 14.100 0.000 0.000 1

1945 17.200 2.267 2.025 4
1947 14.750 3.889 3.889 2
1948 22.822 5.207 10.000 9
1949 16.713 3.613 3.671 15
1950 16.547 4.007 7.435 15
1951 18.016 6.522 7.091 19
1952 19.020 6.495 5.924 21
1953 14.293 4.142 5.277 42
1954 17.228 4.156 4.427 33
1955 15.072 4.275 5.881 29
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1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

14.511
13.403
13.465
12.442
13.723
12.197
13.005
11.770
11.777
11.184
10.806
10.492
9.926
9.256
8.592
8.031
7.636
7.354
7.081
6.774
6.485
6.238
6.258
6.035
5.925
5.903
5.659
5.555
5.457
5.374
5.338
5.298
5.198
5.210
5.130
5.182
5.169
5.088
5.136
5.099
5.139
5.151
5.183
5.177
5.235
5.185
5.136

3.982
4.589
4.614
3.650
4.729
3.861
4.027
4.097
3.750
3.437
3.489
3.610
3.482
3.330
3.052
2.938
2.684
2.630
2.454
2.302
2.082
1.954
1.992
1.915
1.835
1.865
1.743
1.708
1.680
1.613
1.601
1.636
1.591
1.558
1.515
1.563
1.541
1.521
1.524
1.525
1.526
1.541
1.559
1.568
1.590
1.575
1.575

5411
5.082
4.980
6.381
8.726
4.696
6.639
4.783
5.112
4.722
4.908
5.095
4.335
4.342
3.717
4.385
4.646
4.308
4.480
3.971
3.819
3.444
3.459
3.778
3.525
3.609
3.130
2.989
3.098
2.826
2.858
2.888
2.864
2.733
2.670
2.847
2.841
2.646
2.663
2.702
2.656
2.774
2.735
2.757
2.934
2.836
2.971

48
38
57
67
102
133
156
219
243
386
426
569
672
863
941
1200
1678
1721
1871
2029
2494
2768
3050
3428
3764
4350
4820
4911
6106
6424
6516
7144
7420
7648
8721
9744
10527
11825
12059
12797
15387
15760
17195
18593
19839
21648
24104
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2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025

S5.2. Fig 1B

year
1963
1970
1972
1975
1976
1977
1980
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993

5.109
5.090
5.098
5.069
5.027
5.058
5.025
4.992
5.023
5.085
5.059
5.111
5.127
5.209
5.181
5.227
5.199
5.197
5.220
5.259
5.322
5.339
5.373

mean
11.000
5.920
3.967
8.230
10.980
8.426
4.580
4.393
7.617
11.900
6.374
9.438
6.067
7.293
8.938
8.192
12.305
10.361
8.816

1.565
1.545
1.587
1.587
1.574
1.609
1.595
1.596
1.599
1.645
1.658
1.689
1.686
1.750
1.747
1.752
1.750
1.808
1.772
1.803
1.848
1.851
1.863

esd_minus
0.000
2.998
0.777
0.000
2.376
2.617
0.000
0.600
4.682
1.981
2.042
4.290
1.819
2.819
3.614
3.913
5.568
4.469
3.497

2.962
2.838
3.048
2.982
2.942
2.937
3.075
3.031
3.124
3.174
3.188
3.287
3.226
3.526
3.480
3.521
3.560
3.829
3.664
3.792
4.001
3.996
3.972

esd_plus
0.000
2.998
1.222
0.000
2.376
2.190
0.000
1.534
8.109
1.981
4.586
8.427
2.987
8.857
8.971
7.786
12.723
7.495
5.410

26287
27853
31523
34739
36419
37107
41193
42306
44865
48022
43888
51827
55074
56741
57573
58096
60847
63447
60269
60456
60434
60176
26951
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1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025

11.599
9.095

9.235

10.299
10.587
11.239
11.733
12.049
12.075
12.142
12.259
12.341
12.359
12.479
12.577
12.526
12.471
12.560
12.754
12.738
12.843
12.786
12.834
12.825
12.921
12.848
12.737
12.891
12.977
13.014
13.172
13.329

S5.3. Figure 1 C

year
1975
1976
1977
1982
1983
1984
1985
1987
1988
1989

5.042
3.565
3.809
4.055
3.985
4.406
4.567
4.585
4.467
4.379
4378
4.406
4.389
4.384
4.447
4391
4.403
4.414
4.502
4.533
4.567
4.497
4.579
4.600
4.573
4.549
4.698
4.577
4.631
4.655
4.719
4.775

8.780
5.836
5.868
5.851
6.311
6.623
6.895
6.736
6.666
6.707
6.576
6.611
6.576
6.573
6.657
6.640
6.684
6.734
6.858
6.898
7.029
6.950
7.053
7.045
7.143
7.083
7.260
7.246
7.231
7.347
7.392
7.420

abs_min_mean max_mean

0.640
1.150
0.363
0.124
0.391
0.297
0.250
0.451
0.306
0.341

0.940
1.450
0.443
0.138
0.612
0.434
0.240
0.488
0.284
0.603

121
608
2199
2870
5356
10905
13460
16296
19720
23138
25414
29432
32726
34664
35208
39312
40510
43078
45783
44400
44352
46251
47247
49014
49197
49949
52620
50042
49740
52220
56269
25448
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1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025

S5.4.Fig 2 A

year
1948
1951
1952
1953
1954
1955

0.244
0.281
0.429
0.465
0.555
0.417
0.423
0.470
0.524
0.561
0.577
0.571
0.576
0.570
0.563
0.561
0.560
0.562
0.563
0.565
0.570
0.562
0.563
0.572
0.565
0.568
0.562
0.568
0.567
0.561
0.568
0.561
0.557
0.561
0.571
0.554

mean
0.0069
0.0061
0.0072
0.0064
0.0051
0.0056

0.359
0.386
0.661
0.577
0.777
0.492
0.494
0.563
0.623
0.675
0.696
0.697
0.708
0.711
0.704
0.712
0.713
0.716
0.718
0.724
0.729
0.718
0.718
0.733
0.721
0.726
0.719
0.724
0.718
0.709
0.710
0.697
0.692
0.697
0.709
0.688

esd_minus esd_plus

0.0000
0.0000
0.0000
0.0003
0.0015
0.0017

0.0000
0.0000
0.0000
0.0002
0.0015
0.0012
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1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

0.0055
0.0063
0.0047
0.0058
0.0055
0.0054
0.0055
0.0051
0.0047
0.0049
0.0047
0.0044
0.0043
0.0042
0.0040
0.0038
0.0039
0.0038
0.0036
0.0036
0.0035
0.0034
0.0033
0.0032
0.0032
0.0031
0.0030
0.0029
0.0029
0.0028
0.0028
0.0028
0.0027
0.0027
0.0026
0.0026
0.0026
0.0025
0.0025
0.0025
0.0025
0.0024
0.0024
0.0024
0.0024
0.0024
0.0024

0.0017
0.0001
0.0026
0.0021
0.0011
0.0019
0.0021
0.0021
0.0017
0.0018
0.0018
0.0019
0.0017
0.0018
0.0016
0.0016
0.0016
0.0016
0.0015
0.0015
0.0015
0.0015
0.0014
0.0014
0.0014
0.0014
0.0014
0.0013
0.0013
0.0013
0.0013
0.0013
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0011
0.0011
0.0011
0.0011
0.0012
0.0012
0.0012

0.0010
0.0002
0.0024
0.0010
0.0010
0.0013
0.0012
0.0015
0.0016
0.0015
0.0016
0.0017
0.0018
0.0019
0.0018
0.0019
0.0018
0.0019
0.0019
0.0020
0.0019
0.0019
0.0020
0.0020
0.0020
0.0019
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0019
0.0019
0.0019
0.0019
0.0019
0.0020
0.0019
0.0019
0.0020
0.0020
0.0020

132
159
243
347
494
605
842
1214
1257
1454
1579
2087
2363
2595
3004
3297
3887
4369
4492
5675
6014
6083
6713
7015
7254
8286
9282
10057
11327
11543
12291
14761
15198
16547
17812
19021
20804
23081
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2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025

S5.5. Fig 2 B

year
1963
1970
1972
1975
1976
1977
1980
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993

0.0024
0.0024
0.0024
0.0024
0.0024
0.0024
0.0024
0.0023
0.0024
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0022
0.0023

mean
0.0108
0.0035
0.0061
0.0016
0.0046
0.0037
0.0032
0.0089
0.0024
0.0078
0.0051
0.0053
0.0041
0.0047
0.0058
0.0053
0.0064
0.0067
0.0052

0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0011
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012
0.0012

esd_minus
0.0000
0.0005
0.0008
0.0000
0.0030
0.0018
0.0000
0.0054
0.0011
0.0028
0.0031
0.0023
0.0020
0.0026
0.0026
0.0029
0.0032
0.0036
0.0027

0.0020
0.0019
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020

esd_plus
0.0000
0.0005
0.0014
0.0000
0.0030
0.0036
0.0000
0.0021
0.0019
0.0026
0.0063
0.0045
0.0034
0.0063
0.0066
0.0065
0.0048
0.0057
0.0046

25265
26775
30250
33315
35067
35682
39631
40771
43296
46363
47223
49963
53101
54598
55464
55854
58608
60686
57933
58216
57895
57706
25808
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1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025

0.0045
0.0055
0.0056
0.0055
0.0054
0.0055
0.0055
0.0057
0.0058
0.0058
0.0059
0.0059
0.0060
0.0061
0.0060
0.0060
0.0059
0.0060
0.0060
0.0059
0.0060
0.0059
0.0059
0.0059
0.0059
0.0059
0.0059
0.0059
0.0059
0.0059
0.0058
0.0059

0.0022
0.0027
0.0028
0.0028
0.0027
0.0029
0.0028
0.0029
0.0029
0.0029
0.0030
0.0030
0.0030
0.0031
0.0031
0.0030
0.0030
0.0031
0.0030
0.0030
0.0031
0.0030
0.0030
0.0030
0.0030
0.0030
0.0031
0.0030
0.0031
0.0031
0.0031
0.0031

S$5.6. Elemental averages

element

ZmozZzow®@C T

VA
1
2
3
4
5
6
7
8
9

10

R1
5.219
5.340
5.831
4.942
5.435
5218
5.242
5.287
5.432
4.544

0.0040
0.0050
0.0049
0.0049
0.0050
0.0051
0.0052
0.0051
0.0052
0.0052
0.0052
0.0052
0.0052
0.0052
0.0052
0.0052
0.0052
0.0052
0.0051
0.0052
0.0053
0.0052
0.0052
0.0052
0.0052
0.0052
0.0053
0.0053
0.0052
0.0053
0.0052
0.0052

wR2
13.474
16.284
14.990
12.473
14.234
13.473
13.623
13.720
14.277
4.707

123
595
2138
2803
5233
10659
13137
15904
19289
22629
24837
28703
31983
33779
34378
38307
39630
42258
44996
43617
43587
45511
46681
48465
48666
49485
52015
49478
49350
51913
56212
25295

abs min_density max_density

0.814
0.247
0.606
0.474
2277
0.814
0.858
0.835
1.558
0.501

0.982
0.251
0.813
0.589
2.371
0.982
1.020
0.992
1.729
0.382

20



Acta Crystallographica Section C

scientific commentary

Na
Mg
Al
Si
P
S
Cl
Ar
K
Ca
Sc
Ti
\"
Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Kr
Rb
Sr
Y
Zr
Nb
Mo
Tc
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te
|
Xe
Cs
Ba
La

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

6.020
5.790
5.518
5.141
5.025
5.190
5.208
6.973
5.647
5.763
5.970
5.655
5.635
5.436
5.379
5.306
5.435
5.366
5.308
5.280
4.732
4.850
4.908
4.819
4.943
6.014
5.703
5.353
5.683
4.861
5.031
4.872
4.920
4.892
4.841
4.869
5.301
4.798
4.533
4.371
4.594
4.430
4.494
5.096
5.211
5.023
5.014

15.843
15.307
14.337
13.036
12.632
13.391
13.433
20.029
14.550
15.081
15.572
14.439
14.885
14.112
13.916
13.494
14.119
13.890
13.725
14.709
11.628
11.980
11.770
11.746
12.100
15.365
13.371
13.048
14.096
12.288
12.517
12.115
11.782
12.336
12.072
12.529
13.641
12.351
11.262
10.607
11.380
10.876
10.854
13.041
12.954
11.953
12.470

1.066
0.503
0.575
0.712
0.910
1.311
0.830
0.591
0.992
0.624
0.614
0.602
0.724
0.683
0.718
0.714
0.721
0.697
0.772
0.717
0.780
0.867
1.100
0.989
0.870
0.594
1.105
0.808
0.771
0.774
1.015
1.032
0.933
0.947
0.943
0.961
1.143
0.958
1.018
0.957
1.235
1.245
1.217
0.946
1.505
1.112
1.200

1.390
0.679
0.779
0.937
1.182
1.447
1.058
0.844
1.334
0.823
0.798
0.811
0.952
0.893
0.955
0.944
0.956
0.935
1.005
0.937
1.024
1.145
1.344
1.215
1.031
0.726
1.431
1.042
1.031
1.000
1.287
1.301
1.067
1.232
1.251
1.227
1.481
1.183
1.312
1.215
1.540
1.532
1.440
1.063
1.836
1.461
1.562
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Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
A\
Re
Os
Ir
Pt
Au
Hg
TI
Pb
Bi
Ra
Th
Pa
U
Np
Pu
Am
Cm
Bk
Cf

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
88
90
91
92
93
94
95
96
97
98

4.753
4.795
4.910
3.870
4.780
5.021
4.991
4.812
4.946
4.534
4.665
4.468
4.673
4.424
3.928
4.167
4.610
4.172
4.308
4.199
4311
4.421
4.802
4.763
4.419
4.269
4.040
4.328
4.607
4.472
3.939
3.826
4.203
2.855
3.979
3.950

12.197
11.966
12.147
10.340
11.620
12.624
12.915
12.197
12.616
11.287
11.695
11.289
11.417
10.883
9.360
10.142
11.130
9.993
9.715
10.027
10.177
10.714
10.863
10.986
10.104
9.935
9.040
10.001
8.275
10.693
9.097
9.109
9.630
7.387
10.259
9.210

1.224
1.437
1.242
0.735
1.201
1.277
1.387
1.339
1.371
1.419
1.379
1.542
1.379
1.366
1.458
1.645
2.000
1.583
1.644
1.564
1.616
1.726
1.702
1.799
1.658
1.750
0.945
1.653
1.968
1.698
1.593
1.618
1.861
1.199
1.884
1.380

1.622
1.672
1.623
1.016
1.560
1.656
1.812
1.760
1.807
1.772
1.773
1.918
1.813
1.773
1.917
2.123
2.379
1.925
2.007
2.072
2.036
2.150
1.948
2.042
1.925
2.017
1.321
2.131
3.051
2.146
1.867
1.921
2.267
1.760
2.959
3.002
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Abstract

An in-depth analysis of the description of bonding within Cp"”'Ni-cyclo-P3  (Cp” = 1,2, 4-
tri-tert-butyleyclopentadienyl, [Ni|P3) employing X-ray diffraction based multipolar mod-
eling, density functional theory (DFT) as well as an "experimental wavefunction" obtained
from X-ray restrained wavefunction (XRW) fitting is presented. The results are compared
to DFT calculations on white phosphorus - an isolobal analogue to [Ni|P3. A complemen-
tary bonding analysis shows insights into the reactivity of [Ni]P3. The isolobal principle is
reflected in every aspect of our analysis and the employed methods seamlessly predict the
differences in reactivity of [Ni]P; and P,. Crystallographic modeling, solid-state NMR,
and DFT calculations describe the dynamic behavior of the cyclo-P3 unit in the title
molecule.

4.1 Introduction

Supporting sophisticated theoretical investigations are now standard in publications in
almost every discipline of chemistry. In many cases they are based on previously deter-
mined X-ray crystal structures after gas phase geometry optimization. This order shows
that there is a tendency to attribute little chemical information content to experimen-
tal crystal structure determination. This is astonishing in several respects. On the one
hand, it has been shown decades ago that very precise chemical information can be ob-
tained with quantum crystallographic methods. =31 On the other hand, X-ray sources
and detectors have reached a level of development that offers an immense photon flux
and simultaneously, the ability to detect single photons. This allows for such precise, fast
experiments that crystal structure determinations nowadays are a matter of minutes to
hours. ™ Finally, it has become feasible to examine two sides of the same medal: both
the square of a wavefunction and the Fourier transform of the diffraction pattern provide
the electron density distribution. [} However, the most commonly used independent atom
model for crystal structure refinements is a very rough description, which assumes that all
atoms of an element in a compound are identical and neutral, with spherically distributed
electron density. Moving beyond that simplistic model, hand in hand with theoretical
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computations of varying degrees of sophistication, allows for obtaining the best of the two
worlds: A precise experimental geometry and an appropriately fitted wavefunction.

a) t i lBl.l
@Bu ' tBu’@\tBu
@PD BuS="eu | Ni
0 Ni : \
Oo NS i &C o P/ P
' A ? N ~ S
P Ni] AN .
-------------------------------------- - /N\
& ‘Bu 'Bu
@ Electrophilic P-P ¢ @ "
'‘Bu"SS¥"~'Bu  bond insertion, 2 Bu v Bu
\ =g > N ——————» N
NS P--..,,}__' R
& [NilP3 v

Figure 4.1: Scheme 1. Isolobal relationships between a phosphorus atom of white phos-
phorus and the |Ni] fragment (a) or [Ni|P3 (b) with selected reactivities of [Ni]P3 shown.
1: LiNMe, in THF at room temperature; [ 2: selected scope as in reference. [©

In this work, we investigate the P — P and Ni — P bonding in [Ni|P3 (Scheme 1) with
complementary bonding analysis of quantum crystallographic models from multipolar
refinement as well as an X-ray restrained wavefunction fitting model. The multipolar
model (MM) as a parametrized approach to extend the independent atom model (IAM)
by spherical harmonical terms, closely resembling atomic orbitals, has a long history in
the description of the electron density within crystals. ¥ However, the modelling of
transition metal compounds has proved to be especially challenging. In contrast, X-ray
restrained wavefunctions (XRWs) yield an "experimental wavefunction” which can be
used to describe a molecule or compound beyond topological analysis. >3]

We compare these findings to theoretical calculations on [Ni|P; (see Figure 4.2) and white
phosphorus - an isolobal analogue. ['% In this context, we describe the electronic structure
of the cyclo- P53 fragment, which can be either seen as a planar ligand coordinating to the
transition metal or with separate phosphorus atoms bound individually.

4.2 Results and discussion

4.2.1 Experimental and Methods

A high-resolution (dpi, = 0.54A) X-ray diffraction data set using Mo K, radiation of
a [Ni]P3 single crystal serves as the basis for the crystallographic studies. Multipolar
modeling according to the Hansen & Coppens formalism was performed within the Mo-
Pro software with the refinement of multipolar parameters as described in the supporting
information. 1213 Anisotropic displacement parameters for hydrogen atoms were ob-
tained using the SHADE3 server. 'Y/ VMoPro and MoProViewer modules were used to
perform the topological analysis. Further information can be found in the supporting
information.
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A Hirshfeld-Atom Refinement (HAR) yielded the starting geometry for the XRW fitting
in the TONTO quantum crystallographic software suite. >~17 HAR uses the geometry of
the (TAM) for a wavefunction calculation and partitions the wavefunction’s corresponding
electron density into non-spherical atomic formfactors. These formfactors were then used
in the crystallographic refinement of atomic positions and displacement parameters. HAR
was performed following this procedure iteratively until a given convergence criterium was
met.

Figure 4.2: Structure and labelling scheme for selected atoms of [Ni|P3. Hydrogen atoms
are omitted for clarity, ellipsoids are drawn at the 50% probability level (Mo K, HAR
model).

HAR was performed using ORCA5 (M062X/def2-TZVP) and the resulting wavefunction
yielded non-spherical atomic form factors for all atoms (including hydrogens) in [Ni]P3
using a Hirshfeld partitioning scheme. This calculation was performed by NoSpherA2
in the Olex2 crystallographic suite. =221 A procedure of wavefunction generation, par-
titioning, and refinement was repeated until convergence was achieved. The resulting
geometry from HAR was then used as the geometry for the XRW fitting. Contrary to
HAR, the XRW fitting is perturbed during the self-consistent-field (SCF) procedure by
weighted Lagrange multiplication with the agreement between measured and calculated
structure factors defined as follows:

J(¥) = E(P) + A (x*(¥) — A) (1)

where the Jayatilaka functional J (Eq. 1) consists of the (singlepoint) energy E of the
wavefunction ¥ modified with the A weighted perturbation term y? and with A as the
desired agreement for this term. In our specific case, A was set to zero in order to extract
the maximum possible information from the diffraction data. x? (Eq. 2) represents the
weighted differences between the calculated and measured structure factors (Fc2lc/obs)
from the Bragg intensities as follows:

1 Nre Fpalc ] 2_ prs 2
XQ(\D): — Zf‘ i ( )‘ | i ‘ (2)
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where Niefi/par are the number of reflections and parameters (Ny,, is traditionally set
to one in XRW determinations, the parameter being \), ¢ is a scaling factor, and o is
the uncertainty of the measured structure factors. This assumes that purely statistical
weighting schemes are used throughout the procedure.

During the XRW fitting procedure, the geometry from HAR was used to perform a wave-
function calculation using the (spin-orbital restricted) Hartree-Fock (HF) method using
the def2-TZVP basis set. The A parameter was initially set to zero to yield a pure HF cal-
culation of the solid-state [Ni|P3 geometry obtained from HAR. A was then incrementally
increased by steps of 0.01 to increase the influence of the measured structure factors. This
procedure was repeated until a maximum perturbation with the corresponding value of A
was achieved while the SCF still converged. This convergence is shown in the supporting
information. The resulting wavefunction was then used to generate non-spherical atomic
form factors according to Hirshfeld stockholder-partitioning. 2!

This way, we started with a model based on ab-initio calculated wavefunction and ex-
tracted the remaining influences on the electron density, which were not accounted for in
HF, such as electron correlation and polarization, from the experimental electron density.
A comprehensive overview and discussion on extracting these properties can be found in
references [23,24].

X-ray diffraction data were collected using Mo K, (wavelength = 0.71073A) as well as
CuKjp (wavelength = 1.39222&) radiation to compare the results obtained using these
different data sets for both XRW fitting and multipolar modelling. From the results of
this comparison, which can be found in detail in the supporting information, we chose the
Mo-XRW model with a A parameter of 0.42 as the best result to investigate the bonding
situation in [Ni|P3 without overfitting due to the introduction of experimental noise and
errors into the data. MoXRW was then compared to the multipolar model (MM) of
Mo K, data for the topological analysis, while all other bonding indices were extracted
from the wavefunction analysis. These characteristics for [Ni]Ps were also compared to
the DFT optimized geometry of P, (M062X/def2-TZVP) or to its normalmode corrected
solid-state structure (XRD). [2°!

In this work, we report to the best of our knowledge on the first multipolar model as
well as XRW fitting procedure using Cu Kp radiation. The main differences between
MoK, and CuKjp radiation lie in the maximum achievable resolution, raw intensity, and
peak-splitting. While Mo K, provides much higher resolution data sets

(dmin ( Mo K,) = 0.355A, dmin (CuKp) = O.696A), CuKj gives higher intensity and does
not observably exhibit the peak-splitting common to all K, radiation types. For both
charge density modelling approaches we found reasonable results even with the lower
resolved CuKjp data set. In particular, the topological analysis of the multipolar model
and wavefunction-based bonding analysis closely resembled the descriptions achieved with
MoK, radiation, despite the additional challenge associated with using CuKjp radiation
with a nickel compound. Nickel has its K shell absorption edge a slightly lower in energy
than CuKjp radiation, so it has a particularly high elemental absorption for nickel. More
comprehensive crystallographic details regarding this effort can be found in the supporting
information.

4.2.2 Geometry

White phosphorus exhibits 7,; symmetry in the gas phase with six equidistant, chemically
equivalent P — P bonds. P, is notoriously difficult to crystallize in a manner suitable
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for high quality diffraction data, so our results besides the geometry are compared with
DFT calculations. The NiPj fragment in [Ni]P3 shows a tetrahedral geometry, which is
distorted by the [Ni] fragment and shows different interatomic distances and bond angles.
The geometry of the molecule in the gas phase differs only slightly from the one in the
crystalline phase which can be attributed to the weak intermolecular interactions in the
crystalline phase. [0

The P — P distances in [NiSPg are significantly shorter than in white phosphorus despite
the similar ring strain (see Table 4.1). This might indicate stronger bonds between the
phosphorus atoms in [Ni]P3 compared to P4. In contrast, the Ni — P bonds are generally
longer than the P — P bonds. While the bond angles between the phosphorus atoms are
comparable to those in P4, the P — Ni — P bond angles differ strongly and are smaller in
[Ni]P5. Thus, the tetrahedral geometry in P, is distorted by the isolobal substitution of
a phosphorus atom by the [Ni] fragment.

4.2.3 Topological Analysis

Table 4.2 shows the selected topological properties of the different models according to
Bader’s quantum theory of atoms in molecules (QTAIM). This method analyses chemical
bonding by following the topology of the total electron density distribution in real space.
[27,28]

There is generally less electron density at the bond critical points (BCP) between Ni and
phosphorus than between two phosphorus atoms (see Table 4.2). The Laplacian values at
the bond critical points also indicate a Valence Shell Charge Concentration (VSCC, i.e.,
negative Laplacian values) at the BCPs between two phosphorus atoms and a Valence
Shell Charge Depletion (VSCD, i.e., positive Laplacian values) in all Ni-P bonds. The
values of the electron density at the BCP are considerably high in comparison with other
literature known transition metal-phosphorus bonds. 293031 The positive Laplacians at
the BCP indicate intermediate dative bonds.

A closer look at the distribution of the Laplacian of the electron density along the topolog-
ical bond paths shows symmetrical P — P bonds with a negative Laplacian plateau at the
BCPs and similar progression between the MM and XRW models. The plateau stays in
the negative regime for the XRW and MM model, as expected for covalent non-polarized
bonds. 2 A value closer to zero is consistent with a systematic comparison of the XRW
method with MM by Woinska et al. (24

This study on organic compounds found the Laplacian values overestimated in the MM
compared to the XRW method, which itself is consistent with the DFT calculation of P,.
So far, the differences between XRW and MM in transition-metal complexes have not
been systematically studied, but our findings suggest a similar behavior in this case.
The Ni-P bonds exhibit highly asymmetrical Laplacians of the electron density along
bonding paths in every model indicative of a dative bonding character. There are pro-
nounced VSCCs between the BCPs and phosphorus atoms, but strong depletions of elec-
tron density towards the nickel center. This indicates highly polarized Ni-P bonds which
are expected from the differences in electronegativity. Again, a higher Laplacian at the
BCP is observed in the MM than in the XRW and DEFT calculation of [Ni|Pj.

The 2D maps of the Laplacian in the cyclo- P3 (see Figure 4.3) plane indicate a strong
smearing of electron density in the P — P bonds in the XRW model with a larger overlap
of electron density accumulation areas in the vicinity of the bond paths. This smearing
was less pronounced in the MM, but generally followed this trend of the 2D Laplacian
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Table 4.1: Selected distances and angles in the different models of P, and [Ni]P;. HAR
and XRW geometries are identical.

Py [Ni]P3
XRD [29] DFT DFT MM (Mo Ka) HAR (Mo K,)

P-P distances / A 2.201(2)-2.209(1) 2.2031 P1-P2: 2.1549 P1-P2: 2.1481(3) P1-P2: 2.1465(1)
P1-P3: 2.1550 P1-P3: 2.1446(2) P1-P3: 2.1432(1)

) P2-P3: 2.1558 P2-P3: 2.1534(3) P2-P3: 2.1508(2)

Ni-P distances / A - - Ni-P1: 2.2670 Ni-P1: 2.2471(2) Ni-P1: 2.2460(1)
Ni-P2: 2.2660 Ni-P2: 2.2376(2) Ni-P2: 2.2370(1)

Ni-P3: 2.2970 Ni-P3: 2.2477(2) Ni-P3: 2.2467(1)

P-P-P angles / ©  59.74(2)-60.39(2) 60.00 59.98-60.03  59.810(13)-60.217(13) 59.984(4)-60.185(4)

Table 4.2: Values of electron density (p) and Laplacian of the electron density (V?(p))
at selected bond critical points according to QTAIM for different models of [Ni]P;. The
DFT model of P, is added for comparison.

DFT MM (Mo Ka) XRW (Mo Ka)

Atoml Atom2 P N P N . -
p(eA=3) V2(p) (eA=5) p (eA=3) V2(p) (eA=%) p(cA=3) V2(p) (cA~?)

Ni P1 0.560 1.844 0.557(6) 3.61(8) 0.596 1.706
Ni P2 0.562 1.836 0.577(5) 3.72(7) 0.608 1.507
Ni P3 0.558 1.894 0.536(8) 3.70(9) 0.563 1.804
P1 P2 0.788 -2.418 0.760(5) -0.3(1) 0.816 -2.514
P1 P3 0.788 -2.430 0.749(5) -0.22(8) 0.808 -2.690
P2 P3 0.787 -2.411 0.756(6) -0.20(9) 0.810 -2.595
P(P4) P(Pa) 0.202 -1.344 - - - -

map of cyclo- P3. The models closely resembled the Laplacian 2D map obtained for the
cyclo- P3 plane in white phosphorus.

The atomic charges (see Table 4.3) were consistent with a positively charged nickel and
negatively charged phosphorus atoms. Here, the MM showed a similar positive charge for
nickel and a more negative charge on the cyclo- P3 unit compared to the XRW model.
Generally, the topology of electron density within the Ni — P, rings allowed for a good
comparison with the work by Macchi et al. to describe the bonding in terms of the
Dewar-ChattDuncanson metal-olefine vs. metallacyclopropane model. 33 The topology
of this system in Ni;P3 (see Figure S8) was similar to the one that has been described for
Ni(COD), : a o-donation by the P—P bonds to nickel as well as m-back-bonding, indicated
by "inwardly curved, but well separated" Ni-P bond paths has been also described in
this study. This pushes the Ni — P, more to the metallacycle side - despite the positive
Laplacian of electron density at the BCP, which is quite small compared to other literature
examples. *¥ Back-bonding by the metal center was also supported by lower occupancies
(see Table S5 in the supporting information) in the d(zy) and d(yz) orbitals - again similar
to the case described by Macchi et al. [¥] Therefore, the NiP; fragment could be described
close to a metallatetrahedrane analogue.

4.2.4 Bonding Indices

Table 4.4 shows the bonding indices and parameters of [Ni]Pg compared to P,. NBOP
analysis revealed bonding indices near unity for P—P bonds with a stronger bond between
Pland P 3

and slightly weaker bonds of both atoms to P 2. This was consistent with the topological
analysis of the XRW model, where less negative charge was assigned to P2. In contrast,
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Figure 4.3: Values for the Laplacian of the electron density along bond critical paths
between P — P (black:XRD, blue:DFT, upright triangle: P — P bonds, inverted triangles:
Ni-P bonds) and Ni-P (red) in the MM and XRW model (A, B) as well as 2D Laplacian

-5
maps of the cyclo- P3 fragment with 0.2eA  iso-lines for the cyclo- P3 fragment (C, D, E).
In the 2D Laplacian maps, red color indicates a negative, black a positive Laplacian value
attributed to valence charge accumulation or depletion, respectively.

all Ni-P bonds had a bond order close to 0.5 . This value for a metal-heteroatom bond is
relatively large in comparison to Ni— C bonding orders of 0.02—0.01. We observed a high
occupancy (0.64e) of the Ni— P anti-bonding orbital, which is mainly of Ni—d and P —p
orbital character. The second order perturbation theory revealed a strong contribution
of the P -lone-pairs (164 and 160 kJ/mol) for the Ni — P anti-bonding combination with
no significant Ni-lone-pair contributions. Besides this, a strong contribution of the Cp""
ligand’s "lonepairs" to the Ni-P anti-bonding was found.

The Wiberg bond index (WBI) following an NPA analysis showed a P — P bond order
slightly above unity with about 1.1 electron pairs for each P — P bond. Again, Ni-P
bonds possessed about one electron per Ni — P bond. According to the NBO theory, the
P — P bonds are expected to be covalent and on average slightly stronger than P — P
bonds in white phosphorus. In the natural resonance theory (NRT), the Ni-P bonds

Table 4.3: Bader charges in electrons for selected atoms in each model for [Ni]P3 and P,.

DFT MM XRW
Ni 0.397  0.46(2)  0.416
P1 -0.077  -0.26(2) -0.133
P2 -0.078  -0.32(2) -0.065
P3 -0.077  -0.30(3) -0.132
P (Py) 0000 - -
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Table 4.4: Selected bonding indices for the XRW [Ni]P3 model and P4. B.O.: bond order,
WBI: Wiberg bond index, NLMO: natural localized molecular orbitals, Cov: covalent,
D.I.: delocalization index.

NBO Roby-Gould
At 1 At 2 NLMO* % C D.I.

omt AOME B 6. WBI o LoV Cov. Ind Ton. Ind % Cov
Nil P1 0.4779 0.4899 0.5583 69.8 0.79 0.45 0.23 79.53
Nil P2 05338 0.5338 0.8932 77.9 0.81  0.48 021  83.23
Nil  P3  0.5249 0.5071 0.8633 68.0 0.78  0.45 0.25  76.62
P1 P2 0.9987 1.1192 1.1852 98.3 1.20 1.22 0.00 99.1
P1 P3 1.1626 1.1406 1.2408 99.0 1.23 1.26 0.02 99.98
P2 P3 0.9895 1.1100 1.1713 99.1 1.20 1.22 0.02 99.12
P(Py) P(Ps) 1.000 1.0149 1.036 100 1.48  1.00 0.00 100

exhibited a covalency of about 70%, i.e., of primarily dative covalent character, despite
the large difference in electronegativity. NRT described the bonding of cyclo- P53 to [Ni]
as a mixture of two covalent interactions on average shared across the three centers. For
the Lewis picture of [Ni]3, the dominant resonance structures (combined 50% weight)
exhibited two out of three possible Ni — P bonds (to P 1 and P 3), and three P — P
bonds. This was accompanied by four lone pairs of electrons attributed to the nickel
atom, as well as 3.5 lone pairs shared over the cycloPs; unit. The remaining half lone
pair was attributed half to P2, one third to Ni , and the rest shared between the other
phosphorus atoms. This suggested that the cyclo- P3 provided about three electrons for
chemical bonding with the [Ni] fragment. NLMO/NPA bond orders were at 2.31 for Ni
excluding Ni-C bonds (3.38 including them), 2.77 for P2 and 3.17 and 3.19 for P 1 and P
3, respectively.

The P—P bonds in the DFT model of P, exhibited stronger delocalization than the P —P
bonds in [Ni]P3 and a very low delocalization index was calculated for Ni— P bonds. This
is also borne out by the Roby-Gould bonding indices. Here, the P — P bond in [Ni|P3 was
even stronger compared to the one in P,. A higher covalent character was assumed for
the Ni-P bonds according to the Roby-Gould index compared to NBO analysis.

A comparison of the same-spin electron localizability indicator (ELI-D) of P, and [Ni]P;
in Figure 4.5 showed a strong similarity in what can be attributed to phosphorus lone
pairs. Except for the [Ni] fragment, the cyclo- P3 fragment matched the shape of the lone
pairs in white phosphorus precisely.

A deeper look into the bonding analysis and integration of charges in the Raub-Jansen
scheme following the evaluation of the ELI-D distribution was not possible, since the
basins were truncated in an unreproducible way, most likely due to extremely subtle
details, that could not be resolved with affordable computational effort. We attributed
this to the highly delocalized electronic system in both P4 and |Ni|Ps.

Figure 4.4 shows the XRW model frontier orbitals of [Ni]P3 compared to the frontier
orbitals of P,. When reduced to the NiP3 tetrahedron, a similar shape with two nodal
planes was observed for the highest occupied molecular orbital. P, exhibited lobes of
this molecular orbital primarily above and below each phosphorus atom, stretching in the
bonding direction. In [Ni]P3 a similar behavior was observed for two of the three phospho-
rus atoms (P1 and P2) with lobes away and towards the [Ni| fragment but stretched in
the direction of P3. A similar shape but with an additional nodal plane was observed for
the lowest unoccupied molecular orbital of P4. In [Ni]|P3, a similar pattern was observed
around P1 and P2, with a different, less pronounced contribution of the [Ni] fragment.
This suggested that P1 and P2 formed the chemical center for both nucleophilic and elec-
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Figure 4.4: Frontier orbitals of the XRW (Mo K, ) model of [Ni|P (upper half) compared
to the DFT calculation of P, (lower half)

Figure 4.5: Comparison of ELI-D of white phosphorus (left) and [Ni|P3 (right) at iso-
surfaces of 1.2 (opaque) and 1.7e/A3 (transparent).

trophilic reactions. This did not fully match the description of Madl et al., who did not
find any significant contribution at these two atoms, but rather at their bonds towards the
third phosphorus atom. °! The resulting LUMO, however, matched their description and
was thus also in accord with their observed reactivity towards main-group nucleophiles.
Our updated view of the highest occupied molecular orbital was consistent with successful
electrophilic insertion into P-P bonds as reported. [/ An overall higher inertness towards
air in comparison to white phosphorus could be explained through generally stronger P—P
bonds in Ni;P3 and by hindrance from the sterically demanding [Ni| isolobal replacement.

4.2.5 Dynamical Behaviour of the cyclo- P3 Fragment

The dynamic behavior of the cyclo- P3 fragment was investigated by solid-state 3P NMR
spectroscopy. The experimental static and magic angle spinning spectra of [Nig], are
shown in Figure S18 in the supporting information. It was difficult to determine from
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these spectra the exact values of the principal components of the chemical shift tensors
and the corresponding isotropic chemical shifts. The three phosphorus atoms of the cyclo-
P3 fragment were not chemically equivalent, and therefore, their chemical shift tensors
were slightly different. The 'J (3'P3'P) scalar couplings between them were about 400
Hz | leading to non-first-order NMR spectra. They are also affected by homonuclear
31p — 31P dipolar interactions. Nevertheless, the experimental values of the principal
components d11, 022, and d33 of the chemical shift tensors and the isotropic chemical shifts
diso could be roughly estimated (see Table 4.5). Tables S12 and S13 (SI) report the
31 P NMR shielding tensors of [Ni]P3 and 'J (3'P3'P) couplings calculated using the w
B97XD/ def2-QZVP approximation. A reference *'P NMR absolute chemical shielding
o' is required to convert between the chemical shift scale § used in experiments and
the absolute shielding scale ¢ used in theoretical calculations. With a high degree of
accuracy, 0 ~ 0" — o. The value of 6" depends on the approximation used for the
calculations and is available elsewhere. % For the w B97XD /def2-QZVP approximation,
o' = 300ppm. The calculated values of the shieldings oi, , 011, 022, and d33 of the three
phosphorus nuclei of the cyclo- P fragment are given in Table S12.

The difference between the experimental and calculated values of d;5, was significant and
exceeded the expected margin of error. % This difference was most likely due to the
influence of the crystal field, which cannot be accounted for in conventional calculation
approaches. B7 The difference between the experimental and calculated values of the
principal components of the tensors was even larger, but it had two characteristic fea-
tures. First, the experimental tensor was axially symmetric (§1;°P = §22°*P ), while the
calculated tensors were not. Second, the anisotropy of the experimental tensor was smaller
than that of the calculated tensors, |51, | < }511““‘: | and 933P | < ‘633"3“ } Such fea-
tures are typical of molecular systems undergoing dynamic changes that are fast on the
NMR time scale of microseconds. ¥ The 611 and 6, components lay roughly in the plane
of the cyclo- P3 fragment, and the direction of the d33 component roughly coincided with
the normal to this plane. An intermittent rotation of this fragment about this normal
led to an axially symmetric tensor with 61,7 = 0™ = (61, + §95%1¢) /2. Since
the directions of the tensor components did not exactly coincide with the plane of the
fragment and the normal, this equality was approximately satisfied, and the rotation also
changed the observed value of the d33 component, so that |033™" | < ‘(533“3”1C } Figure S19
in the Sl shows the resulting relaxed geometry energies for a 120° rotation of the cyclo-P3
fragment perpendicular to the axis connecting the centers of mass of the two cyclic frag-
ments. The activation barrier was only 8.9 kJ/mol, indicating dynamic exchange of the
three phosphorus positions.

Table 4.5: Experimental and calculated values of i, , 011, 092, and d33 of the cyclo-Ps
fragment.

Nucleus diso / PPmM 611 / ppm 622 / ppm 633 / ppm
Experiment -164 10 10 -520
P1 -190 100 -49 -623
P2 -185 85 -43 -596
P3 -184 128 -49 -632
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4.3 Conclusion

In summary, we have extensively characterized [Ni|P3 using the most sophisticated meth-
ods of experimentally driven charge density analysis. A rare example of a successful X-ray
restrained wavefunction fitting of a transition metal complex has provided deep insight
into the chemical nature (Scheme 1) of [Ni|P3 - an isolobal analogue of white phosphorus
with promise as a phosphorus source with rich reactivity.

Our studies showed a reasonable applicability of Hoffman’s isolobal principle when |Ni|P3
is compared to white phosphorus. We found dative Ni-P bonds in every aspect of our
analysis. These bonds were primarily covalent and showed a clear polarization between
the more electronegative phosphorus and the electropositive nickel atom, as expected.
Hence, we describe [Ni|P3 as an metallatetrahedrane analogue. The shorter P — P bonds
in [Ni]P3 showed comparable or higher bond orders, but slightly less delocalization, than
the longer P — P bonds in P4. This was consistent with the reported reactivity of the
air-stable [Ni]P3 - especially when compared to the pyrophoric Py.

Finally, this study clearly showed the advantages of a deeper insight into diffraction data
supported by theoretical calculations, which can go far beyond a simple determination
of the connectivity and geometry of a compound under investigation. It is evident that
theoretical studies should much more often be carried out in concert with crystal structure
determinations, rather than independently of them.
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4.5 Supporting information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.
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Experimental Procedures

Data collection and modeling of X-ray diffraction data

Data were collected from orange crystals suitable for X-ray diffraction experiments crystallized from n-hexane (dry, SPS) and
synthesized following the literature procedure. Diffraction experiments were performed on a Rigaku Oxford Diffraction SuperNova
diffractometer equipped with an Atlas S2 CCD detector on two different specimens using Mo Ka radiation
(A =0.71073 A) and Cu Kp radiation (A = 1.39222 A), respectively. The recorded diffraction patterns were integrated and processed
with CrysAlisPro, the initial structure solution was found using SHELXT. The initial refinement of the independent-atom-model of
[Ni]P; was performed using olex2.refine within the Olex2 crystallographic software suite and the reflections used for the advanced
models were merged used Olex2.-!

The details of the quality indicators and refinement parameters for the six distinct crystallographic models are shown in Table S1.

The Hansen-Coppens multipolar formalism for individual atoms was used to describe the experimental charge density within in the
program MoPro.®71 Multipolar coefficients were refined at a dipolar level for hydrogen, at an octopolar level for carbon, and at
hexadecapolar level for nickel and phosphorous. Scaling factor coefficients, positional and anisotropic displacement parameters
(anharmonic displacement parameters of 3" degree for all P atoms), valence populations, and anomalous dispersion parameters for
nickel (only in Cu KB model) were refined and tested against values obtained from the olex2.refine routine in Olex2.
Anharmonic displacement parameters were validated using a multitemperature approach (100 K, 150 K, 200 K, and 250 K). For each
temperature the probability distribution function as well as displacement parameters were analyzed. k coefficients were refined to
model expansion/contraction of multipoles. Constrained anisotropic parameters for hydrogen atoms were obtained using the
SHADES server and tested against anisotropic displacement parameters from a HAR model, where the ones from SHADE3 were
subsequently chosen for the models.®! Additionally, the weighting of restraints was optimized by Rree refinements. For the Cu KB
multipolar model, an extinction correction was also applied, and the modelling parameter refined. An Ree refinement according to the
published method® helped to optimize weights for the applied restraints while avoiding overfitting.

In the global Riee refinement, twenty different Riee refinements are performed where one reflection out of twenty is omitted. The
twenty different tests sets have no common reflections and globally constitute the whole diffraction data. The global Ree is then
computed on the complete set of reflections. Rfree_global = = pg [ Wha (10— Ic_free) > / g =[Wh . l0 ]?
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The quality of both models is evaluated using a DR plot (Fig. S1) and resolution plot (Fig. S3) from XDRKplots, fractal dimension plot
(Fig. S2) from jnk2RDAM, and residual density plots (Fig. S4) from VMoPro.

VMoPro calculated the topological properties of the complex for both models, while the three-dimensional representations were
visualized within MoProViewer.[*!

CCDC numbers for MM-Mo Ka (2305140), HAR-Mo Ka (2305141), MM-Cu KB (2305139) and HAR-Cu KB (2305142) contain
additional information as well as the collected intensities.

(Semi-) Theoretical procedures and analyses

X-ray restrained wavefunction fitting (XRW) was achieved using the same data set of reflections used for multipolar modelling. XRW
was performed within the TONTO? (V. e277d81c) software package. Calculations were performed at a Hartree-Fock*! (HF) level of
theory with increased perturbation from the experimental X-ray data. The pure HF ansatz as well as the XRW calculation were
compared with the highest experimental perturbation, which converged in the SCF iterative procedure. The weighting parameter A
was increased in 0.01 increments and a final A value of 0.42 was found for the Mo Ka XRW model. For the Cu K XRW model, the
highest converging perturbation step (A = 0.98) disagreed strongly with the Mo Ka model and theoretical calculations in the
topological analysis. We determined the final A step with an agreement in the topological analysis at A = 0.55. Atomic form factors
were calculated according to a Hirshfeld partitioning scheme.4 Additionally, a theoretical density-functional-theory gas phase
optimized structure (B3LYP / def2-TZVP)1528l as well as wavefunction calculation (M062x / def2-TZVP)"l were performed using
ORCA5. 18l

The topological analysis according to the “Quantum theory of atoms in molecules” was performed using the software suite AIMALL (V.
19.10.12).1*°29 Natural bonding order analysis was performed within NBO7[?% and calculations of the electron localizability index (ELI-
D) were performed in dgrid.?”2 TONTO also performed the Roby-Gould analysis of the resulting experimental and theoretical
wavefunctions.?®l Multiwfn calculated Laplacian values along the interatomic distances as well as 2D Laplacian grids.?4
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Crystallographic information table

Table S1: Crystallographic information of the various crystallographic models used. Additional information is provided in the crystallographic information files.

Radiation (A / A)

Mo Ka (0.71073)

Cu KB (1.39222)

Formula C17H29P3Ni Ci7H29P3Ni

Mass / g mol? 385.034 385.034

Crystal size / mm?® 0.29x0.27 x0.23 0.15x 0.20 x 0.27

Space group P2i/c P2i/c

alA 9.26444(5) 9.2696(2)

b/A 14.5889(1) 14.5952(2)

cl/A 14.5261(1) 14.5316(1)

Bl° 105.9347(6) 105.978(1)

Vv /A3 1887.87(2) 1889.59(5)

D/gcm? 1.355 1.353

pu/ mmt 1.270 7.848

Orange/° 2.68 -41.15 3.96 —74.77

T/K 100.0(1) 100.15(2)

hkl range 17 2h2 -17 12 >h2 -12
26 k2 -26 20 k2 -20
26 2|2 -26 20 2|2 -20

Resolution / A 0.54 0.72

/o (l) 1125 81.0

Rint / % 2.93 4.43

Tot. reflections 283834 97248

Ind. reflections, | > 20 11126 5123

Completeness / % 99.9 99.8

Multipole model indicators

Nr. refined parameters 837 838*

Goodness-of-fit 1.062 0.949

Final R indices, | > 20/ % 1.26 1.36

R indices (all data) / % 1.49 2.01

wWR2 indices / % 1.90 2.53

Largest diff. peak and hole / e A 0.203, -0.230 0.175, -0.225

HAR model indicators

Nr. refined parameters 525 528*

Goodness-of-fit 1.062 1.071

Final R indices, | > 20/ % 1.24 131

R indices (all data) / % 1.46 1.34

WR2 indices / % 2.29 3.21

Largest diff. peak and hole / e A 0.286, -0.269 0.171, -0.298

XRW model indicators

Goodness-of-fit (1/c weighting) 1.886 2.248

Final R indices, | > 20/ % 1.01 0.97

R indices (all data) / % 1.11 1.53

WR2 indices / % 1.56 2.02

Largest diff. peak and hole / e A3 0.165, -0.201 0.126, -0.337

* Extinction correction was applied and anomalous dispersion parameters f, f” for Ni refined in HAR and used in HAR, MM and XRW-Cu

models 2%



Analysis of the multipolar models

Normal probability plots

Experimental OR
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Figure S1: Quantile-quantile plots of the Mo Ka (A) and the Cu K@ (B) data set.

Experimental DR
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The quantile-quantile plots a linear distribution in the center of the data. Both tails deviate from the normal, and this behavior is more
pronounced in the Mo Ka data set due to the lower quality of very high-resolution data.

Fractal dimension plots
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Figure S2: Fractal dimension plots according to Henn & MeindI*? of the Mo Ka (A) and the Cu KB (B) data set.

02
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The distribution of residual electron density reveals a small shoulder in the Cu K XRW model. This can be attributed to the close

environment around the metal atom (see figure S11 D and H).
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Figure S3: Ratio of Fobs/ Fealc OVer the full resolution range of the Mo Ka (A) and the Cu KB (B) data set.

With the exception of extremely low and high resolution, the modelled and observed structure factors match well.
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Residual electron density plots

XNi1

O Ni1

P3
P3

P1

P1

Figure S4: 2D Residual density maps of the Cp’” ligand, the metal centre perpendicular to the Cp-plane, and the cyclo-P3 ligand of 1 of the
Mo Ka (A,C,E) and the Cu K@ (B,D,F) data set. Lines are drawn at 0.05 e difference. Blue: positive, red: negative, yellow: zero contour. 3D
residual plots for [Ni]Ps of the Mo Ka (G) and Cu KB (H) model with an iso-surface of 0.15 e /A® (Mo Ka, G) and 0.10 e /A% (Cu KB, H).
Blue/red: positive/negative residual electron density.



Topological analysis

Table S2: Atomic charges according to Bader.[19]

Mo Ka CuKp

Name N/e Charge /e N/e Charge /e
Ni 27.539 0.461 26.720 1.280
P1 15.232 -0.232 15.437 -0.437
P2 15.295 -0.295 15.407 -0.407
P3 15.296 -0.297 15.386 -0.386
C1 6.088 -0.088 6.016 -0.016
C2 6.143 -0.143 6.050 -0.050
H2 0.995 0.005 0.941 0.059
Cc3 6.098 -0.098 5.919 0.081
c4 6.094 -0.094 6.210 -0.210
C5 6.161 -0.161 6.083 -0.083
H5 1.021 -0.021 0.954 0.046
C6 5.917 0.083 5.975 0.025
c7 5.968 0.032 6.159 -0.159
H7A 1.001 -0.001 0.963 0.037
H7B 0.983 0.017 0.946 0.054
H7C 0.968 0.032 0.938 0.062
c8 6.004 -0.004 6.169 -0.169
H8A 0.962 0.038 0.938 0.062
H8B 0.990 0.010 0.943 0.057
H8C 0.976 0.024 0.963 0.037
C9 5.969 0.031 6.148 -0.148
H9A 0.977 0.021 0.945 0.055
H9B 0.985 0.015 0.948 0.052
H9C 0.985 0.015 0.946 0.054
C10 5.867 0.133 5.977 0.023
Cc11 5.937 0.063 6.118 -0.118
H11A 1.005 -0.005 0.947 0.053
H11B 0.990 0.010 0.945 0.055
H11C 1.007 -0.007 0.955 0.045
C12 5.948 0.052 6.117 -0.117
H12A 0.997 0.003 0.958 0.042
H12B 0.981 0.019 0.946 0.054
H12C 0.997 0.003 0.949 0.051
C13 5.990 0.010 6.142 -0.142
H13A 0.978 0.022 0.939 0.061
H13B 0.975 0.025 0.947 0.053
H13C 0.973 0.027 0.944 0.056
C14 5912 0.088 5.942 0.058
C15 5.978 0.022 6.151 -0.151
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Critical points

Figure S5: Bond (red), cage (light blue), ring (dark blue) and non-covalent interaction (green) critical points in the [Ni]Pz models.

Table S3: Bond critical points (3,-1) for the Mo Ka multipolar model

Atom1 Atom2 Distance DCP1 DCP2 pleAs v2(p) | eAS
Nil P1 2.2609 1.1832 1.0777 0.557(6) 3.61(8)
Nil P2 2.2486 1.1777 1.0709 0.577(5) 3.72(7)
Nil P3 2.2571 1.1741 1.083 0.536(8) 3.70(9)
Ni1 c2 2.1187 1.0624 1.0563 0.53502 6.323
Nil C4 2.1097 1.0608 1.0489 0.54124 6.424
Nil C5 2.076 1.0303 1.0458 0.54701 6.671
P1 P2 2.1563 1.0828 1.0735 0.760(5) -0.3(1)
P1 P3 2.1504 1.0843 1.0662 0.749(5) -0.22(8)
P1 H7A 7.3846 1.1815 6.2031 0.04746 0.501
P2 P3 7.2913 1.0907 6.2006 0.756(6) -0.20(9)
P2 H12A 7.4582 1.2498 6.2084 0.03454 0.390
C1 c2 1.4281 0.7144 0.7137 1.99015 -14.307
C1 C5 1.4286 0.7109 0.7177 1.95979 -13.336
C1 C6 1.5179 0.7357 0.7821 1.71043 -11.894
C2 H2 1.0264 0.3621 0.6643 1.95404 -18.945
Cc2 C3 1.4451 0.6778 0.7673 1.82143 -10.144
C3 C4 1.4775 0.7393 0.7382 1.80100 -10.314
Cc3 C10 1.5372 0.7515 0.7856 1.58237 -8.9360
C4 C5 1.4472 0.7412 0.706 1.89657 -11.920
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0.7681
0.6598
0.6699
0.6734
0.6737
0.677
0.6681
0.6772
0.6775
0.6756
1.0542
1.2011
1.2485
1.0267

1.1054

1.6286
1.95927
1.59684

1.5995
1.55893

1.8339
1.76141
1.77678
1.78566
1.80876
1.78534
1.75039
1.75493
1.77868

1.5439
1.58791
1.56357
1.82197
1.79757
1.80378
1.82675

1.7724
1.83732
1.80364
1.79322
1.80233
1.55421
1.56038

1.5646
1.82313
1.79954
1.79186
1.79538
1.76921
1.79685
1.79569
1.78349
1.80661
0.53974
0.10636
0.09243
0.07061

0.05233

-10.106
-18.142
-9.343
-9.566
-8.572
-14.965
-13.052
-13.793
-13.745
-13.81
-13.915
-12.863
-12.513
-13.212
-8.293
-9.347
-8.924
-13.935
-13.678
-13.734
-14.671
-13.403
-14.662
-14.095
-14.088
-14.238
-8.691
-8.528
-8.653
-14.797
-14.165
-14.060
-13.603
-13.257
-13.884
-13.903
-13.308
-13.798
6.460
1.406
1.232
1.048

0.775

WILEY-VCH



WILEY-VCH

Table S4: Bond critical points (3,-1) for the Cu KB multipolar model.

Atom1 Atom?2 Distance DCP1 DCP2 pleAs v2(p) | eAs
Nil P1 2.2763 1.194 1.0823 0.52797 3.653
Nil P2 2.2795 1.1892 1.0903 0.52951 3.498
Nil P3 2.2514 1.0679 1.2204 0.50578 3.434
Nil C1l 2.1051 1.0766 1.0286 0.5214 6.323
Nil C4 2.0954 1.0570 1.0384 0.49581 6.553
Nil C5 2.0807 1.0514 1.0294 0.51141 6.583
Nil C3 2.1262 1.0892 1.037 0.51357 5.870
P1 P2 2.1715 1.0733 1.0982 0.76416 -1.287
P1 P3 2.162 1.0700 1.0920 0.75973 -1.266
P1 H7A 7.3407 1.1555 6.1852 0.05637 0.532
P2 P3 7.2678 1.0826 6.1852 0.76638 -1.423
C1 C2 1.4292 0.7348 0.6944 1.91741 -13.472
C1 C5 1.4298 0.7304 0.6994 1.88154 -12.489
C1l C6 1.5193 0.7568 0.7624 1.69005 -11.066
Cc2 H2 1.0623 0.3748 0.6875 1.84029 -18.244
Cc2 C3 1.4432 0.6601 0.7831 1.62245 -5.673
H2 Cl1 2.9386 1.7306 1.208 0.10679 1.381
C3 C4 1.4700 0.8005 0.6695 1.64133 -5.799
C3 C10 1.5382 0.8154 0.7228 1.40969 -4.281
C4 C5 1.4483 0.7398 0.7085 1.8494 -12.34
C4 C14 1.5439 0.7574 0.7865 1.61896 -9.916
C5 H5 1.0611 0.3774 0.6837 1.8382 -18.026
C6 Cc7 1.5332 0.7732 0.76 1.59164 -9.113
C6 Cc8 1.5306 0.7697 0.7609 1.60244 -9.357
C6 C9 1.5408 0.7767 0.7641 1.5615 -8.759
C7 H7A 1.0794 0.382 0.6974 1.76738 -14.569
C7 H7B 1.0844 0.3854 0.6989 1.74976 -14.295
C7 H7C 1.0796 0.3814 0.6982 1.75919 -14.587
C8 H8A 1.0936 0.3859 0.7076 1.72252 -13.625
C8 H8B 1.094 0.3871 0.7069 1.73287 -13.664
C8 H8C 1.0918 0.387 0.7048 1.72836 -13.51
Cc9 H9A 1.0859 0.386 0.700 1.7361 -13.967
C9 H9B 1.0859 0.3862 0.6997 1.75099 -14.085
c9 HoC 1.0874 0.3851 0.7022 1.74512 -14.112
C10 C1l1 1.5436 0.7728 0.7708 1.57152 -8.793
C10 C12 1.533 0.7648 0.7681 1.60498 -9.613
C10 C13 1.5438 0.7729 0.7708 1.57356 -8.845
Cl1 H11A 1.0741 0.3821 0.692 1.78957 -15.108
C1l1 H11B 1.0848 0.3852 0.6996 1.74879 -14.127
Cl1 H11C 1.0797 0.3841 0.6955 1.76519 -14.668
C12 H12A 1.0893 0.386 0.7033 1.74492 -14.167
C12 H12B 1.0983 0.3905 0.7078 1.71097 -13.289
C12 H12C 1.0871 0.3851 0.7019 1.7457 -14.136
C13 H13A 1.0811 0.3826 0.6985 1.76608 -14.526
C13 H13B 1.0924 0.387 0.7054 1.73715 -13.829
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C13
Ci4
Ci4
Ci4
C15
C15
C15
C16
Ci16
C16
C17
C17
C17
H12C
H12C

H13A

H13C
C15

Ci16

Cc17

H15A
H15B
H15C
H16A
H16B
H16C
H17A
H17B
H17C
H15A
H16C

H16C

1.0864
1.5409
1.5416
1.5397
1.0683
1.0873
1.0896
1.0884
1.0913
1.0829
1.0953
1.1064
1.0946
2.2356
2.0561
2.261

0.3849
0.776
0.777

0.7761
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0.7646
0.7636
0.6875
0.701
0.703
0.7029
0.7058
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0.7155
0.7081
1.2684
1.0151
1.1094

Laplacian of the electron density plots along Ni-P and P-P bonds
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Figure S6: Values of the Laplacian (e/A%) of the electron density (e/A%) along the bonding path with relative distances (A) to the bond critical point for the
Mo Ka (A and B) and the Cu KB (C and D) multipolar model. Left: P-P bonds, right: Ni-P bonds.
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2D Laplacian of the electron density contour maps of cyclo-P3
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Figure S7: 2D Laplacian maps with 0.1 eA* iso-lines for the cyclo-Ps fragment compared for Mo Ka XRW (A), Mo Ka MM (B), Cu KB XRW (C)

and Cu KB MM (D).
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2D Laplacian of the electron density contour maps of the Ni-P2ring
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Figure S8: 2D Laplacian maps with 0.1 eA*® iso-lines for the NiP2-ring fragment compared for Mo Ka XRW (A), Mo Ka MM (B), Cu KB XRW (C)
and Cu KB MM (D). Left side: pictures from multiwfn?4, black lines: positive Laplacian values, dotted lines: negative Laplacian values, blue
dots: BCPs, blue lines: interatomic path, orange line: bond path. Right side: pictures from MoProViewer!Y, red: negative Laplacian values,
black: positive Laplacian values, blue cross: BCPs, black lines: interatomic path.
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Electrostatic potential maps

C D

Figure S9: Values of the electrostatic potential at the 0.05 e/A® iso-surface for [Ni]Ps (A and B) as well as the NiPs fragment for Mo Ka (A and
C) and Cu KB (B and D) multipolar model.

d-Orbtial populations

Table S5: Valence populations of the multipolar models, ESD were calculated according to ref. [26].

Mo Ka MM Cu K MM
d@z?) /e 1.63(3) 2.0(2)
dxz) / e 1.30(5) 1.4(8)
dyz) /e 1.13(5) 1.0(8)
d(x?-y?) / e 1.98(5) 1.7(3)
dixy)/ e 2.00(7) 1.2(2)
Total / € 8.04(1) 7.29(2)

The d-orbital populations show a much larger deviation for the Cu KB model than for the Mo Ka model. Whether this large deviation is
due to the lower observed resolution (especially for d(xy) and d(yz) values ranged from 0.2 to 2.1 electrons) or due to the wavelength
of Cu K being close to the Ni K absorption edge needs further investigation. The total population however, although different by
about 0.7 electrons, is consistently preserved in both models.
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Deformation electron density maps

Figure S10: 2D deformation density maps of the Cp’” ligand (0.05 e iso-levels), cyclo-Ps fragment (0.01 e iso-levels), and the Ni-P1-P2 plane
(logarithmic) for Mo Ka (left) and the Cu K (right) multipolar model.
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Evaluation of the X-ray restrained wavefunction fitting

Geometry of the Mo Ka XRW model
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0.2404(7)
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0.8515(8)
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0.8207(7)
0.9538(6)
0.9496(7)
0.9245(7)
0.7841(7)
0.9370(7)
0.2450(7)

y
0.660115(3)
0.762970(7)
0.727736(7)
0.630914(7)
0.584782(19)
0.678121(19)
0.539208(19)
0.673684(18)
0.596024(19)
0.57195(2)
0.75059(2)
0.84101(2)
0.53738(2)
0.65852(2)
0.58770(2)
0.51561(3)
0.77135(2)
0.72422(2)
0.51455(3)
0.52526(3)
0.44066(3)
0.7353(4)
0.4733(4)
0.8374(4)
0.8589(4)
0.8963(4)
0.7010(4)
0.6990(4)
0.6394(4)
0.6594(4)
0.5852(5)
0.5543(5)
0.5556(5)
0.4535(4)
0.4966(5)
0.7891(4)
0.7152(4)
0.8296(4)
0.6620(4)
0.7131(5)
0.7789(4)
0.4512(4)
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z
0.769839(2)
0.886798(6)
0.799140(6)
0.901222(6)
0.751865(19)
0.634728(19)
0.707630(19)
0.704149(18)
0.636091(18)
0.571025(19)
0.70552(2)
0.67025(2)
0.83085(2)
0.53194(2)
0.92779(2)
0.48625(2)
0.80336(2)
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0.62528(2)
0.79819(2)
0.84987(3)
0.5886(4)
0.7278(4)
0.5962(4)
0.7133(4)
0.6770(5)
0.5895(4)
0.4886(5)
0.4864(4)
0.9243(4)
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0.4441(4)
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0.4384(4)
0.8561(4)
0.8320(4)
0.7956(5)
0.6546(5)
0.5632(4)
0.6289(5)
0.6499(5)
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43 H8b 1 0.1722(7) 0.5511(5) 0.6877(4)
a4 HSc 1 0.0776(6) 0.4969(5) 0.5784(4)
45 H16a 1 0.9044(7) 0.4882(5) 0.7314(4)
46 H16b 1 0.9826(7) 0.5891(5) 0.7884(5)
a7 H16c 1 1.0122(7) 0.4863(5) 0.8514(5)
48 H17a 1 0.6349(7) 0.4428(5) 0.8767(5)
49 H17b 1 0.7129(8) 0.3986(4) 0.7858(5)
50 H17c 1 0.8235(8) 0.4081(4) 0.9043(5)

Geometry of the Cu KB XRW model

Nr Name z X y z
1 Nil 28 0.481943(9) 0.660059(6) 0.769814(6)
2 P2 15 0.50092(5) 0.76284(3) 0.88678(3)
3 P1 15 0.28134(5) 0.72771(3) 0.79919(3)
4 P3 15 0.40604(5) 0.63087(3) 0.90110(3)
5 Cc4 6 0.52342(6) 0.53915(4) 0.70755(4)
6 c2 6 0.4956(11) 0.4721(6) 0.7274(7)
7 C5 6 0.66366(6) 0.58476(4) 0.75181(4)
8 C3 6 0.51169(6) 0.67812(4) 0.63485(4)
9 C1 6 0.4718(11) 0.7360(6) 0.5886(7)
10 C6 6 0.65639(6) 0.67363(4) 0.70417(4)
11 C10 6 0.27547(6) 0.57201(4) 0.57101(4)
12 Ci11 6 0.77023(6) 0.75043(4) 0.70552(4)
13 C14 6 0.42907(6) 0.59605(4) 0.63614(4)
14 c7 6 0.78638(7) 0.53730(4) 0.83078(4)
15 C15 6 0.87978(7) 0.77122(5) 0.80332(5)
16 Cc9 6 0.8202(12) 0.7893(7) 0.8554(7)
17 C12 6 0.9539(12) 0.7142(7) 0.8324(7)
18 C13 6 0.9490(13) 0.8298(7) 0.7961(8)
19 c8 6 0.85934(8) 0.72411(5) 0.63394(5)
20 C16 6 0.9244(13) 0.6625(7) 0.6547(8)
21 C17 6 0.7851(13) 0.7142(8) 0.5625(8)
22 H2 1 0.9385(13) 0.7786(8) 0.6292(8)
23 H5 1 0.68723(8) 0.84089(4) 0.67039(5)
24 Hlla 1 0.6255(13) 0.8391(6) 0.5972(8)
25 H1lb 1 0.6109(12) 0.8600(7) 0.7128(8)
26 Hllc 1 0.7680(13) 0.8964(7) 0.6778(9)
27 H7a 1 0.92986(8) 0.52511(5) 0.79815(5)
28 H7b 1 0.9042(13) 0.4868(8) 0.7311(8)
29 H7c 1 0.9821(13) 0.5898(8) 0.7888(9)
30 H15a 1 1.0123(12) 0.4850(9) 0.8505(8)
31 H15b 1 0.18558(7) 0.65852(4) 0.53203(5)
32 H15¢c 1 0.1713(13) 0.7008(7) 0.5905(8)
33 H9a 1 0.2395(13) 0.6986(9) 0.4889(8)
34 H9b 1 0.0751(12) 0.6398(8) 0.4876(8)
35 H9c 1 0.82144(8) 0.58757(5) 0.92768(4)
36 H12a 1 0.8504(16) 0.6586(7) 0.9241(9)
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37 H12b 1 0.7241(13)
38 H12c 1 0.9142(13)
39 H13a 1 0.18741(7)
40 H13b 1 0.2448(14)
41 H13c 1 0.1726(14)
42 H8a 1 0.0779(12)
43 H8b 1 0.29766(8)
44 H8c 1 0.3587(13)
45 H1l6a 1 0.3620(13)
46 H16b 1 0.1908(12)
47 H16¢c 1 0.73443(9)
48 H1l7a 1 0.6340(13)
49 H17b 1 0.7129(14)
50 H17c 1 0.8239(13)
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Figure S11: x2 vs A for the Mo Ka XRW (A) and the Cu KB XRW (B) model.
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Normal probability plots

Quantiles of 2nd Sample
=)
Quantiles of 2nd Sample
o

-4 3 2 1 o 1 2 3 4 S 1 2 3 4
Quantiles of 1st Sample Quantiles of 1st Sample

A B

Figure S12: Quantile-quantile plots of the Mo Ka (A) and the Cu K{ (B) data set.

The quantile-quantile plots a linear distribution in the center of the data. Both tails deviate from the normal, and this behavior is more

pronounced in the Mo Ka data set due to the lower quality of very high-resolution data. The progression is similar to the ones
obtained after multipolar modelling.

Fractal dimension plots
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Figure S13: Fractal dimension plots according to Henn & MeindI*? of the Mo Ka (A) and the Cu KB (B) data set.

The distribution of residual electron density reveals a significant shoulder in the Cu KB XRW model. This can be attributed to the
close environment around the metal atom (see figure S11 D and H).
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Residual electron density maps of the XRW models
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Figure S14: 2D Residual density maps of the Cp””’ ligand, the metal centre perpendicular to the Cp-plane, and the cyclo-P3 ligand of 1 of the
Mo Ka (A,C,E) and the Cu K@ (B,D,F) data set. Lines are drawn at 0.05 e difference. Blue: positive, red: negative, yellow: zero contour. 3D

residual plots for [Ni]Ps of the Mo Ka (G) and Cu KB (H) model with an iso-surface of 0.15 e /A® (Mo Ka, G). Blue/red: positive/negative residual
electron density.
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3D deformation density of the XRW models

Mo Ka XRW Cu KB XRW

AN Y

Figure S15: 3D deformation density maps of [Ni]Ps of the Mo K (left) and the Cu Kg (right) data set at iso-surfaces of 0.3, 0.2 and 0.1 e/A3
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Comparison of the Cu KB and Mo Ka XRW bonding analysis

WILEY-VCH

Table S6: Values of electron density (o) and Laplacian of the electron density (V2(p)) at selected bond critical points according to the QTAIM for the different

models of [Ni]JPs. The P4 DFT model is added for comparison below.

DFT XRW Cu KB XRW Mo Ka
Atom1 Atom2 p/ehd V2(p) / e-As p/eh V2(p) [ e-As p/eh V2(p) / e-As
Ni P1 0.5604 1.8443 0.6602 0.0718 0.5960 1.7060
Ni P2 0.5616 1.8364 0.6573 0.8131 0.6082 1.5074
Ni P3 0.5576 1.8944 0.6286 1.0757 0.5625 1.8044
P1 P2 0.7879 -2.4184 0.7880 -2.7214 0.8163 -2.5142
P1 P3 0.7881 -2.4298 0.8293 -3.7036 0.8081 -2.6899
P2 P3 0.7869 -2.4105 0.8535 -3.9254 0.8095 -2.5954
P(Pa) P(Ps) 0.2023 -1.3443 - . . .

Table S7: Selected bonding indices for the XRW-Cu [Ni]Ps model and P4. B. O.: bonding order, WBI: Wiberg bond index, NLMO: natural localized molecular
orbitals, Cov: covalent, D.l.: delocalization index.

NBO Roby-Gould

Atom1 Atom2 B.O. WBI NLMO % Cov D.l. Cov. Ind lon. Ind % Cov
Nil P1 0.6424 0.5576 0.8596 62.0% 0.82 0.50 0.2 86.23
Nil P2 0.4899 0.572 0.5858 85.2% 0.84 0.51 0.14 93.29
Nil P3 0.604 0.6132 0.9706 89.0% 0.83 0.43 0.21 81.11
P1 P2 1.093 1.1338 1.1984 98.6% 1.24 1.24 0.02 99.98
P1 P3 1.0464 1.0863 1.1356 96.9% 1.18 1.21 0.01 100
P2 P3 1.0387 1.0803 1.1134 98.7% 1.20 1.20 0.02 99.96
P(P4) P(P4) 1.000 1.0149 1.036 100 1.48 1.00 0.00 100

Table S8: Selected bonding indices for the XRW-Mo [Ni]Ps model and P4for comparison to the above XRW Cu model. B. O.: bonding order, WBI: Wiberg bond

index, NLMO: natural localized molecular orbitals, Cov: covalent, D.I.: delocalization index.

NBO Roby-Gould

Atom1 Atom2 B.O. WBI NLMO % Cov D.l Cov. Ind lon. Ind % Cov
Ni1 P1 0.4779 0.4899 0.5583 69.8 0.79 0.45 0.23 79.53
Nil P2 0.5338 0.5338 0.8932 77.9 0.81 0.48 0.21 83.23
Nil P3 0.5249 0.5071 0.8633 68.0 0.78 0.45 0.25 76.62
P1 P2 0.9987 1.1192 1.1852 98.3 1.20 1.22 0.00 99.1
P1 P3 1.1626 1.1406 1.2408 99.0 1.23 1.26 0.02 99.98
P2 P3 0.9895 1.1100 1.1713 99.1 1.20 1.22 0.02 99.12
P(Pa) P(Pa) 1.000 1.0149 1.036 100 1.48 1.00 0.00 100
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Multi-temperature experiments to validate anharmonic displacement parameters

Figure S16: Three-dimensional probability-distribution function (blue: positive, red: negative) at the 0.05 level of each phosphorus atom after anharmonic
displacement parameters were refined (upper row) and only the contribution of 3¢ and 4™ order Gram-Charlier coefficients (lower row) against data of [Ni]P3 at
100 K (A, E), 150 K (B, F), 200 K (C, G), and 250 K (D, H).

A different single crystal of [Ni]P3 was measured at 100 K, 150 K, 200 K, and 250 K (CCDC 2305143, 2300961, 2300962, 2300963).
Figure S12 shows the probability distribution function of the phosphorus atoms at four different temperatures. A trend in increased
anharmonic motion is observable with rising temperature. Only at the lowest temperature, 100 K, “Kuhs’ rule”?%l, which recommends
a required resolution to distinguish anharmonic behavior is not fulfilled and a small segment of negative probability in the 3D-PDF can
be found. The multi-temperature approach confirms our approach to refine P-atoms anharmonically (4™ order in HAR & XRW, 3
order in MM). This agrees with our struggle to find a valid MM without considering anharmonic motion.

In the Mo Ka XRW model, the consideration of anharmonic motion did not drastically change the resulting model. This suggests that
the wavefunction fitting approach is capable of modelling residual density from anharmonic motion into the “experimental
wavefunction” and thus atomic formfactors. Contrary, the multipolar model improved drastically in crystallographic quality parameters
and agreements in the topological analysis with XRW and theoretical approaches when atomic displacement was modelled
anharmonically.
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Figure S17: Temperature dependence of the Ueq values for each phosphorus atom in in the cyclo-P3 fragment (A) and the differences in
Uegs between an anharmonic and a harmonic model (AUeq = Ueq (anharm.) — Ueq(harm.)).

The general trend of the Uegs of each phosphorus atom in the harmonic and anharmonic model increases with increasing

temperature. The differences between the Uegs in the anharmonic and harmonic models show a non-linear behavior which is typical
for anharmonic systems.[27:28]
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Comparison of bonding indices between DFT, HF, and XRW-Mo model

To gain insight into which information was extracted by including the measured diffraction data in the SCF procedure, we compare
the results to the gas-phase optimized density functional theory and pure Hartree-Fock model (at A = 0.00 XRW step). The geometry
optimization for [Ni]P; was obtained at wB97X-V/def2-TZVP level of theory and the concluding single-point calculation as a basis for
the analysis was obtained at M062X/def2-TZVP level of theory.

Optimized geometry of gas phase [Ni]P3

Nr Name z X y z

1 Nil 28 1.388573 9.663626 10.77278
2 P2 15 1.187964 10.99782 12.53959
3 P1 15 -0.39868 10.93621 11.1269
4 P3 15 -0.05896 9.280884 12.41403
5 C4 6 3.136666 8.545674 10.50902
6 C2 6 2.190689 9.902669 8.886725
7 C5 6 2.009647 7.888500 9.911753
8 C3 6 3.251756 9.842796 9.851101
9 C1l 6 1.416459 8.711732 8.918531
10 C6 6 0.272187 8.327107 8.000398
11 C10 6 4.29124 10.97221 9.882998
12 Cl1 6 3.644841 12.29656 9.431645
13 C14 6 3.99438 7.825909 11.56232
14 Cc7 6 -0.29638 9.558356 7.287386
15 C15 6 3.925423 8.488556 12.94847
16 C9 6 0.825091 7.347977 6.949018
17 C12 6 4.919785 11.25771 11.25115
18 C13 6 5.397192 10.62154 8.867835
19 C8 6 -0.85115 7.640134 8.787934
20 C16 6 5.449883 7.707574 11.07797
21 C17 6 3.487815 6.385078 11.75723
22 H2 1 1.99409 10.74146 8.237471
23 H5 1 1.650918 6.908628 10.18638
24 Hlla 1 3.334797 12.27524 8.384144
25 H1lb 1 2.774413 12.54225 10.0484
26 Hillc 1 4.375351 13.10470 9.533174
27 H7a 1 -0.65911 10.29922 8.006718
28 H7b 1 0.454385 10.03429 6.648489
29 H7c 1 -1.13474 9.263189 6.648635
30 H15a 1 4.200785 9.540486 12.93613
31 H15b 1 2.908459 8.415965 13.34653
32 H15c 1 4.597694 7.967228 13.63932
33 H9a 1 1.639313 7.807093 6.379138
34 H9b 1 1.212956 6.441479 7.424416
35 H9c 1 0.03623 7.056420 6.247561
36 H12a 1 4.153748 11.52784 11.98405
37 H12b 1 5.497483 10.42281 11.64305
38 H12c 1 5.604503 12.10644 11.15371
39 H13a 1 5.921514 9.701941 9.136773
40 H13b 1 4.970437 10.48439 7.869134
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45
46
a7
48
49
50

Topological analysis and comparison

H13c
H8a
H8b
H8c

H1l6a

H16b

H16c

H1l7a

H17b

H17c

6.132061
-0.48853
-1.28602
-1.64415
5.487873
5.953337
6.021518
2.457744
3.544021

4.114361

11.43230
6.754989
8.323281
7.317718
7.230844
8.670550
7.087885
6.365088
5.804189

5.887509

8.817423
9.319265
9.523909
8.105022
10.09269
11.00467
11.77671
12.1259

10.8313

12.50347
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Table S9: Values of electron density (o) and Laplacian of the electron density (V2(p)) at selected bond critical points according to the QTAIM for the different

calculations of [Ni]Ps compared to DFT Pa.

DFT (gas-phase) HF XRW (Mo Ka)

Atom1 Atom2 p/eh3 V(p) / e-AS p/eh3 V2(p) / e-AS p/eh3 V2(p) / e-AS
Ni P1 0.6064 1.8341 0.5911 1.2013 0.5960 1.7060
Ni P2 0.6053 1.8913 0.6135 1.0423 0.6082 1.5074
Ni P3 0.6074 1.8392 0.6074 1.0224 0.5625 1.8044
P1 P2 0.6074 -2.6607 0.8299 -3.4113 0.8163 -2.5142
P1 P3 0.8247 -2.6755 0.8353 -3.5037 0.8081 -2.6899
P2 P3 0.8232 -2.6603 0.8266 -3.4610 0.8095 -2.5954

P(P2) P(P.) 0.2023 -1.3443 - - - -
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Bonding analysis

Table S10: Selected bonding indices for the DFT (gas-phase) [Ni]JPs model and P4 for comparison. B.O.. bonding order,
WBI: Wiberg bond index, NLMO: natural localized molecular orbitals, Cov: covalent, D.l.: delocalization index.

NBO Roby-Gould

Atom1 Atom2 B.O. WBI NLMO % Cov D.l. Cov. Ind lon. Ind % Cov
Ni1 P1 0.4951 0.4805 0.9231 50.0 0.80 0.44 0.29 69.29
Nil P2 0.3815 0.4739 0.4995 38.0 0.79 0.43 0.30 68.06
Ni1 P3 0.4038 0.4857 0.9314 54.8 0.80 0.44 0.30 68.00
P1 P2 1.1464 1.1658 1.2527 99.3 1.23 1.23 0.00 100
P1 P3 1.2111 1.1737 1.3015 99.8 1.24 1.23 0.01 100
P2 P3 1.1205 1.1648 1.2231 99.6 1.23 1.25 0.00 100
P(P4) P(P4) 1.000 1.0149 1.036 100 1.48 1.00 0.00 100

Table S11: Selected bonding indices for the HF [Ni]Ps model.

NBO Roby-Gould

Atom1 Atom2 B.O. WBI NLMO % Cov D.l. Cov. Ind lon. Ind % Cov
Nil P1 0.5597 0.4915 0.6147 54.2 0.77 0.47 0.28 73.10
Nil P2 0.5323 0.5436 0.8453 75.7 0.81 0.47 0.24 79.80
Nil P3 0.5774 0.5584 0.9449 78.1 0.81 0.47 0.23 79.93
P1 P2 1.1038 1.1510 1.2061 97.8 1.24 1.29 0.01 99.99
P1 P3 1.1148 1.1453 1.1862 97.9 1.24 121 0.00 100.00
P2 P3 1.0078 1.0892 1.1367 99.8 1.19 1.29 -0.02 99.99

Table 4 (main text): Selected bonding indices for the XRW-Mo [Ni]Ps model for comparison to the above tables.

NBO Roby-Gould

Atom1 Atom2 B.O. WBI NLMO % Cov D.I. Cov. Ind lon. Ind % Cov
Nil P1 0.4779 0.4899 0.5583 69.8 0.79 0.45 0.23 79.53
Nil P2 0.5338 0.5338 0.8932 77.9 0.81 0.48 0.21 83.23
Nil P3 0.5249 0.5071 0.8633 68.0 0.78 0.45 0.25 76.62
P1 P2 0.9987 1.1192 1.1852 98.3 1.20 1.22 0.00 99.1
P1 P3 1.1626 1.1406 1.2408 99.0 1.23 1.26 0.02 99.98
P2 P3 0.9895 1.1100 1.1713 99.1 1.20 1.22 0.02 99.12
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Inputs for TONTO

Mo Ka

{

keyword_echo_on
name= NiP3_Mo

charge= 0
multiplicity= 1

! Process the CIF
cif={
file_name= ./NiP3_small.cif

}

process_cif

name= NiP3_Mo

basis_directory= /lhome/xrz/tonto/basis_sets/
basis_name= def2-TZVP

dispersion_coefficients= {
C 0.0033 0.0016
H 0.0000 0.0000
P 0.1023 0.0942
Ni 0.3301 1.2739

}
crystal= {
xray_data= {
thermal_smearing_model= hirshfeld
partition_model= mulliken
optimise_extinction= false
correct_dispersion= TRUE
optimise_scale_factor= true
wavelength= 0.71073 angstrom
REDIRECT ./NiP3.hkl
f_sigma_cutoff= 4.0
}
}
! Geometry
put
! Tight grid
becke_grid = {

set_defaults
accuracy= normal
pruning_scheme= jayatilaka2

! More accuracy

output_style_options= {
real_precision=8
real_width= 20
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! Normal SCF
scfdata= {
initial_density= promolecule
kind= rhf
use_SC_cluster_charges= FALSE
convergence= 0.001
linear_dependence_tol= 0.001
diis= { ! This is the extrapolation procedure
save_iteration= 1
start_iteration= 3

keep= 10

convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF interation
use_damping= YES ! These are used to damp the SCF interation process
damp_factor= 0.80 ! by including 60% of the previous result

damp_finish= 7
use_level_shift= NO

}

scf

scfdata= {
initial_density= restricted
kind= xray_rhf
direct= yes
convergence= 0.00001
linear_dependence_tol= 0.001
use_SC_cluster_charges= FALSE
diis= { ! This is the extrapolation procedure
save_iteration= 1

start_iteration= 3

keep= 10
convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF interation

do_outputs= TRUE

use_damping= YES ! These are used to damp the SCF interation process
damp_factor= 0.80 ! by including 60% of the previous result

damp_finish= 7

use_level_shift= YES

initial_lambda= 0.000 ! These specify the "lambda value”

lambda_step= 0.010 ! used to mix the energy with the chi*2

lambda_max=  2.000

scf
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CuKp

name= NiP3_Cu

charge=0
multiplicity= 1

! Process the CIF
cif={
file_name= ./NiP3_cub_small.cif

}
process_cif

name= NiP3_Cu

basis_directory= /home/xrz/tonto/basis_sets/
basis_name= def2-TZVP

dispersion_coefficients= {

C 0.0147 0.0073
H 0.00000 0.00000
Ni -1.743 3.628
P 0.2653 0.3578
}
crystal= {
xray_data= {
thermal_smearing_model= hirshfeld
partition_model= mulliken
optimise_extinction= false
correct_dispersion= TRUE
optimise_scale_factor= true
wavelength= 1.39222 angstrom
REDIRECT ./NiP3_cub_merged.hkl
f_sigma_cutoff= 4.0
}
}
! Geometry
put
! Tight grid
becke_grid = {

set_defaults
accuracy= normal

pruning_scheme= jayatilaka2

! More accuracy

output_style_options= {
real_precision= 8
real_width= 20

! Normal SCF
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scfdata= {

initial_density= promolecule

kind= rhf

use_SC_cluster_charges= FALSE

convergence= 0.001

linear_dependence_tol= 0.001

diis= { ! This is the extrapolation procedure
save_iteration= 1
start_iteration= 3

keep= 10

convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF interation
use_damping= YES ! These are used to damp the SCF interation process
damp_factor= 0.80 ! by including 60% of the previous result

damp_finish= 7
use_level_shift= NO

}

scf

scfdata= {
initial_density=restricted
kind= xray_rhf
direct= yes
convergence= 0.00001
linear_dependence_tol= 0.001
use_SC_cluster_charges= FALSE
diis= { ! This is the extrapolation procedure
save_iteration= 1

start_iteration= 3

keep= 10
convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF interation

do_outputs= TRUE

use_damping= YES ! These are used to damp the SCF interation process
damp_factor= 0.80 ! by including 60% of the previous result

damp_finish= 7

use_level_shift= YES

initial_lambda= 0.000 ! These specify the "lambda value”

lambda_step= 0.010 ! used to mix the energy with the chi*2

lambda_max=  2.000

scf
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Solid state NMR spectroscopy of [Ni]Ps

Solid-state 3P NMR measurements were performed on an Infinityplus spectrometer system (Agilent) operated at 7 T, equipped with
a Chemagnetics Varian 6 mm pencil cross polarization (CP) magic angle spinning (MAS) probe. 3'P{*H} CP NMR spectra were
recorded using a cross-polarization contact time of 3 ms, a 90° pulse length of 5.0 ys, and a delay of 5 s. The spectra were indirectly
referenced to [NH4][H.PO.] (0.81 ppm with respect to 85% H3PO, in H,0).

> BT

100 0 -100 -200 -300 -400  Chemical Shift (ppm)

Figure S18: 3'P{*H} CP NMR spectra of [Ni]Ps. (a) Static spectrum. (b) MAS spectrum at 7170 Hz.

3P NMR absolute shielding tensors were calculated using the Gaussian 09.D.01 program package® in the wB97XD/Def2QZVP
approximation. *J(®*P3'P) scalar coupling constants were calculated in the wB97XD/Def2TZVP approximation. The chemical shift, 8,
is a relative value. It is calculated based on the absolute shielding of the nucleus in the molecule of interest, o, and in a reference
compound, ™. With a high level of accuracy, & = o™ — 0. The value of 0" depends on the approximation in use. For the
wB97XD/Def2QZVP and wB97XD/Def2TZVP approximations o™ is 300 ppm and 292 ppm, respectively.B
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Table S12: 3P NMR shielding tensors of [Ni]Ps calculated using the wB97XD/def2qzvp, GIAO, SCRF=(Solvent=water) approximation.

WILEY-VCH

Nucleus giso? /ppm ou? /ppm 022" /[ppm o33 /ppm
P1 490.4638 199.9614 348.8710 922.5590
P2 484.8062 215.4488 343.2082 895.7616
P3 484.4211 171.6951 349.0931 932.4751

2Average absolute shielding. Tensor components.

Table S13: 2J(3'P%!P) scalar coupling constants in [Ni]Ps calculated using the wB97XD/def2tzvp, GIAO, SCRF=(Solvent=water) approximation.

Nuclei 1J(31P31P) /Hz
P1-P2 414
P1_P3 423
P2_P3 420

Table S14: The molecular structure of [Ni]P3 in A.

z

1.3940 9.6304 10.7530
1.1047 11.1309 12.3867
-0.5818 10.6169 11.1623
0.1699 9.2043 12.5882
3.1509 8.5313 10.502
2.2087 9.893 8.8658
2.0272 7.8665 9.8841
3.2733 9.8283 9.8355
1.4376 8.6953 8.8849
0.2746 8.3441 7.9760
4.3221 10.9503 9.8546
3.6926 12.2694 9.3620
3.9727 7.8398 11.6052
-0.4033 9.6071 7.4301
3.9104 8.5739 12.9593
0.8174 7.5222 6.7919
4.9474 11.2531 11.2213
5.4343 10.5656 8.8537
-0.7591 7.5067 8.7339
5.4338 7.663 11.1491
3.416 6.4287 11.8709
2.0124 10.7272 8.2215
1.675 6.9049 10.1658
3.3922 12.2167 8.3277
2.8168 12.5304 9.9633

4.4077 13.076 9.4563
-0.7649 10.2268 8.2341
0.2786 10.1976 6.8247
-1.2505 9.3281 6.794
4.2024 9.6199 12.9105
2.899 8.5374 13.3645
4.5543 8.0866 13.6704
1.5354 8.1056 6.2032
1.2986 6.6161 7.1362
-0.0002 7.2448 6.1235
4.1891 11.5121 11.9579
5.5183 10.434 11.6213
5.6245 12.103 11.1129
5.9543 9.6579 9.1434
5.0181 10.4033 7.8667
6.1726 11.3633 8.7844
-0.3221 6.5825 9.0777
-1.1473 8.0399 9.6057
-1.5878 7.2492 8.079
5.4618 7.1223 10.2161
5.959 8.5943 11.0123
5.982 7.0946 11.8923
2.3856 6.46  12.2457
3.4707 5.8151 10.976
4.0228 5.9537 12.6312

I T T T OOOO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0 T T T
I I T IIIIIIIIIIIIIIIIIIIIIT
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(Relaxed) Potential energy surface scan for the cyclo-Ps fragment
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Figure S19: Energies of the relaxed potential energy surface scan of a 120° rotation of the cyclo-P3 fragment around the axis connecting

center-of-geometry of the cyclo-P3 ligand and the Ni metal center. Calculations were performed in ORCA, using B3LYP / def2-TZVP level of
theory.[15'15'18]
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Abstract

The synthesis and characterization of WYLID [2-(dimethyl- A*-sulfaneylidene)-[1, 2’-bi-
indenylidene] — 1’,3,3'(2H)-trione ], a side product that appears during the synthesis
of YLID, is presented in this study. Quantum crystallographic insights into the bond-
ing situation in WYLID are provided on the basis of Hirshfeld atom refinement (HAR),
multipolar modelling and X-ray restrained wavefunction fitting. We compare these re-
sults with theoretical calculations on a gas-phase optimized density functional theory and
a Hartree-Fock calculation based on the geometry obtained by HAR. The S-C bond in
WYLID is best described as an ylid-type bond and the SMe, fragment does not affect
the nearest C — O carbonyl /enolate equilibrium. This work may contribute to an ongoing
debate in the quantum crystallography community about the bonding situation in YLID
and provides a routine for distinguishing between carbonyls and enolates.

5.1 Introduction

Since its inception in the year 1912 (Friedrich et al., 1912), X-ray crystallography has be-
come the primary method for definitive structural elucidation. The continuous advance-
ment in X-ray sources, goniometers and detectors has facilitated tremendous growth of
X-ray crystallography over the past century, leading to its current position as a domi-
nant technique. We recently demonstrated what extensive chemical information can be
obtained nowadays using diffraction data from a state-of-the-art in-house diffractometer
on the example of Cp”NiP3 (Cp” = 1,2, 4-tri-tert-butylcyclopentadienyl) and P, in the
context of Hoffmann’s isolobal principle (Meurer et al., 2024).

Today, most institutions engaged in structural science, chemistry, physics, biology or ge-
ology have access to such inhouse X-ray diffractometers or synchrotron facilities and rely
on accurate crystal structures. One of the most important prerequisites for successful and
accurate structure elucidation is the calibration of the instrument in question, for which a
suitable calibration crystal is required. 2-Dimethylsulfuran-ylidene-1,3-indanedione, bet-
ter known as YLID (see Figure 5.1), has been established as a reliable, stable and well
crystallizing reference. The orthorhombic form of the structure was initially used as a
calibration crystal by the company Syntex in 1969 with the market release of their P-1
diffractometer. YLID’s structure was then published in 1971 by Christensen & Thom
(1971). Following this, it was adopted as a calibrant by numerous different diffractometer
manufacturers and has

undoubtedly been the most widely measured crystal structure on single-crystal X-ray
devices (Guzei et al., 2008; Balmohammadi et al., 2025a; Balmohammadi et al., 2025b).
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Figure 5.1: Comparison of YLID (Graw et al., 2023) (110 K) and WYLID (100 K) after
Hirshfeld atom refinement, with their space groups and labelling schemes. Displacement
ellipsoids are drawn at the 50% probability level.

YLID possesses the advantageous properties of orthonormal cell parameters, short and
long unit-cell dimensions, and a non-centrosymmetric space group (P212,2;). It is stable
enough to be ground into crystals of spherical shape, which are well suited for a default
multi-scan spherical absorption correction (Blessing, 1995; Krause et al., 2015) and can
be conveniently used to align the microscope of the goniometer.

Speculations of a phase transition to a second, monoclinic, modification of YLID at low
temperature were disproven by Guzei et al. (2008), who demonstrated that both the mon-
oclinic and orthorhombic forms are indefinitely stable between 100 and 298 K. However,
the orthorhombic form was shown to be slightly favoured, as it crystallizes first and has
a higher density.

Even though the original purpose of YLID was the investigation of unusual bonding
situations involving sulfur, the first quantum crystallographic study of YLID was only
recently published by Graw et al. (2023). This work described YLID’s favoured resonance
structure according to the quantum theory of atoms in molecules (QTAIM) (Bader, 1991)
based on a multipolar modelling approach. Their YLID data were also the first instance
of a successful charge-density study using In Ko radiation. Graw et al. (2023) concluded
that the enolate resonance form is the most accurate picture of the chemical bonding in
YLID (C in Figure 5.2).

Balmohammadi et al. (2025a,b) were kind enough to share their insights into the quan-
tum crystallography of YLID with us before publication so that we could compare our
results here. They investigated several structures of YLID at low and room temperature,
at ambient and high pressure, and using X-rays of four distinct wavelengths (CuK«,
MoK« and Ag Ka, and 0.2483A at the SPring- 8 synchrotron facility). Their study also
performed a topological analysis of the total electron density according to QTAIM.

In the work by Guzei et al. (2008) a maroon-coloured reaction mixture is first mentioned,
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despite the two obtained YLID polymorphs being of yellow and orange colour, respectively.
The maroon impurity could not be further identified. Upon attempting to synthesize
YLID, we also observed a deep-red-coloured reaction mixture. However, the formation
of red crystals alongside the yellow YLID crystals was an unexpected outcome, given
that the synthesis described by Lacova & Siskova (1983) was maintained to obtain the
orthorhombic and monoclinic (Guzei et al., 2008) polymorphs of YLID. Single-crystal
X-ray diffraction revealed the structure of these red crystals to be a condensation product
between YLID and a second molecule of indandione (see Figure 5.1), termed WYLID.

Both WYLID and YLID exhibit a large conjugated 7 system and thus many possible
resonance structures. For the ylid/ylene case, the relevant structures are shown in Fig-
ure 5.2. There is an ongoing debate in the quantum crystallography community about
which resonance form best describes the bonding situation in YLID. While motif A has

been ruled out
o) 0! lona
I B v . ) _/ o .
\ - \+ - +
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Figure 5.2: Relevant mesomeric structures of the ylid system of this study.

0
X Ac,0, DMSO
| P
&
EtOH,
NaOAc

Bindandione WYLID

Figure 5.3: Synthesis pathways according to Lacova & Siskova (1983) and the synthesis
route adapted from Biirckstiimmer et al. (2011) for the selective synthesis of WYLID
presented in this work. The reactants are acetic anhydride (AcyO), dimethylsulfoxide
(DMSO) and ethanol (EtOH).

by several observations before (Cook & Moffatt, 1968; Guzei et al., 2008; Graw et al.,
2023), B and C are still controversial. By presenting a quantum crystallographic analysis
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of WYLID with a structure that exhibits one C—O functionality similar to YLID, but also
two C—0O bonds distant to the SMe, functionality, we anticipated gaining a clearer insight
into distinguishing between the carbonyl and enolate structures. For additional compari-
son, we also crystallized and investigated the intermediate Bindandione (see Figure 5.3),
which gives an insight into the C — O bonding situation without the SMey group.

In this work, we describe the modified synthesis of WYLID, its characterization and
its quantum crystallographic description compared with YLID. To explain and com-
pare the C — S bonding situation in this YLID derivative, we performed a complemen-
tary bonding analysis from both experimentally driven (multipolar modelling, MM) and
wavefunction-based |Hirshfeld atom refinement (HAR) and X-ray restrained wavefunc-
tion fitting (XRW)| charge-density approaches. We compare our results with those of
Balmohammadi et al. (2025a,b) on YLID from their high-quality data set and with the
data published by Graw et al. (2023). The suitability of WYLID as a calibration crystal
for these quantum crystallographic descriptions has been tested using different wave-
lengths (CuK«, CuK 8 and Mo Ka radiation, and synchrotron radiation at 22.000keV,
A = 0.56356A).

Experiments and methods

5.1.1 Synthesis and characterization

The first synthetic strategy applied to reproduce WYLID was to vary the reaction con-
ditions reported for YLID (Cook & Moffatt, 1968). This approach was based on changes
in reaction time, temperature, stoichiometry (e.g. excess of indandione) and the order
of reactants. Additionally, different methods for isolating the desired compound were
tested. Despite the strong red coloration of the reaction mixture,neither of the two YLID
polymorphs was selectively formed or could be isolated by the modification of this route.
To obtain WYLID exclusively, 1,3-indandione is replaced by its condensed dimer, Bindan-
dione (|1,2’]biindenylidene-3,1,3’-trione). The synthesis of Bindandione was carried out
following the literature procedure according to Biirckstiimmer et al. (2011) (see Section
S1.2 in the supporting information). Bindandione was subsequently reacted with DMSO
in acetic anhydride under conditions similar to the classic synthesis of YLID. After the
reaction, the dark-red compound was recrystallized to obtain the desired WYLID selec-
tively in moderate yields of 33%. All WYLID crystals that were used in this study were
obtained via this route.

The spectral properties of WYLID in the UV-Vis region were investigated and showed a
maximum absorption at A, = 508 nm with additional absorption peaks at A = 362 nm
and A = 301 nm (Fig. S3 in the supporting information). This is consistent with the
strong red colour of the crystals and solutions of WYLID. All details of the synthesis and
the full characterization of WYLID can be found in the supporting information.

5.1.2 XRD measurements, data processing and modelling

The crystallographic results within this work originate from various setups using differ-
ent wavelengths, different crystals, and different settings concerning the goniometer and
detector used for data acquisition. Except for the CuK [ data set, which was recorded
on an Atlas S2 CCD detector, all data sets were recorded on photon counting devices,
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namely a HyPix-Arc 150°(Mo K« and CuK «) at our home laboratory XtalLAB Synergy-
DW diffractometer or a Pilatus3 X 2 M at the European Synchrotron on beamline BM20
(Scheinost et al., 2021). The same crystal was used for the Mo Ka and Cu Ka data col-
lections, but different crystals were used for the corresponding Cu K/ and synchrotron
experiments.

An earlier data set of a different WYLID crystal recorded at 20 keV at the ESRF is
also compared. Due to the high flux, this measurement showed an oversaturation of the
detector and therefore some strong reflections were measured with nonlinear intensity. An
empirical extinction correction similar to the model presented by Ahmed et al. (1970) was
applied to ’correct’ this effect. Despite this misuse of extinction correction, this data set
achieved a reasonable agreement between the calculated and recorded structure factors.
However, we base our bond analysis on other, more reliable, data sets (Table 5.1) without
oversaturation. Nevertheless, we consider it worth reporting on the influence of detector
saturation on the results of an electron-density refinement and comparing them with the
benchmark data set recorded at 22 keV without detector saturation.

An initial structure solution was obtained using SHELXT (Sheldrick, 2015) and the in-
dependent atom model (IAM) was refined using olex2.refine (Bourhis et al., 2015) within
Olex2 (Dolomanov et al., 2009).

Table 5.1: Comparison of the different data sets recorded at 100 K and the crystallographic
models used in this study.

Cu Ka Cu Kp Mo Ka Synchrotron
Crystal No. 1 2 1 3
Wavelength (+) 1.54187 1.39222 0.71073 0.56356
Total reflections 204454 83609 527077 508696
Unique reflections < 20(I) 3187 4385 8605 8745
Rint (%) 2.69 7.67 2.71 4.88
Multiplicity 64.15 19.07 57.3 54.7
I/o(I) 208.1 49.3 138.0 95.3
Resolution (A) 0.80 0.72 0.55 0.55
IAM
R1 (%) 2.82 5.12 2.86 2.63
wR? (%) 7.36 13.24 8.91 8.49
Goodness of fit 1.066 1.042 1.022 1.020
Max, min peak (eA ") 0.320, -0.370  0.626, -0.502 0.598, -0.233 0.574, -0.380
HAR
R1 (%) 0.88 3.89 1.10 1.00
wR? (%) 1.94 10.0 1.43 1.83
Goodness of fit 1.118 1.068 1.103 1.070
Max, min peak (e/&is) -0.100, 0.065 -0.330, 0.360 0.131, -0.121 0.106, -0.117
MM
R1 (%) 1.27 1.32
wR? (%) 1.34 1.99
Goodness of fit 1.06 1.02
Max, min peak (eA ") 0.182, -0.171 0.143, -0.169
XRW
R1 (%) 0.85
wR? (%) 0.76
Goodness of fit 1.43
Max, min peak (eA ") 0.132, -0.114

Multipolar modelling according to the Hansen-Koppens formalism (Hansen & Coppens,
1978) was performed on the symmetry-merged data sets using the MoPro (Guillot et
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al., 2001) software and evaluated using VMoPro and MoProViwer (Jelsch et al., 2005).
Anisotropic hydrogen-atom displacement parameters were adopted from a HAR (Capelli
et al., 2014; Hirshfeld, 1977) procedure employing NoSpherA2 (Kleemiss et al., 2021),
which itself invoked the software Orcab (Neese et al., 2020) to determine single-point
molecular wavefunctions at the r2SCAN/def2-TZVP (Weigend & Ahlrichs, 2005; Furness
et al., 2020) level of theory. The Mo Ka HARoptimized X-ray geometry was used for the
TONTO (Jayatilaka & Grimwood, 2003) software to perform an XRW fitting procedure
(Jayatilaka, 1998). This XRW fitting procedure was carried out by including the weighted
perturbation of the energy in the self-consistent-field (SCF) method of a HartreeFock cal-
culation (Hartree, 1928; Fock, 1930; Jayatilaka, 1998). The weight was increased until no
convergence could be reached anymore in the SCF procedure and the last converging step
(A = 0.07) was used as the final XRW model. The quality of each model is assessed us-
ing residual electron density, normal probability (Abrahams & Keve, 1971), DRK (Stash,
2007) and fractal dimension plots (Meindl & Henn, 2008) in the supporting information.
Table 5.1 shows the recorded WYLID data sets, modelling strategies and quality indica-
tors. For further crystallographic

Table 5.2: Selected interatomic distances (A) in WYLID at 100 K (HAR Mo K a) com-
pared with the data set presented by Graw et al. (2023) at 110 K and the synchrotron
data set at 100 K presented by Balmohammadi et al. (2025a).

Bond WYLID, 100 K YLID, 110 K (Graw et al.) YLID, 100 K (Balmohammadi et al.)
S1-C3 1.7340 (1) 1.7107 (3) 1.7098 (2)

C3—C4f 14534 (2) 1.4363 (4), 1.4426 (3) 1.4351 (2), 1.4416 (2)

C4—01f  1.2270 (2) 1.2349 (2), 1.2304 (3) 1.2348 (2), 1.2303 (2)

S1—C1  1.7956 (2) 1.7885 (4) 1.7889 (2)

S1—C2 17972 (2) 1.7975 (3) 1.7964 (2)

Cl1—Cl12 1.4014 (2)

C13—02 1.2261 (2)

C20-03  1.2316 (2)

1 For YLID, both comparable distances are given. Distances originate from the rerefine-
ment at the same level of theory as employed in this study.

information, the raw data and the structure data, we refer the reader to Table S1 in the
supporting information.

Except for the model based on CuK [ radiation, all nonspherical models agreed well
between the observed and calculated structure factors. As shown in the supporting in-
formation, we attribute this difference to the low raw intensity of our CuK 8 micro-focus
CCD detector setup compared with that of the rotating anode/synchrotron dual photon
counting detectors used in the others. We relied on the three data sets with significantly
lower R factors for our quantum crystallographic analysis.

5.2 Results and discussion

5.2.1 Crystal structure of WYLID

The general geometric description and Hirshfeld surface analysis using CrystalExplorer
(Furness et al., 2020) were conducted using the HAR model of the Mo Ka data set.

WYLID crystallized in the centrosymmetric orthorhombic space group Pbca, different
from the non-centrosymmetric P2,2,2; space group of YLID. Table 5.2 shows interatomic
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distances in WYLID at 100 K compared with the 110 K data set for YLID obtained by
Graw et al. (2023) and the synchrotron measurement of YLID by Balmohammadi et al.
(2025a).

The S1-C3 bond in WYLID is slightly shorter than the other S-methyl bonds (C2 and
C3), indicating a stronger S-C interaction. Compared with the YLID model of Graw and
coworkers, the S1-C3 bond is slightly longer. All three carbonyl C — O bonds in WYLID
are of comparable length, with a slight exception for the C20 — O3 bond which points to
the ACQ methyl group and exhibits a C — O ---H2C interaction with a distance of 2.625
(2) A.

A search and comparison in the Cambridge Structural Database (CSD) using the MOGUL
tool (Bruno et al., 2004) revealed that the C—O bonds in WYLID are within the estimated
ranges for similar structures (Fig. S18 in the supporting information). In contrast, the
S1—C3 bond in WYLID is situated between two bond distances that are more prevalent,
with the shorter ones associated with YLID entries in the database (CCDC reference code
MSULIN; Christensen & Thom, 1971) and the longer ones belonging to organometallic
coordination complexes (e.g. CCDC refcode LUNHOU; Thorarinsdottir et al., 2019). The
most comparable C-S distance of 1.734A is found in a diester structure (CCDC refcode
WOBTUE; Giovannitti et al., 2014).
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Figure 5.4: (a) Closest O---H contacts between two molecules of WYLID. (b) Crystal
packing of the pairs in the b direction (H atoms omitted for clarity). Displacement ellip-
soids are shown at the 50% probability level.

In the solid state, WYLID forms closely interacting pairs in Figure 5.4 dominated by
O---H contacts between O 3 and the two methyl groups. The two moieties of WYLID
are positioned around a crystallographic centre of inversion, thus preventing a similar
form of helical chirality as observed in YLID. These WYLID pairs align along the crystal-
lographic b axis in a zigzag fashion, exhibiting weak interactions and adopting a sheet-like
configuration in the crystallographic a direction.
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Structurally, YLID and WYLID are very similar. The main difference is that one of the
carbonyl oxygen atoms in YLID is replaced by another indandione moiety. This expands
the aromatic system in WYLID, resulting in the colour change from yellow (YLID) to
deep red (WYLID).

The sulfur atom in WYLID is slightly tilted out of the fivemembered ring plane involving
atoms C3, C4, C5, C10 and C11 by an angle of 8.26(1)°, which is more than the 7°
distortion in the orthorhombic YLID reported by Balmohammadi et al. (2025a). The
non-chiral monoclinic polymorph of YLID shows no distortion of the SMe, fragment. This
can be attributed to the steric and carbonyl electronic influence of the second indandione
fragment.

Balmohammadi et al. (2025a) further refined the anomalous dispersion parameters of the
sulfur atoms in the CuK « data sets and found small deviations from the tabulated values.
We also performed an anomalous dispersion refinement (Meurer et al., 2022; Balmoham-
madi et al., 2025a) on our CuKae WYLID data set and found small deviations from the
standard tables in the same range. Details are given in the supporting information.

5.2.2 Quantum crystallographic analyses

5.2.2.1 Charge density analysis

Figure 5.5 shows the atomic Bader charges according to the QTAIM (Bader, 1991) anal-
ysis of various combinations. Further atomic charges can be found in the supporting
information.

In all models of WYLID, there is a significant charge separation between the sulfur atom
and the attached atom C3 and between the carbonyl oxygen and their connected carbon
atoms. A significant negative charge on the ylid carbon is found in the HAR and the
two ’experimental wavefunction/ electron density’ approaches of XRW and MM. This
is also reflected in a pure density functional theory (DFT) calculation after geometry
optimization of WYLID (Section S2.4). While the multipolar model approach gives a
more significant charge separation for the S1 — C3 bond than the wavefunction-based
methods, the opposite is true for all three carbonyl C — O pairs. The S1-C3 charge
separation in the XRW model is close to that obtained by HAR (both have a difference
of 0.70 e). For the C — O charges, the XRW model yields the highest charge separation of
the three models (2.30 and 2.31 e). The multipolar model yields the highest S1-C3 charge
separation with 1.12 e but has a lower charge separation on the carbonyls (1.79, 1.88 and
1.93 e).

The comparison data sets between WYLID and Bindandione were recorded using different
wavelengths (Mo K« and CuK«). Despite their different maximum resolutions (0.55 and
O.SOA, respectively), the Bader charges from each HAR model are almost identical. This
indicates a similar bonding pattern, particularly for the carbonyl/enolate groups, and
suggests that the presence of the SMe, group does not additionally favour the enolate
form (labelled C in Figure 5.6). In contrast, the most significant difference between the
WYLID and Bindandione charges lies in the ylid C3 atom, which is significantly negatively
charged after the introduction of the SMey group.

In general, the charges we have obtained for WYLID using wavefunction-based methods
agree with the charges that Balmohammadi et al. (2025a) found in their analysis of YLID.
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Figure 5.5: (Left) A comparison of Bader charges in WYLID (blue) and the respective
charges in Bindandione (red), based on the HAR model (Mo Ka for WYLID, Cu Ka
for Bindandione, r2SCAN /def2-TZVP). (Right) The Bader charges of WYLID from the
different Mo K « models, namely HAR (r2SCAN/def2-TZVP), XRW (X-ray-HF /def2-
TZVP) and MM.

5.2.2.2 Bonding analysis

The Laplacians of the total electron density in Figure 5.6 (labelled A-F) reveal a close
similarity for the three carbonyl groups in WYLID. The negative Laplacian around the
carbonyl O atom shows distinct lone pairs in each case, which are in plane with the C— O
bond. This indicates a preference for the carbonyl bonding scheme and an absence of the
enolate form. Figure 5.6 panel G shows signs of the lone pair at S1 in pseudo-tetrahedral
geometry and the three S — C bonds. Table 5.3 shows selected bonding indices for the
relevant atomic pairs in WYLID based on the Mo Ka models. The electrostatic potential
(ESP) mapped onto the static total electron density in Figure 5.6 panel H shows the
lowest negative ESP at the O2 carbonyl group and a higher, very similar, ESP at the O1
and O3 carbonyl groups. The highest positive ESP is found at the methyl units of the
SMe, group.

There is more electron density and valence-shell charge concentration at the bond critical
points between the sulfur atom and the ylid carbon atom than between sulfur and the two
methyl groups. This is consistent with a stronger bond between the sulfur and the ylid
carbon. All bonding indices suggest a predominantly covalent single bond with a larger
ionic contribution than the methyl S — C bonds exhibit. For all selected topological and
bonding indicators, there is no systematic difference between the three C — O bonds in
WYLID. The Wiberg bond index (WBI) suggests a bond order between 1.65 and 1.70
for each carbonyl, close to a double bond. The natural bonding orbital (NBO) analysis,
however, shows that the C — O bonds have a strong ionic contribution, which is common
for carbonyl systems and more so in enolate systems. The delocalization index suggests
lower delocalization in the carbonyl bonds than in the S — C bonds.

The Laplacian of the total electron density along the C — O bond path for the three
carbonyls in Figure 5.7 is similar for all three carbonyl bonds. Interestingly, the largest
difference was found for the O3 carbonyl bond, which interacts noncovalently with the
S1 — C1 anti-bond, resulting in a slightly longer S1 — C1 than S1 — C2 bond. This

110



Chapter 5. Synthesis and quantum crystallographic evaluation of WYLID

Figure 5.6: Two-dimensional Laplacians (panels A-C, —50 to 5OefA_5, logarithmic iso-
levels), 3D carbonyl Laplacians (panels D-F, at the —100e A’ iso-level) and 3D Lapla-

cians (panel G, at the 0.2¢A™" isosurface) of the total electron density in the MM Mo
Ka model of the carbonyl groups in WYLID. Blue lines show negative Laplacian values
and indicate valence-shell charge concentration. Red lines show positive Laplacian values
and indicate valence-shell charge depletion. Panel H shows the electrostatic potential in

o —1 o —b
eA mapped onto the static total electron density at the 0.2e A  iso-surface.

intramolecular interaction has a larger influence on the C — O bond than the proximity to
the ylid bond. Compared with the reference systems of 4-heptanone and 4-hept-3-enolate,
all three systems in WYLID are more similar to the Laplacian in the carbonyl than to
the enolate resonance form.

In summary, the bond analysis strongly supports the ylidtype S-C bond and does not show
a significant contribution from the ylene form. While the ylid bond has no significant
influence on the bonding of O1 and C4, the large amount of ionic bonding together
with a WBI(C — O) between 1.5 and 2 suggests that the carbonyl form has the largest
contribution. A comparison of the Laplacian of the total electron density along the bond
path compared with a reference carbonyl and enolate fully supports the carbonyl form.
This finding is also consistent with the other bond indices, which point more towards the
carbonyl structure.

5.2.2.3 Natural resonance theory

The resonance structures in WYLID were investigated employing natural resonance the-
ory (NRT) in NBO 7 (Frisch et al., 2013; Glendening et al., 2019) using the XRW Mo K«
model. Due to the highly delocalized 7 system in WYLID, a total of 175 resonance struc-
tures were found, covering 97.3% of the compound’s resonance weight, with the leading
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Table 5.3: Selected bonding indices of WYLID from the ’experimental charge density’
(MM) and the ’experimental wavefunction’ (XRW).

Topological features of the bond critical points according to QTAIM, the ellipticity, the
Wiberg bond index (WBI), the delocalization index (DI) and the natural bonding orbital
(NBO) bond orders are shown.

MM Mo K « XRW Mo K«
Atom pair - _3 - &
pacp (eA 7) V(pscp) (eA ) Ellipticity WBI DI NBO total NBO covalent NBO ionic

S1-C3 1.42 -6.81 0.087 1.018 0.575 1.0798 0.9636 0.1162
S1-C2 1.28 -4.95 0.060 0.977 0.560 0.9209 0.8884 0.0325
S1-C1 1.26 -4.36 0.015 0.978 0.555 0.9147 0.8879 0.0268
01-C4 2.79 -28.25 0.085 1.682 0.362 1.7568 1.1207 0.6361
02-C13 2.78 -27.96 0.085 1.702 0.365 1.8104 1.1503 0.6601
03-C20 2.79 -25.55 0.082 1.653 0.358 1.7787 1.1106 0.6681
C11-C12 2.11 -18.26 0.212 1.375 0.297 1.441 1.2970 0.1440

structure contributing only 2.54%. This emphasizes the difficulty of finding meaningful
Lewis structures for these highly delocalized systems. Nevertheless, the summed reso-
nance weights provide valuable information about the tendency of a Lewis structure of
WYLID.

The resonance weights were analysed for atoms S1, C3, C4, O1,02 and O 3. The NRT
analysis suggests a high dominance of the ylid S1-C3 bond over an ylene-type bonding.
Here, the S1-C3 double bond is present in 12.0% of all resonance structures, while the
ylid carbon atom C3 exhibits a lone pair in 11.1% of cases. At first glance, this seems to
indicate equal ylid/ylene bonding. However, the lone pair and negative
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Figure 5.7: Comparison of the Laplacians of the total electron density along the topo-
logical bond path of the XRW Mo Ka model in the three carbonyl groups in WYLID
compared with the reference ketone 4-heptanone and its enolate form. More details can
be found in Section S2.4 in the supporting information.

charge on C3 are most likely strongly delocalized via the 7 system in WYLID. In every
case where the S1-C3 double bond was present, at least one other S-C bond, if not both,
was cleaved.

For the carbonyl groups, the largest proportion of resonance structures prefer the carbonyl
bonding scheme, being a little lower at 60.4% for O1 than for O2 and O3 (67.0% and 64.8%,
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respectively). This suggests that in the NRT the presence of the SMey group has a small
effect on the bonding situation for O1 — C4, but the difference is in the same range as
between the other two carbonyl groups in WYLID. The remainder of the probabilities are
mainly the enolate form but also include a third resonant structure, where only one lone
pair is located at the oxygen atoms. The NBO charges and the ’lone pairs’ as diagonals
in the NBO matrix support these findings.

5.2.2.4 Comparison with YLID

To compare our results with the classic YLID, we conducted a comparison HAR of the
high-resolution data set generated by the In K« metal jet - one of the brightest X-ray
sources apart from storage-ring facilities - and compared these results with our findings on
WYLID. Specifically, we evaluated it against our best high-resolution model of WYLID
coming from the BM20-CRG beamline at the ESRF. This is because the wavelength used
in the synchrotron experiment (A = 0.5634 A, 22.0keV) is closer to the wavelength of
0.5134 A for the In Ko radiation used by Graw et al. (2023) and has an even better
agreement between the measured and calculated structure factors than the Mo K « HAR
model.

The Bader charges in Figure 5.8 for WYLID and YLID (Graw et al., 2023) on the same
level of theory and for similar wavelength reveal a similar bonding situation in YLID.
The negative charge at the ylid carbon atom is even more pronounced in YLID than in
WYLID, while the carbonyl system is almost identical. This suggests a similar ylid S— C
bond as well as a similar carbonyl C — O bond in YLID.

YLID
WYLID ]

-1.16e . ¢ :
-1.17e 3\ o/

Figure 5.8: Comparison of Bader charges in electrons for YLID obtained by Graw et al.
(2023) with a HAR using the same settings as for WYLID (transparent orange overlay).

5.2.2.5 Comparison between XRW, HAR, HF, DFT and MM

Table 5.4 compares the details of the charges for the Mo Ka based models. Generally,
there was a close agreement between the wavefunction-based models. With respect to the
multipolar model, the general trend is also preserved. However, the absolute charges are
larger for the ylid sulfur and carbon atoms and lower in the carbonyl groups.
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Table 5.4: Bader charges of selected atoms in WYLID from the Mo Ka data-based models.
Charges given in e per atomic basin.

Atom XRW HAR DFT MM

S1 0.453 0.470 0.400 0.708
C3 -0.247  -0.238 -0.244  -0.407
C1 -0.220 -0.159 -0.178 -0.118
C2 -0.217  -0.142  -0.264 -0.138
C4 1.062 0.992 0.982 0.839

C13 1.065 0.990 1.000 0.823
C20 1.021 0.960 0.920 0.786

o1 -1.240  -1.198 -1.142  -1.002
02 -1.237  -1.197  -1.175 -1.110
03 -1.285 -1.185 -1.120 -1.040

Table 5.5: Results of the NBO/NRT analysis of the Mo Ka based HAR, HF and XRW
models.

WBI NBO

HAR HF XRW HAR total HAR covalent HF total HF covalent XRW total XRW covalent

S1  C3 1.035 1.020 1.018 1.112 1.001 1.067 0.940 1.080 0.964
S1 C2 0.961 0.977 0.977 0.899 0.882 0.940 0.930 0.921 0.888
S1  Cl1 0.970 0.979 0.978 0.904 0.892 0.927 0.906 0.915 0.888
C4 O1 1.652 1.641 1.682 1.750 1.138 1.793 1.080 1.757 1.121
C13 02 1.689 1.666 1.702 1.886 1.197 1.786 1.081 1.810 1.150
C20 O3 1.633 1.611 1.653 1.875 1.162 1.813 1.074 1.779 1.111

The NBO/NRT results are compared between the HAR, pure Hartree-Fock (HF) and
XRW models concerning their natural charges, WBI and NBO. Table 5.5 shows the bond-
ing parameters. In general, all parameters are in good agreement with each other and
there are only small differences.

For all bonds with the exception of C13 — O2, the XRW approach shows bond orders in
between the pure HF approach and the HAR model. This demonstrates the general capa-
bility of XRW to include effects which are neglected in HF , such as electron correlation
and polarization, and to bring additional effects into the model to the right extent. For
the WBI, the XRW results in slightly weaker S-C but slightly stronger C — O bonds.

A comparison of the synchrotron data sets with the detector-saturated data set, as well
as a HAR comparison using the hybrid functional w B97X (Chai & Head-Gordon, 2008),
can be found in the supporting information.

5.3 Conclusion

The synthesis and comprehensive characterization of WYLID, a byproduct of the litera-
ture synthesis of YLID, which is

potentially the most extensively measured calibration material, have been presented. The
combination of data from the ’experimental charge density’ derived from multipolar mod-
elling and the ’experimental wavefunction’ obtained from X-ray restrained wavefunction
fitting offer a profound understanding of the diverse bonding schemes observed in the
WYLID compound.

A multi-wavelength complementary quantum crystallographic analysis has been employed
to gain insight into the C — S and C — O bonding situation of the ylide/ylene and car-
bonyl/enolate systems. In the principal aspects of our analysis, the ylide structure is
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preferred over the ylene and the carbonyl structure is preferred over the enolate reso-
nance form. This preference has been established by a comparison of the bonding indices
for the C—S and the three C — O systems present in WYLID. In this approach, the C—O
system adjacent to the ylid bond exhibits no notable distinction from the other two C—0O
bonds.

The analysis of WYLID was also compared with a HAR model of Bindandione, i.e.
WYLID without the SMes group. This comparison demonstrates that the C — O bond in
question exhibits no notable difference upon the introduction of the SMesy group.

It can be concluded that quantum crystallography is an effective approach for elucidating
the bonding situation in chemically relevant moieties, such as ylide/ylene or, arguably
more importantly, carbonyl/enolate.
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5.5 Supporting Information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.

118



J. Appl. Cryst. (2025). 58, https://doi.org/10.1107/S160057672500175X Supporting information

g JOURNAL OF
= APPLIED
s CRYSTALLOGRAPHY

Volume 58 (2025)

Supporting information for article:

Synthesis and quantum crystallographic evaluation of WYLID:
YLID's red rival

Florian Meurer, Maximilian Schimpf, Birgit Hischa, Christoph Hennig, Julia

Rehbein, Florian Kleemiss and Michael Bodensteiner



Supporting Information

S1. SYINEIESIS .. evveettieitieittecie ettt ettt et et e et e et e et e e teestaeetbeetbeesbeesbe e taebbesebeerbeesbeenbeeateestaeetbeerteenns
S1.1  General INTOrmMation..........cocuiiiuiiiiiiiie ettt ettt et
SI1.2 SynthetiC PrOCEAUIE .......ccviieiiiieiieciie ettt ettt ettt e et e e sabeeetaeesaseeensseessseeennns

S2. Crystallographic ANALYSIS ......ccoverieriiieiieiiieieesee e st ete et estaesteesaessseesbeesseeseesseesssessseessessseens
S2.1  Input for the X-ray restrained wavefunction fitting ............cccceeveevenierenenenienceereecee 10
S2.2  Model quality @ValUAtION ........c.cccvieriierieiiiiieeie ettt e e stestesreebe e seesseesseesssesssesnseenseensaens 12
S2.3  Quantum Crystallographic ANaLYSIS........cceceirriiirieriieniienieeieeteerieeeeseesee e ereereeseesaaens 18

S2.3.1 Laplacians of several bonds from XRW and MM.........ccccccceviriiiininneninieienceee, 19

S2.3.2 Laplacians along the C-O Bonds from MM .........ccccooiiiiiiiiiiiiiieeeeeeeeee e 21

S2.3.3 Topological Data at the BCPs from the XRW model ..........ccccoociiiiiiiiniininn 21
S2.4  Laplacians along the C-O bonds compared to 4-heptone ...........cccoeeeenieninninieiieeneeenns 24
S2.5  Density Functional Theory Calculations of WYLID .....ccccoooiiiiiiiiiiiiiiieeeeeeeeeeens 25
S2.6  Comparison of saturated and unsaturated detector synchrotron data sets..........c.cccceeeeneee. 28
S2.7  Comparison of HAR results between r2SCAN and @B97X........ccoveeveviivciiiiinieeiecieeiens 32
S2.8  CSD search using MOGUL ........c.cooiiiiiiiiiiiieieeieerieesee st ste e ve e sseesseesssesssessseenseensaens 34
S2.9  Hirshfeld Surface Analysis Of WYLID.......ccceoiiiierieriieniesie ettt e v enne e enaens 35
S2.10 Anomalous Dispersion RefInement.............ccoccviriiiriieriieniieiiesieeieeieeeesee e eseeseeens 36
S2.11 Crystallographic Details of Bindandione.............ccceviiiiiiiiiieiniienienie e 37

S3. RETEICNCES .o 38



S1. Synthesis

S$1.1. General Information

All reactions were performed under a dry nitrogen atmosphere by using standard Schlenk techniques.
DMSO and ethanol were dried over 4 A and 3 A molar sieves respectively. Other solvents were used
without further purification or drying. Commercially available chemicals were purchased in high
quality and used without further purification. For moisture-sensitive reactions, oven-dried glassware
was used. NMR spectra were recorded at room temperature using a Bruker Avance 300 NMR
spectrometer (300.13 MHz for 'H, 75.47 MHz for 1*C). Mass spectra were recorded on an Agilent Q-
TOF 6540 UHD instrument. Elemental analysis was performed using a Vario microcube. All UV-Vis
spectra were measured using a SPECORD® 50 PLUS spectrometer from Analytik Jena with an
optical path length of 10 mm. IR spectra were recorded on a Cory 630 FTIR from Agilent

Technologies.

$1.2. Synthetic Procedure

([1,2']biindenylidene-3,1',3'-trione), Bindandione

A solution of dry ethanol (24 ml) and 1,3-indandione (2.04 g, 14.0 mmol, 1 equiv.) was prepared in an
oven-dried Schlenk tube and stirred for 5 min. Sodium acetate (1.53 g, 18.6 mmol, 1.3 equiv.) was
added and the mixture was stirred for 1 h at room temperature. The solution was then diluted with
water (50 ml) and acidified with HCI to a pH of about 1. The precipitate was filtered off and dried
under vacuum to give a green powder (1.67 mg, 43 %).

"H NMR (300.13 MHz, CDCls): § 9.67 (m, 1H), 8.04-7.99 (m, 1H), 7.99-7.92 (m, 2H), 7.89-7.84 (m,

1H), 7.84-7.79 (m, 2H), 7.78-7.70 (m, 1H), 4.16 (s, 2H); 13C NMR (75.47 MHz, CDCl): § 201.0,
191.1, 189.4, 155.4, 145.9, 141.7, 141.3, 140.4, 135.4, 134.2, 131.7, 125.9, 123.5, 123.4, 123.1,43.5

Crystals suitable for X-ray diffraction experiments were grown by applying the vapour diffusion
method. For this purpose, a concentrated solution of Bindandione in benzene was filled into a Schlenk
tube, which was connected via joints to a small flask containing diethyl ether. The setup was then
placed in a refrigerator at 6°C and left until crystals formed.
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Figure S1: 1H-NMR (top) and 13C-NMR (bottom) spectra of Bindandione.



2-(dimethyl-A4-sulfaneylidene)-[1,2'-biindenylidene]-1',3,3'(2H)-trione, WYLID

Bindandione (200 mg, 0.73 mmol, 1 equiv.) was suspended in acetic anhydride (2 ml) in an oven-dried
Schlenk tube under a dry N, atmosphere. DMSO (71 uL, 1.4 equiv.) was added and the reaction
mixture was stirred at 85°C for 4 h. At the end of the reaction time, the solution was allowed to cool to
room temperature and then quenched with potassium carbonate. DCM and water were added in equal
parts (20 ml) and transferred to a separating funnel. The aqueous phase was then extracted with DCM
(3x 20 ml) and the collected organic phases were dried over MgSOa. The drying agent was filtered off
and the solution was then dried under vacuum to give a dark red solid. Recrystallization from ethyl
acetate/petroleum ether afforded WYLID as a bright red crystalline powder (80.4 mg, 33%).

"H NMR (300.13 MHz, CDCls): J 8.42 (m, 1H), 7.80 (m, 1H), 7.69 (m, 1H), 7.61 (m, 2H), 7.53 (m,
1H), 7.47 (m, 1H), 7.34 (m, 1H), 3.25 (s, 6H); *C NMR (75.47 MHz, CDCl5): 5 190.3, 163.3, 140.6,
134.9, 132.9, 131.1, 128.4, 121.6, 120.8, 109.1, 86.7, 27.9.

HR-ESI-MS: (CH1303S+H)" : m/Zcaic = 335.0736, m/Zouna = 335.074

EA: Anal. Caled. (%) for C20H1303S: C 71.84, H 4.22, S 9.59; found: C 71.66, 4.33, S 8.59

IR: IR (solid-state): v/ cm™ = 3012, 1655, 1625, 1580, 1510, 992, 738.

Crystals suitable for X-ray diffraction experiments were grown by the vapour diffusion method.
Therefore, a concentrated solution of WYLID in benzene was added in a Schlenk tube, which was
connected to a small flask containing diethyl ether. The setup was the placed in a refrigerator at 6°C

and left until crystals suitable for the diffraction experiments were formed.
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Figure S2: 1H-NMR (top) and 13C-NMR (bottom) spectra of WYLID.
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Figure S3: UV/VIS (top) and IR (bottom) spectra of WYLID.



S2. Crystallographic Analysis

All data sets were processed and integrated using CrysAlisPro V.43 (Rigaku Oxford Diffraction Ltd,
2019). The initial structure solution for each model was obtained using ShelXT (Sheldrick, 2015).
Structural refinement for all models except for the multipolar models was performed using Olex2
software (Dolomanov et al., 2009) with olex2.refine (Bourhis et al., 2015) as the refinement engine.
All HAR models were obtained by using NoSpherA2 (Kleemiss ef al., 2021) with the quantum
chemical software ORCAS5 (Neese et al., 2020). All calculations were performed using the
r2SCAN/def2-TZVP (Weigend & Ahlrichs, 2005; Furness et al., 2020) method/basis set combination
unless otherwise noted (see below for the comparison with the hybrid functional, ®B97X). The
parameters set in NoSpherA2 /| ORCA for the calculations were a normal integration accuracy, the
NoSpherA2 custom SCF threshold, a normal convergence strategy in the SCF procedure and a toluene
or DMSO solvation model. In this work, neither the choice of a solvation model nor the inclusion of
the nearest neighbour molecules to include interatomic interactions significantly changed the results of
the HAR procedure. In all models, we used the r2SCAN method and employed a toluene solvation
model. The HAR procedure (Capelli et al., 2014) was performed iteratively, switching between the
single-point wavefunction calculation in ORCA, adjusting the new atomic form factors using
NoSpherA?2 and the Hirshfeld stockholder partitioning scheme (Hirshfeld, 1977), and then iteratively
updating the atomic coordinates and anisotropic displacement parameters until convergence was
reached.

The multipolar models and visualization of their topological analysis were performed using the
MoPro, VMoPro (Jelsch et al., 2005) and the MoProViewer (Guillot, 2012) software packages.
Refinement was conducted against the squared structure factors 2. We employed positional and
ADPs restraints on all H-atoms according to the freely refined parameters from the HAR procedure on
the same data set.

The X-ray restrained wavefunction fitting was performed using the TONTO software (Jayatilaka &
Grimwood, 2003). The input file for the calculation in TONTO is given in S2.1. The XRW procedure
was run starting with the HAR geometry and increasing the perturbation by the agreement of
measured and calculated intensities by a weight step size of 0.01 (“A-step”). The procedure was
terminated already after the 8" step (A = 0.07).

Throughout the analysis, the first step of the XRW, without any X-ray diffraction contribution is
referred to as the “HF model”. This is different from the “DFT model”, which is based on a gas-phase
optimized (r2SCAN-3//r2SCAN/def2-TZVP (Gasevic et al., 2022)) DFT calculation. All
wavefunction-based models were investigated using the multiwfn software. (Lu & Chen, 2012)

The data sets using Cu K, and Mo K, radiation were collected with a Rigaku Oxford Diffraction
Synergy-DW rotating anode diffractometer with HyPix Arc 150° photon counting detector.



The data set using Cu Kg radiation was recorded on a Rigaku Oxford Diffraction SuperNova system
using an Oxford Instruments microfocus tube and specially optimized Axo Dresden Cu Kz multilayer
optic as well as an Atlas S2 CCD detector.

Table S1 shows the crystallographic information for each of the quantum crystallographic models of

the different wavelength structures.



Table S1: Crystallographic information of data sets and quality parameters of the models. Structures used within
this work were deposited in the CCDC with merged measured structure factors. The raw data and structures can
be obtained from zenodo.org using the DOI provided. The models can be found in the respective "struct"

directories, starting with the model name "IAM", "HAR", "MM" or "XRW".

o CuK CuK Mo K Synchrotron
Radiation (A / A)
(1.54187) (1.39222) (0.71073) (0.56356)
Data DOI 10.5281/zenodo.14699349 10.5281/zenodo.14699464 10.5281/zenodo.14699544 10.5281/zenodo.14723884
Formula C20H1403S
Mass / g mol! 334.40
Crystal size / mm’ 0.079 x 0.083 x 0.160 0.113 x 0.184 x 0.238 0.079 x 0.083 x 0.160 0.10x 0.10 x 0.10
Space group Pbca
alA 14.47962(7) 14.4765(2) 14.49062(7) 14.54072(7)
b/A 9.15557(4) 9.1539(1) 9.1569(4) 9.17361(2)
c/A 23.2502(19 23.3338(4) 23.3290(1) 23.40310(7)
viA 3093.50(3) 3092.11(6) 3095.51(2) 3121.7(2)
D/gem? 1.436 1.437 1.435 1.423
w/ mm! 1.989 1.447 0.224 0.122
O range/° 3.79-67.68 4.39-76.18 2.22-40.48 2.24-40.40
T/K 100 100 100 100
Resolution / A 0.80 0.72 0.55 0.55
7 @) 208.1 49.3 138.0 95.3
Rint 1 % 2.69 7.67 2.71 4.88
Total reflections 187273 78182 527077 508696
Unique reflections > 40 3130 4227 8605 8745
Completeness / % 100.0 100.0 99.9 100.0
HAR
CCDC Nr. 2392768 2392769 2392771 2392770
Data set “data_Ylidanhydrate- “data_WYIid_Large6 “data_Ylidanhydrate “data_WYLID-
CuKaDW” _Cub_100K_fm2” _MoKaDW_cut” 4_22000_abs”
Nr. refined parameters 343 343 418 444
Goodness-of-fit 1.118 1.068 1.011 1.070
R indices, > 26/ % 0.88 3.89 1.10 1.00
R indices (all data) / % 0.92 4.09 1.61 1.39
wR2 indices / % 1.94 10.00 1.43 1.83
Diff. peak, hole / ¢ A 0.065, -0.100 0.362, -0.332 0.131, -0.121 0.106, -0.117
MM
CCDC Nr. - - 2393562 2393564
Data set ) ) “data_Ylidanhydrat- “data_WYLID_
MoKADW2_MM” 22keV_MM”
Nr. refined parameters - - 756 756
Goodness-of-fit - - 1.06 1.02
R indices, I > 26/ % - - 1.27 1.32
R indices (all data) / % - - 1.59 1.36
wR2 indices / % - - 1.34 1.02
Diff. peak, hole / ¢ A - - 0.182, -0.171 0.143, -0.169
XRW
Data set ) ) “data_Ylidanhydrate_MoKa )
DW_XRW”
Goodness-of-fit - - 1.43 -
R indices, I> 206/ % - - 0.85 -
wR2 indices / % - - 0.76 -

Diff. peak, hole / ¢ A*

0.132,-0.114
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S2.1. Input for the X-ray restrained wavefunction fitting

charge= 0
multiplicity= 1

! Process the CIF
cif= {

file_name= ./WYLID_MoKa_small.cif
}

process_cif
name= Y lideanhydrate-MoKa-XRW

basis_directory= /home/xrz/tonto/basis_sets/
basis_name= def2-TZVP

dispersion_coefficients= {
C 0.0035 0.00160
H 0.00000 0.00000
00.0116 0.0061
S 0.1242 0.1244

}

crystal= {
xray_data= {

thermal smearing_model= hirshfeld
partition_model= mulliken
optimise_extinction= false
correct_dispersion= TRUE
optimise_scale_factor= true
wavelength= 0.6198 angstrom

REDIRECT /WYLID MoKa_merged.hkl

f sigma_cutoff=4.0
}
¥

! Geometry
put

! Tight grid

becke_grid = {
set_defaults
accuracy= normal
pruning_scheme= jayatilaka2

! More accuracy

output_style options= {
real_precision= 8
real_width= 20

}

! Normal SCF
scfdata= {
initial_density= promolecule
kind= rhf
use_SC_cluster_charges= FALSE
convergence= 0.001
linear_dependence_tol= 0.001
diis= { ! This is the extrapolation procedure
save_iteration= 1
start_iteration= 3

keep= 10

convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF iteration
use_damping= YES ! These are used to damp the SCF iteration process
damp_factor= 0.80 ! by including 60% of the previous result

damp_finish= 7
use_level shift=NO

}

scf

scfdata= {
initial_density= restricted
kind= xray_rhf
direct= yes

convergence= 0.00001
linear_dependence_tol= 0.001
use_SC cluster_charges= FALSE
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diis= { ! This is the extrapolation procedure
save_iteration= 1
start_iteration= 3

keep= 10
convergence_tolerance= 0.09
}
max_iterations= 200 ! The maximum number of SCF iteration

do_outputs= TRUE

use_damping= YES ! These are used to damp the SCF iteration process
damp_factor= 0.80 ! by including 60% of the previous result
damp_finish= 7

use_level_shift= YES

initial_lambda= 0.000 ! These specify the "lambda value"

lambda_step= 0.010 ! used to mix the energy with the chi*2
lambda_max=  2.000

scf
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$2.2. Model quality evaluation

Cu K,

Cu Kp

Mo K,

Synchrotron

Figure S4a: Residual electron density of the independent atom models for each data set at the 0.15 e/A? iso
level projected onto the asymmetric unit. Blue indicates positive, red negative residual electron density. Non-

hydrogen atoms are shown with a 50% probability.
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[001]

CuK,
(0.1 e/A%)

Cu Kﬂ
(0.2 ¢/A%)

Mo K,
(0.1 e/A%)

Synchrotron

(0.1 e/A%)

Figure S4b: Residual electron densities of the HAR models along each crystallographic axis with the iso level
indicated below each wavelength. Blue indicates positive, red negative residual electron density. All atoms

are shown with 50% probability. Hydrogen atoms have been omitted for clarity.
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[010] [001]

Mo K,

ein | giw
e

Synchrotron

Figure S5: Residual electron densities of the multipole models along each crystallographic axis at a 0.1 e/A3
iso level. Blue indicates positive, red negative residual electron density. All atoms are shown with 50%

probability. Hydrogen atoms have been omitted for clarity.

Mo K,

Figure S6: Residual electron densities of the XRW model along each crystallographic at an 0.1 e/A%iso level.
Blue indicates positive, red negative residual electron density. All atoms are shown with 50% probability

ellipsoids. Hydrogen atoms have been omitted for clarity.

The residual electron density in Figures S4-S6 is generally low for all models, except the Cu Kz based
models. We attribute this to the much weaker Cu Ky raw intensity compared to the Cu K,/ Mo K,
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rotating anode and synchrotron radiation. The residual density in the Cu Kz models is mostly

concentrated near the sulfur atom, which is the heaviest atom in the structure.



J. Appl. Cryst. (2025). 58, https://doi.org/10.1107/S160057672500175X

Normal Probability Plot

Normal Probability Plot

21§ . ] spd ]
H y® 06561 + D065 =z z ¥ 0.70%5 % 0124 o
T B =0.861 2 R= 0,082
H sof 2
o g g
..-of""f
2.5 -
— HAR- Cu Ka
- G
T 0.0
T HAR-Mo Ka
] LL] g
" = "m
Expected deviations Expected deviations
5 & 1 0 1 ) * & & 3 & 1 a 1 i 5
Mormal Probability Plot L Normal Probability Plot 10(
NF P
§ ¥ = 0.4390 + 0122 ! E ¥= 1.206x+ 0068 —
i E Ro=0872 ‘g A= 0998
25
i g
[ Mg . el
HAR-CuKp |
HAR-Synch
z /"/ 5.0 -
// o
3 mB 75 -
Exprcted deviations Expected deviations

1 @ 1

Normal Probability Plot

5
Observed deviations

y= 12508 % 0148
Ro=0.992

XRW-Mo Ka

Eapested drviations

-2 1

L]

1 2 L] 4

Figure S7: Normal probability plots of the wavefunction based quantum crystallographic models of WYLID.
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Figure S9: Fractal dimension plots according to Meindl & Henn (2008) of the wavefunction based models of

WYLID.
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$2.3. Quantum Crystallographic Analysis

HAR-Cu Ka HAR- Mo Ka _

Figure S10: Deformation densities of the wavefunction based models of WYLID at the 0.15 /A3 iso surface.

Blue indicates positive, red negative residual electron density. Atoms are drawn at a 50% probability.

The deformation density maps (Fig. S10) reveal the valence interaction in WYLID, that the
independent atom model could not describe. In particular, the oxygen lone-pairs and the delocalized
T-system, m-holes, along the p-holes on the carbonyl carbons are well visible. Despite the lower
quality of the data used in the Cu KP model, the deformation density is very similar to the models

based on the best possible data sets. This underscores the fact that HAR does not necessitate the use of
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high-resolution perfect-quality data, which is typically required for multipolar modelling in order to

obtain accurate quantum chemical insights.

MM-Mo Ka MM-Synchrotron

Figure S11: Deformation densities of the MM models of WYLID at the 0.15 e/A> iso surface. Blue indicates

positive, red negative residual electron density. Atoms are drawn at a 50% probability.

$2.3.1. Laplacians of several bonds from XRW and MM

- HAR-Mo Ka | | | MM-M9 Ka
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Figure S12: Laplacian (e-A~) of the total electron density around the S1-C3 and C4-O1 bonds from the XRW
model (left) and MM model (right) of the Mo Ka data set. Contour lines are shown at a logarithmic iso-level
to a total of 62 iso-levels. Red indicates a positive and therefore VSCD, blue a negative value of the Laplacian
and therefore VSCC. In the left image, BCPs are shown in blue and RCPs in orange, while on the right only
the three BCPs from C3 are shown.



Overall, the Laplacian of the total electron density is of similar shape for the MM and XRW models of
the Mo Ka data set. The main difference is found in the C4-O1 bond, where in the MM model, the
Laplacian shows a different structure, reaching positive values after the BCP, while in the XRW

model, the Laplacian stays in the negative from C to O.



S$2.3.2. Laplacians along the C-O Bonds from MM
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Figure S13: Laplacian (e-A) of the total electron density along the carbonyl bonds from the MM-Mo K,

model.

$2.3.3. Topological Data at the BCPs from the XRW model

Table S2: Information the BCPs compared between the MM and XRW model analogous to Table 3 in the main

text.
MM-Mo K, XRW-Mo K
Atom pair pece | eA V(pgcp) / €A pece / eA V(pgcp) / €A’
S1-C3 1.42 -6.81 1.50 -12.6
S1-C2 1.28 -4.95 1.37 -10.7
S1-C1 1.26 -4.36 1.35 -9.69
O1-C4 2.79 -28.25 2.71 -0.55
02-C13 2.78 -27.96 2.71 -0.51
03-C20 2.79 -25.55 2.70 -0.51
C11-C12 2.11 -18.26 2.14 -0.24




Table S3: Bader charges in electrons for the HAR models based on the different wavelength data sets. Charges
calculated by the multiwfn software. (Lu & Chen, 2012)

Cu K. Cu Ky Mo K. Synchrotron
S1 0.469147 0.455535 0.470229 0.463612
03 -1.17921 -1.18082 -1.18519 -1.17387
02 -1.17239 -1.17688 -1.19703 -1.18106
Ol -1.18601 -1.18962 -1.19767 -1.16967
C20 0.962802 0.965077 0.960325 0.958144
Cl1 0.023775 0.024566 0.021741 0.024433
Cl12 -0.08348 -0.08699 -0.05147 -0.08457
C19 -0.04938 -0.05175 -0.08643 -0.05093
C3 -0.24157 -0.24082 -0.05039 -0.23717
C5 -0.0466 -0.04725 -0.02898 -0.04737
Cc9 -0.02307 -0.01702 -0.03355 -0.02929
C10 -0.02812 -0.02938 -0.23764 -0.02789
C13 0.988571 0.99575 0.989896 0.987584
Cl4 -0.04896 -0.05175 -0.05591 -0.04997
C4 0.989865 0.993727 0.992493 0.984101
C6 -0.02864 -0.01989 -0.03294 -0.03023
Cl15 -0.02400 -0.02077 -0.02932 -0.02538
C18 -0.02683 -0.02242 -0.03317 -0.03124
C7 -0.03416 -0.03024 -0.0326 -0.03514
Cl -0.15599 -0.11184 -0.15888 -0.16027
C8 -0.04022 -0.02973 -0.04618 -0.04432
C17 -0.03407 -0.03021 -0.03318 -0.03449
C2 -0.14106 -0.10830 -0.14198 -0.14135
Cl6 -0.03499 -0.01958 -0.03774 -0.04009
H6 0.0734 0.06554 0.077099 0.076201
H7 0.056294 0.050864 0.06448 0.058718
HS8 0.057318 0.049159 0.06638 0.060472
H9 0.116442 0.111938 0.110215 0.121045
H18 0.072257 0.068839 0.080857 0.076932
H17 0.058891 0.055767 0.071176 0.060623
Hl16 0.059023 0.046792 0.071019 0.062094
H15 0.076402 0.071487 0.080271 0.079147
Hla 0.088273 0.111245 0.093833 0.088287
H1b 0.12381 0.07522 0.094955 0.123913
Hle 0.071662 0.06189 0.11969 0.076475
H2a 0.104727 0.107231 0.104487 0.106174
H2b 0.110381 0.097935 0.094412 0.109947
H2c 0.07569 0.056702 0.106688 0.076399

All HAR based models have comparable Bader charges on the atoms in WYLID. Surprisingly, this is
also true for the Cu Kz data-based model, despite its higher R values, lower multiplicity, lower

intensity and larger residuals.



Table S4: Bader charges in electrons for the Mo K, XRW model based on the different wavelength data sets.
Charges are calculated by the multiwfn software. (Lu & Chen, 2012)

S1 0.453336 C14 -0.05318 H18 0.106701
03 -1.28532 C20 1.020904 H15 0.103442
02 -1.23662 C8 -0.11282 H2a 0.134519
o1 -1.24039 c17 -0.03634 H8 0.095375
C6 -0.05575 C11 0.002501 H1a 0.124056
C4 1.062076 C12 -0.04598 H6 0.108222
C15 -0.03131 C13 1.064963 H2b 0.109136
C5 -0.06658 C1 -0.21979 H1b 0.109289
C7 -0.06788 C2 -0.21738 H17 0.114349
C19 -0.03570 C9 -0.05143 H7 0.098269
C3 -0.24682 C10 -0.02910 Hic 0.155698
C18 -0.09335 H9 0.144558 H2c 0.143070
C16 -0.10524 H16 0.080518

Table S5: Bader charges in electrons for the MM models based on the different wavelength data sets. Charges

are calculated by the MoPro software.

Mo Ka Synchrotron

S1 0.708 0.644
03 -1.04 -0.829
02 -1.11 -0.852
0O1 -1.002 -0.802
C20 0.786 0.782
Cl1 0.078 0.029
Cl12 -0.136 -0.168
C19 -0.08 -0.13
C3 -0.07 -0.123
C5 -0.073 -0.035
C9 -0.407 -0.239
C10 -0.146 -0.099
C13 -0.069 -0.041
Cl4 -0.051 -0.055
C4 0.839 0.769
Cé -0.051 -0.118
Cl15 -0.101 -0.003
C18 0.001 -0.001
Cc7 -0.1 -0.093
Cl 0.823 0.77

C8 -0.118 -0.3

C17 -0.138 -0.315
C2 -0.05 -0.009
Cl6 -0.062 -0.077
H6 0.115 0.059
H7 0.068 0.081
H8 0.073 0.073

H9 0.108 0.1




H18 0.093 0.064

H17 0.05 0.038
H16 0.127 0.071
H15 0.097 0.059
Hla 0.129 0.092
Hl1b 0.086 0.138
Hlc 0.141 0.092
H2a 0.139 0.098
H2b 0.079 0.16
H2c 0.124 0.089

S$2.4. Laplacians along the C-O bonds compared to 4-heptone

Figure S12 shows the Laplacians of the total electron density from the XRW-Mo K, models compared
to a geometry optimized DFT calculation (r2SCAN-3¢//r2SCAN/def2-TZVP) of the carbonyl
reference structure 4-heptanone and its carbonylate form (12SCAN/def2-TZVPD//r2SCAN/def2-
TZVPD). The difference in basis set was chosen to accommodate for the diffuse character in the
anionic enolate/carbonylate.

The carbonyl bonds including O1, close to the SMe; group, and O2, the most distant carbonyl to the
SMe, group, are slightly different from the O3 carbonyl group, which shows slightly less valence shell

charge concentration at the oxygen atom and slightly more at the carbon atom.
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Figure S14: Comparison of the Laplacians of the total electron density along the topological bond path in the

three carbonyl groups in WYLID compared to the reference ketone 4-heptanone.



S$2.5. Density Functional Theory Calculations of WYLID

Table S6: Geometry after optimization (R2SCAN-3¢//R2SCAN/def2-TZVP) for single-point calculation

C -6.57807 0.930103 -0.42939
C -6.24253 -0.40103 -0.12085
C -4.89200 -0.75159 -0.07059
C -3.91284 0.225512 -0.35214
C -4.23791 1.535989 -0.67273
C -5.59709 1.889988 -0.70081
H -5.89088 2.91713 -0.93956
H -7.63428 1.216781 -0.45592
H -3.44834 2.259984 -0.89876
H -7.02212 -1.13078 0.099336
C -2.55922 -0.39636 -0.26799
C -2.81687 -1.79278 0.066871
C -4.20548 -2.06299 0.152149
C -4.80538 -3.32877 0.266169
C -6.15466 -3.67067 0.752079
C -6.32151 -5.14587 0.534857
C -5.16612 -5.66145 -0.06501
C -4.17364 -4.55831 -0.23594
C -7.40923 -5.96165 0.830095
C -7.31187 -7.32273 0.499348
C -6.15380 -7.83909 -0.10522
H -8.30777 -5.54605 1.29727
H -8.14993 -7.99417 0.71269
C -5.06050 -7.00887 -0.39858
H -6.10604 -8.90540 -0.34879
H -4.15227 -7.40042 -0.86757
(0] -7.00209 -2.95932 1.282293
(0] -3.07213 -4.69517 -0.77255
(0] -1.48000 0.171573 -0.44005
S -1.56320 -2.89840 0.549637
C -0.52291 -1.88726 1.657175
H 0.35112 -2.50275 1.922197
H -1.12576 -1.68673 2.555835
H -0.22972 -0.95217 1.160463
C -0.46891 -3.00148 -0.90026
H -1.03729 -3.55420 -1.66040
H 0.431913 -3.56069 -0.60309
H -0.22352 -1.98082 -1.22854
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Figure S15: Overlay of the optimized geometry (green) of WYLID and the one obtained in the HAR-Mo K,

model.

The comparison of the optimized geometry (r2SCAN-3c) of WYLID and the HAR-Mo K, model from
single crystal X-ray diffraction in Fig. S15 shows a close similarity between both geometries. This is

consistent with similar charges in the quantum crystallographic evaluation.



Table S7: Bader charges of the DFT calculation of WYLID.

c8 -0.0962
C9 -0.02955
C10 -0.02184
c5 -0.07083
Cé -0.09984
c7 -0.10109
H8 0.125476
H7 0.11177
H6 0.147795
H9 0.117614
Ca 0.982127
c3 -0.24394
C11 0.028121
C12 -0.09113
C13 1.000304
C14 -0.05188
C19 -0.06447
C20 0.920088
C15 -0.03008
C16 -0.04121
C17 -0.06941
H15 0.082195
H16 0.064142
C18 -0.08857
H17 0.094581
H18 0.142043
02 -1.1751
03 -1.12001
01 -1.14241
S1 0.40022
C1 -0.17759
H1A 0.08441
H1B 0.093117
H1C 0.125157
C2 -0.26356
H2A 0.182628
H2B 0.098057

H2C 0.17886



$2.6. Comparison of saturated and unsaturated detector synchrotron data sets

The saturation of a modern dual-pixel photon-counting detector, such as the PILATUS3 X 2M, occurs
when the number of photons incident upon the detector exceeds the capacity of the electronic readout
for each pixel to process. Accordingly, the observed intensity is less than what would be anticipated.
This indicates that particularly high-intensity reflections in a diffraction experiment may be influenced
by oversaturation, whereas low-intensity reflections are still measured to their full extent.

The data set for the detector saturation can be found in the CSD (2401360 and as
“data_Ylideanhydrate-20000e V> data set in this publication) and the raw data with additional models
are available at via zenodo.org (DOI: 10.5281/zenodo.14725036).

Figure S16 shows the measured structure factors Fobs versus the calculated structure factors Feae. The
result for oversaturation in this plot looks similar to strong multiple scattering events, such as
extinction, and can be corrected to some extent by an extinction correction (Sheldrick, 2015). The
main difference is that reflections suffering from oversaturation are strongly dispersed compared to

classical extinction, where reflections should all fall on the Fobs / Feac diagonal.
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Figure S16: Comparison of the Fous / Fealc plot exhibiting detector saturation for the strong reflection before

(A) and after (B) extinction correction.



Table S8: Bader charges with of the reference model at 22 keV compared to the model of the data set at 20 keV
exhibiting detector oversaturation with (“EXTI”) and without (“NoExti”’) applied extinction correction as well as

their differences to the reference model.

20 keV- 20 keV-
22keV NoExti NoExti EXTI EXTI
S1 0.464 0.469 -0.005 0.469 -0.006
03 -1.174 -1.178 0.004 -1.178 0.004
o1 -1.181 -1.186 0.005 -1.186 0.005
02 -1.170 -1.176 0.006 -1.175 0.006
CI13 0.988 0.993 -0.006 0.994 -0.006
C10 -0.028 -0.038 0.010 -0.029 0.001
C4 0.984 0.025 0.959 0.990 -0.006
C9 -0.029 -0.034 0.005 -0.024 -0.005
Cl14 -0.050 -0.029 -0.021 -0.048 -0.002
Cl1 0.024 -0.026 0.050 0.024 0.001
C19 -0.051 -0.026 -0.025 -0.052 0.001
(O] -0.047 -0.084 0.037 -0.047 -0.001
Cc3 -0.237 -0.241 0.004 -0.241 0.004
CI15 -0.025 -0.046 0.021 -0.028 0.002
CI8 -0.031 -0.038 0.007 -0.026 -0.005
Cl12 -0.085 -0.049 -0.036 -0.085 0.000
Cl1 -0.160 -0.150 -0.010 -0.150 -0.010
C6 -0.030 0.962 -0.993 -0.026 -0.004
C8 -0.044 -0.024 -0.020 -0.039 -0.005
C2 -0.141 -0.140 -0.001 -0.140 -0.002
C7 -0.035 -0.052 0.016 -0.029 -0.006
C17 -0.034 -0.028 -0.006 -0.033 -0.002
Cl6 -0.040 -0.025 -0.016 -0.035 -0.005
C20 0.958 0.989 -0.031 0.962 -0.004
Hé6 0.076 0.070 0.006 0.071 0.005
H7 0.059 0.055 0.004 0.052 0.006
H8 0.060 0.052 0.008 0.056 0.005
H9 0.121 0.118 0.003 0.117 0.004
H18 0.077 0.079 -0.002 0.071 0.006
H17 0.061 0.061 0.000 0.059 0.002
H16 0.062 0.060 0.002 0.060 0.003
H15 0.079 0.071 0.008 0.078 0.001
Hla 0.088 0.087 0.002 0.086 0.002
Hilb 0.124 0.123 0.000 0.123 0.001
Hlc 0.076 0.069 0.008 0.068 0.008
H2a 0.106 0.103 0.003 0.104 0.002
H2b 0.110 0.111 -0.001 0.110 0.000
H2c 0.076 0.075 0.002 0.075 0.001
SUM -2E-06 -3E-05 3.1E-05 0.000 1.8E-16

In general, the errors introduced into the HAR model of the synchrotron data by the detector saturation

are small. When an extinction correction is applied, the difference is almost imperceptible.
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No EXTI

Figure S17: Deformation density at the 0.15 e/A%iso level of WYLID using the detector saturating data set of

WYLID. Blue indicates positive, red negative deformation density.

While the deformation density is similar in both cases, fine features such as the n-holes of the aromatic
ring systems are absent or less pronounced without extinction correction. This suggests that extinction

correction improves the quantum crystallographic models when the detector is oversaturated and could
generally be applied a posteriori. However, saturation of the detector should be avoided by attenuating

the beam as much as possible.



$2.7. Comparison of HAR results between r2SCAN and B97X

Table S9: Comparison of Bader charges between the HAR-synchrotron models using either the meta GGA
functional r2SCAN or the hybrid function ®B97X. In both cases, the def2-TZVP basis sets were used.

Level of DFT r2SCAN B97X
Formula C20H1403S8
Mass / g mol! 334.40
Crystal size / mm? 0.1x0.1x0.1
Space group Pbca
alA 14.54072(7)
bl A 9.17361(2)
c/A 23.40310(7)
VA3 3121.7(2)
D/gem? 1.423
u/ mm! 0.122
O range / ° 2.24-40.40
T/K 100
Resolution / A 0.55
7 () 95.3
Rint | % 4.88
Total reflections 508696
Unique reflections > 4c 8745
Completeness / % 100.0

Model Indicators

Nr. refined parameters 444 444

Goodness-of-fit 1.070 1.051

R indices, I> 206/ % 1.00 1.01

R indices (all data) / % 1.39 1.42

wR2 indices / % 1.83 1.95
Diff. peak; hole / ¢ A? 0.106, -0.117 0.105, -0.202

The resulting structures from HAR on r2SCAN and ®wB97X were identical to the degree that we could

not spot any parts of the structure that were not completely overlaid.



Table S10: Comparison of Bader charges between the HAR-synchrotron models using either the meta GGA
functional r2SCAN or the hybrid function ®B97X. In both cases, the def2-TZVP basis sets were used.

r2SCAN 0B097X r2SCAN - oB97X

S1 0.464 0.438 0.026
03 -1.174 -1.206 0.033
01 -1.181 -1.207 0.026
02 -1.170 -1.198 0.028
C13 0.988 1.012 -0.024
C10 -0.028 -0.028 0.000
Cc4 0.984 1.012 -0.028
Cc9 -0.029 -0.022 -0.007
Cl4 -0.050 -0.053 0.003
Cl1 0.024 0.034 -0.009
C19 -0.051 -0.054 0.003
C5 -0.047 -0.049 0.002
C3 -0.237 -0.238 0.001
C15 -0.025 -0.019 -0.006
C18 -0.031 -0.026 -0.005
C12 -0.085 -0.099 0.014
Cl -0.160 -0.125 -0.035
C6 -0.030 -0.022 -0.008
C8 -0.044 -0.038 -0.006
C2 -0.141 -0.109 -0.032
C7 -0.035 -0.031 -0.005
C17 -0.034 -0.028 -0.006
Cl6 -0.040 -0.036 -0.005
C20 0.958 0.980 -0.022
He6 0.076 0.073 0.003
H7 0.059 0.056 0.003
HS8 0.060 0.057 0.003
H9 0.121 0.119 0.002
H18 0.077 0.074 0.002
H17 0.061 0.054 0.006
H16 0.062 0.056 0.006
H15 0.079 0.076 0.004
Hla 0.088 0.082 0.006
Hlb 0.124 0.119 0.005
Hlc 0.076 0.071 0.006
H2a 0.106 0.100 0.006
H2b 0.110 0.105 0.005
H2c¢ 0.076 0.070 0.006

To estimate the influence of the choice of the functional used in the HAR procedure a second HAR
was performed using the synchrotron data set at 22 keV. We chose to compare the meta-GGA
functional r2SCAN with the hybrid functional ®B97X, which includes part of a Hartree-Fock
calculation. The incorporation of Hartree-Fock into the HAR procedure resulted in a greater overall

charge on the S and O atoms, as well as on the carbonyl C atoms.
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S$2.8. CSD search using MOGUL
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Supporting information, sup-34
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Figure S18: Results of the MOGUL search for the S1-C3 (top, 23 hits) and O1-C4 (bottom, 10670 hits)

bond lengths of the HAR-Mo Ka structure compared to similar structures.
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s2.9. Hirshfeld Surface Analysis of WYLID

Figure S19: Hirshfeld surface at an iso level of 0.5 of WYLID with closest contacts imprinted on its surface

and the closest interacting symmetry equivalents.
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Figure S20: Fingerprint plots of the closest contacts of WYLID on the Hirshfeld surface.

The Hirshfeld surface mapped with dnorm (Fig. S19) shows the closest intermolecular contacts in the
crystal packing of WYLID. The interactions are predominantly of the O...H and O...S type. While the
latter is one of the closest contacts, its total contribution to all interactions is quite small, accounting

for only 1% of the contacts (Fig. S20). The main interactions are of the H...H and C...H type.



$2.10. Anomalous Dispersion Refinement

Table S11: Anomalous dispersion parameters from different sources for S at Cu K,, excitation wavelength
compared to experimental values obtained by ADR in Olex2. (Meurer et al., 2022)

f /e /e
WYLID HAR-Cu K, 0.36(1) 0.69(2)
YLID Balmohammadi et al. (2025), Avg. 0.27(5) 0.58(4)
Henke et al. (1982) 0.3354 0.5514
Sasaki (1989) 0.328 0.590
Brennan & Cowan (1992) 0.3338 0.5584

Table S11 shows the values obtained by ADR compared to those of Balmohammadi et al. (2025) over
nine different data sets and temperatures. Interestingly, while " is closer to the tabulated values and f'
differs more in the Balmohammadi et al. data sets, the opposite is true for our measurement on

WYLID.
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S$2.11. Crystallographic Details of Bindandione

Supporting information, sup-37

Table S12: Crystallographic data of the Bindandione data set as well as the quality indicators of its

HAR model.

Formula C36H2006
Mass / g mol-1 548.556
Crystal size / mm3 0.1x0.1x0.1
Space group Fdd2
al/A 18.0174(1)
b/A 20.922(2)
c/A 26.0847(2)
V/A3/ 9832.94(13)
D/gcm-3 1.482
p/ mm-1 0.827
0 range / ° 3.65-75.32
T/K 100.0(1)
Resolution / A 0.80
I/o(I) 85.2
Rint/ % 4.52
Total reflections 102230
Unique reflections > 4c 5027
Completeness / % 100.0
Quality Indicators
Nr. refined parameters 559
Goodness-of-fit 1.079
R indices, I > 206/ % 1.60
R indices (all data) / % 1.63
wR2 indices / % 3.67
Diff. peak, hole / e A-3 0.096, -0.090
0.00(3)

Hooft
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Experimental visualization and confirmation of multi-center actinide-actinide bonding!
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Abstract

The concept of covalency in chemical bonding has been established since 1939. However,
the essential details are often difficult to determine and agree on because few spectroscopic
and structural methods experimentally measure covalency, and each method has advan-
tages and disadvantages, so none is a panacea. Quantum crystallography X-ray charge
density determination could be the most powerful structural determination method, but
its stringent requirements have prevented routine implementation, especially in heavy
f-element complexes. Hirshfeld atom refinement (HAR) has begun to emerge as an alter-
native, potentially more accessible, quantum crystallography approach for experimentally
visualizing covalency, but it has remained limited and technically impracticable regard-
ing heavy element complexes, such as actinides, due to the challenges of partitioning
and modeling core and valence electron densities in relativistic regimes. Here, we apply
HAR to two extreme test cases of clusters containing three proximate heavy actinides ex-
hibiting multi-center thorium-thorium bonding. We demonstrate exceptional agreement
between experimental HAR and purely density functional theory analyses, thus visualiz-
ing and hence confirming the presence of the thorium-thorium bonding and resolving a
longstanding challenge. By visualizing covalency in two challenging test cases, this study
paves the way to making experimental HAR visualization of chemical bonding as routine
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as regular crystal structure refinements and applicable across the chemical and materials
sciences.

6.1 Introduction

The concept of covalency in chemical bonding has been established since 1939. ' However,
the essential details are often difficult to determine and agree on because few spectroscopic
and structural methods experimentally measure covalency, and each method has advan-
tages and disadvantages, so none is a panacea. 2%

Since X-rays are scattered by electron density, X-ray diffraction patterns contain valu-
able information on the total electron density within a crystal. 35 A powerful method to
experimentally access the electron density is through quantumrystallography, "8 which
seeks to model the electron density directly from the X-ray scattering data of a crystal.
9 Traditionally, this has been accomplished through charge density multipolar modeling,
in which the spherical atomic electron density is expanded in a series of atom-centered
spherical harmonics, enabling direct modeling of bonding features. However, this requires
that many additional parameters be refined, so obtaining high-resolution data is essential
in order to maintain a statistically robust data-to-parameter ratio. 7 This in turn necessi-
tates exceptionally stringent requirements on crystal and data quality and data collection,
including little or no disorder, preferably no lattice solvent, diffraction to very wide an-
gles, collection at nonroutine low temperatures, minimal absorption and extinction effects,
very low R values, and preferably synchrotron radiation rather than normal laboratory
sealed-sources. Additionally, the multipole refinement must also be able to discern core
and valence electron densities with great accuracy. These conditions accumulate to be so
stringent that they are rarely met by crystalline molecular species, especially those with
large, sensitive, or heavy-element-containing molecules such as the f-elements. 017

An emerging, potentially more accessible quantum crystallography alternative to multipo-
lar modeling is Hirshfeld atom refinement (HAR). '¥72! HAR combines aspherical atomic
scattering factors derived from computed wavefunctions with experimental diffraction
data, enabling refinement of geometries and even hydrogen atom positions with accuracy
similar to that of neutron diffraction. ?? Critically, HAR is less demanding in terms of
crystal and data requirements. 2 Since chemistry occurs at the valence shell level, and
low-angle diffraction data is the most significant source of this information, it can be
obtained from standard resolution measurements using conventional sealed-tube X-ray
sources at temperatures of 100 K — 150 K.2* HAR has been applied to the study of au-
rophilic interactions, 2° but it has remained unclear whether it could be extended as far as
actinide bonding rather than focusing on associated ligands in actinide complexes. 2¢ Gen-
erally, it has remained limited 262 and technically impracticable with heavy elements
such as actinides due to the challenges of partitioning and modeling core and valence
electron densities in relativistic regimes. However, as valence information, electron cor-
relation and scalar relativistic effects are significantly important in low-order reflections,
but negligible in the high-order region. 27

Here, we apply HAR to two extreme test cases of clusters containing three proximate heavy
actinides exhibiting multi-center thorium-thorium (Th-Th) bonding. *°~3? We demon-
strate exceptional agreement between experimental HAR and purely density functional
theory analyses, 333 thus visualizing the Th-Th bonding and resolving a longstanding
challenge. By visualizing covalency in two challenging test cases, this advance paves the
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way for making experimental HAR visualization of chemical bonding as routine as regular
crystal structure refinements and applicable across the chemical and materials sciences.

6.2 Results and discussion

Recently, a class of trithorium clusters, [{(n® — CsHg) ThC12}3}27 ([1]*>7) and

[{(n® — CgHy) ThClg}g]l_ ([1]*7), which exhibit three-center two- and one-electron Th-Th
bonding, respectively, have emerged. 30~32 While experimental UV-vis-NIR and EPR
spectroscopies and magnetic susceptibility data on these clusters have provided insights
into the consequential effects of their Th-Th bonding, these techniques do not enable direct
visualization of the Th-Th bonds. Instead, visualization has relied on purely quantum-
mechanical (QM) calculations, 3°73% which, when describing elements in an appreciable
relativistic regime, can be open to theoretical debate and dramatically differing interpre-
tations. 307%2 As a physical observable, the total electron density, which corresponds to
the square of the many-electron wavefunction, offers a direct and unambiguous connection
between experiment and quantum theory, providing a foundation for analyzing chemical
bonding. Since [1]*~ and [1]'~ each contain three Z = 90 elements in close proximity,
but the multicenter trithorium bonding involves only one or two delocalized electrons, ex-
tending HAR analysis to such complexes would establish the potential of this method in
exceedingly challenging scenarios, and hence demonstrate and encourage its applicability
to any molecular species.

The complexes [{Th (n® — CsHg) (13 — Cl),}, { K(DME),},] (1a) and

[K(DME),] [{Th (n® — CsHs) (u3 — Cl),},] (1b)-containing [1]*~ and [1]', respectively-
were prepared by reactions between | (n® CgHg) Th(Cl)o(THF), | and KCg in 1:4 and 1:1
ratios, respectively, in 95:5 benzene:THF solvent mixtures, Figure 6.1A. 32 After workup
and exposure to DME, these clusters are reproducibly isolated as dark blue microcrys-
talline powders. The characterization data (Figures S1-S60; Tables S1-S27) unequivocally
support the proposed formulations. The magnetism of 1a and 1b are discussed in detail
elsewhere, 32 but in particular, for 1a and 1b, characteristic inelastic scattering bands
corresponding to Th-Th vibrations are found in their Raman spectra at 73, 87, and 135
and 67, 92, and 137 cm ™!, 39732 and Robin-Day class III intervalence charge transfer bands
are evidenced at 16,252 and 16,181 cm ™! (T',, = 0.63 for both) in their UV-vis-NIR spec-
tra, respectively. 3132 EPR spectroscopy on 1b finds g values that are characteristic of
low-valent Th-Th bonding (g, = g, =~ 1.98; g, =~ 1.94), 332 and little variation of g
values over 5 K — 270 K confirms retention of S = 1/2 character over all experimentally
relevant temperatures.

Dark blue crystals of 1a and 1b were grown by diffusion of pentane into DME solutions at
—30°C. We collected Mo and Cu K « X-ray data sets for 1a and 1b-to rule out absorption
and anomalous dispersion effects-in routine temperature ranges (100 K — 155 K), then
centered HAR analysis on the Mo K « data sets (1aMo and 1bMo); details of the Cu
K o HAR data sets (1aCu and 1bCu) and regular independent atom model (TAM) data
sets (la and 1b) can be found in the supplemental information. A key advantage of
the HAR procedure is its experimentally based geometry. QM calculations are generally
based on optimized geometries, which depend on the theoretical method employed. In
contrast, HAR is based on an experimental geometry using spherical atomic form factors-
the TAM 329 which the procedure then improves by using calculated, nonspherical atomic
form factors. 843 Specifically, an IAM geometry is used in a QM single point energy
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calculation, and the resulting wavefunction is partitioned into non-spherical atom form
factors that feed into the next crystallographic refinement. This procedure is iterated to
convergence, generating a wavefunction and thus an electron density description from the
QM calculation at the final HAR geometry. The dynamic deformation density of the HAR
is the combination of crystallographic anisotropic displacement parameters and the static
QM deformation, which identifies the difference from purely spherical electron density
distributions. Therefore, the geometry resulting from the HAR procedure is based on
a combination of experiment and theory, and we found that employing an experimental
geometry was the dominant and essential property for arriving at an accurate theoretical
description.

95:5 Benzene: THF 95:5 Benzene:THF
ﬂ CI ol % DN E <= DME ﬂ CI cl %
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Figure 6.1: Synthesis and structures of 1a and 1b

(A) Synthesis of 1a and 1b.

(B) Trithorium core ([1]*) of 1a (HAR models, 1aMo) with key metrical data (A) ob-
tained at 100 K and displacement ellipsoids at 50%.

(C) Trithorium core ([1]'~, HAR models, 1bMo) of 1b with key metrical data (A) ob-
tained at 100 K and displacement ellipsoids at 50%.

Hydrogen atoms and {K(DME),}'" (n = 2(1a),4(1b)) are omitted for clarity. Solid
Th-Th bonds indicate three-center two-electron bonding; dashed Th-Th bonds indicate
three-center one-electron bonding.

The cluster cores of 1a ([1]*7) and 1b ([1]'7) are shown in Figures 6.1B and 6.1C, and they
exhibit Th-Th distances that are respectively similar to the analogous distances found in
[{Th (4 — CiHy) (13 — CD),}, { K(THF),},] % and

[K(2.2.2-cryptand) ] [{Th (n® — CsHs) (us — C1),},] ' The Th-Th distances in [1]'~ are
~ 0.08A longer than the Th-Th distances in [1]*7, consistent with their core one- and
two-electron natures.

Laplacian plots of the HAR- and purely QM-derived electron densities of the Ths-planes
in the cores of [1]>~ and [1]'~ are shown in Figures 6.2A, 6.2B, 6.2D, and 6.2E. The HAR
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and purely QM- derived QTAIM data are generally in good agreement across the whole
molecule, noting that small variations are to be expected for the slightly different ex-
perimental and computational geometries that modulate the electron densities and hence
bond critical point (BCP) properties. For [1]>~ and [1]'~, these topological analyses re-
veal three Th-Th BCPs, with associated bond paths (BPs) and central ring critical points
(RCPs), experimentally confirming the presence of Th-Th BCPs that had been compu-
tationally predicted, 3° subsequently questioned, 3" then reaffirmed when an extended
computational BCP search routine was employed. 33 For each HAR-/QM-derived pair of
plots, the agreement is remarkably good and, reflecting their analogous threecenter Th-Th
bonding, the topology of the electron density for both species is quite similar. Reassur-
ingly, the HAR-derived data confirm the previous finding from purely QM studies that the
BPs are more curved and centralized for the two-electron species than for the one-electron
species. 30733 For [1]'7, the area of significant valence shell charge accumulation in the
Ths center is marginally smaller than for [1]>7, consistent with their respective three-
center one-electron and three-center two-electron bonding motifs. Specifically, toward the
BCPs and, more generally, in the central regions of the trithorium rings, the Laplacians
of the total electron density become negative for [1]*~ and [1]'~. For [1]*~, this reaches
up to —0.06e/Bohr’, compared with —0.03e/Bohr” for [1]'~, indicating stronger Th-Th
bonding in the former than the latter.

The Th-Th BCPs in [1]>~ show stronger bonding features (p(r) = 2.06 x 107%¢/ Bohr
3, V2p(r) = —5.43 x 1073¢/ Bohr °) than in [1]'~ (p(r) = 1.33 x 10~2e/Bohr®, V?p(r) =
—0.35 x 1073¢/Bohr”), but both indicate relatively weak covalent bonding. This is
also reflected by the values at the central RCP for [1]>~(p(r) = 2.11 x 10~2e/Bohr®,
V2p(r) = —6.12 x 10~3¢/Bohr”) and [1]'~ (p(r) = 1.35 x 10~2¢/Bohr®, V2p(r) = —0.30 x
10~3¢/Bohr”). Importantly, the experimentally derived Th-Th bond topology data are in
good agreement with prior purely QM-derived metrics, 30733 whereas in contrast, previ-
ously computed and charge density multipole derived BCP agreements were poor, which
was attributed to deficiencies in the experimental diffraction data. '3 Integrating the total
electron density in a 1.0 Bohr sphere (0.52921&) positioned at the geometric center of the
Ths rings of [1]>~ and [1]'~ reveals electron densities of 0.087 and 0.055 e , respectively,
which is a 1.6 : 1 ratio that, factoring in experimental uncertainties, is approaching the
2:1 ratio expected for [1]*~ and [1]'~, respectively.

The topologies of the HAR-derived Thz-plane electron densities of [1]*~ and [1]'~ are
also fully consistent with their respective electron localizability index density (ELI-D)
plots (Figures 6.2C and 6.2F). Specifically, a significant concentration of relative electron
density is found in the middle of the Ths-planes, again with a weaker density in [1]'~
compared with [1]27. The ELI-D plots also reveal a lobe-like shape contribution from
each thorium atom pointing toward the central interaction density, with less accumulation
between the central region and these lobes. This highlights the overlap of the unique
thorium constructive contributions to the three-center bonding in each case.

The two- and three-dimensional dynamic electron deformation density of the HAR models
of [1]*~ and [1]'~ are shown in Figure 6.3. For both compounds, significant and systematic
positive deformation electron density is found in the center of each Ths-core, along with
clear contributions from all three thorium atoms. Qualitatively, the deformation densities
for [1]>~ and [1]'~ do not differ in their general shapes, but variation in the amount of
electron density between the rings is self-evident; one-electron [1]'~ exhibits less deforma-
tion density in the center of the Ths-core than two-electron [1]>~. This suggests different
electron occupation numbers but otherwise similar electronic orbital structures, providing
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Figure 6.2: Two-dimensional Laplacian (V?p(r)) and electron localizability index density
ELI-D, in a.u.) plots in the planes defined by the trithorium cores of [1)>~ and [1]'~
A) Experimental HAR Laplacian plot for [1]>~.

B) Computed QM Laplacian plot for [1]%~.

C) Computed ELI-D plot for [1]*~.

D) Experimental HAR Laplacian plot for [1]'~.

E) Computed QM Laplacian plot for [1]~.

(F) Computed ELI-D plot for [1]!~.

Each Laplacian contour represents an increment of 0.12 a.u., and hydrogen atoms are
omitted for clarity. Blue dots are covalent bond critical points. Black and red contours
represent valence shell depletion (positive Laplacian) and concentration (negative Lapla-
cian), respectively. Bond paths are depicted with black lines. Atom color key: thorium,
green; chloride, purple; and carbon, gray.
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experimental confirmation of previous purely QM electronic structure descriptions of both
systems. 3973342 Integrating the three-dimensional deformation density in a sphere at the
center of the Ths-core with a radius of 1.0 Bohr gave average positive deformation densi-
ties for [1]2~ and [1]'~ of 4.720 x 1072 and 0.701 x 10~2e/Bohr®, respectively, reflecting
the more spatially delocalized nature of the single electron in [1]'~ compared with the
pair in [1]?~ as demonstrated by the Laplacian plots and less curved BPs of the former
compared with the latter.

The experimental deformation densities of [1]>~ and [1]!~ are both in good agreement with
the presence of cooperative Thyo-bonding, in which the positive deformation densities in
the Ths-cores reflect the constructive overlap of three 6 d,2-type orbitals that combine to
give superatomic 1 S? and 1 S* magic numbers. 304244

An important measure of the effectiveness of the HAR refinements of [1]>~ and [1]'~ is the
resulting difference in residual electron density maps, *° Figure 6.4. If any contributions
in the Ths-cores are overestimated in the respective deformation densities, and there-
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Figure 6.3: Dynamic deformation densities (eA™*) for [1]>~ and [1]'~

(A) Two-dimensional deformation density plot of [1]?~.

(B) Three-dimensional deformation density plot of [1]*~.

(C) Two-dimensional deformation density plot of [1]*~.

(D) Three-dimensional deformation density plot of [1]'~.

Plots are rendered at the 0.05 e iso-level, and hydrogen atoms are omitted for clarity. Blue
and red colors indicate positive and negative deformation densities, respectively, relative
to the spherical model. Atom color key: thorium, green; chloride, purple; and carbon,

gray.

fore the HAR refinement models, significant negative residual densities would be found,
which would correspond to too much electron density being attributed to the region in
question. However, the residuals show mostly randomly distributed electron densities,
and not predominantly negative but rather still positive residual electron densities. This
effect is more pronounced for [1]>~ than for [1]'~, reflecting the greater contrast for two
versus one-electron. There are no insignificant, systematic residuals near the thorium
atoms; however, this is to be expected for heavy atom structural refinements, even after
absorption corrections and HAR. 2

Inspection of residual density maps usually gives a clear understanding of the shortcom-
ings in the IAM approach regarding bonding electron density and electron lone-pairs, and
in structures containing only light elements, this assumption has been shown to hold quite
closely. 2447 However, since the diffraction data of heavy elements are often contami-
nated with artifacts, e.g., absorption, anomalous dispersion, Fourier ripples, radiation
damage, and the Th-Th interaction density is small in comparison to the three Z = 90
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Figure 6.4: Difference residual electron density maps (eA=3) for [1]*~ and [1]'~

A) TAM residual for [1]*.

B) HAR residual for [1]?~.

C) |Fresidual (HAR)| — | Fresiqual (IAM)] difference residual for [1]2~.

D) TAM residual for [1]'~.

E) HAR residual for [1]'.

(F) | Fresidual (HAR) | — |Fresiquat (IAM) | difference residual for [1]'~.

Hydrogen atoms are omitted for clarity. Blue and red colors indicate positive and negative
electron densities, respectively. Atom color key: thorium, green; chloride, purple; and
carbon, gray.
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cores surrounding it, they show the expected effect only slightly. To provide a reliable
measure of agreement between the measured and modeled electron density after HAR,
we analyzed the difference between the residual electron density maps for the TAM and
HAR models (Figures 6.4C and 6.4F). The central region for two-electron [1]*~ clearly
shows a significant negative difference in residual density, indicating a modeling of elec-
tron density, which was not captured in the IAM. While its shape is not identical to the
deformation density, the general shape of the Ths interaction is clear. For one-electron
[1]'~, despite the difference in residual density map being an order of magnitude lower
than for [1]>~, we still observe a close match between the residual-density difference map
and the deformation density.

6.3 Conclusion

In summary, we have demonstrated that HAR can be applied to investigate even the
metal-metal bonding of heavy actinides, extending the reach of experimentally analyzing
electron density of aurophilic interactions (Z = 79) to thorium (Z = 90). Furthermore,
by investigating [1]>~ and [1]'~ with HAR, we have shown that it is possible to unravel
the electronic structure of polymetallic complexes that are, by definition, exceedingly
challenging to refine due to the close, and highly asymmetrically disposed, proximity of
so many core and valence electrons. Through an interleaved combination of Laplacian
electron density, ELI-D, two- and three-dimensional deformations, and residual density
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maps, this work has provided an internally consistent set of topologies of electron densi-
ties, experimentally confirming and visualizing the Th-Th bonding in [1]>~ and [1]'~. The
HAR analysis of [1]>~ and [1]'~ validates prior descriptions of their bonding by purely
quantum-chemical calculations, mutually confirming and benchmarking the effectiveness
of QM and HAR approaches. HAR analysis can be applied to routine X-ray diffraction
data sets rather than requiring specialist high-quality data that need frequently inaccessi-
ble high crystal quality or access to synchrotron facilities, which can be difficult to secure
with air-sensitive and radioactive compounds. Thus, we anticipate that by demonstrating
visualization and quantification of the chemical bonding in two extreme heavy-atom test
cases, this advance will encourage the use of HAR to become as powerful and routine
as regular X-ray crystal structure determinations, benefiting the chemical and materials
sciences.
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Supplementary Materials and Methods

General Experimental Details

All manipulations were carried out using Schlenk techniques, or an MBraun UniLab glovebox, under
an atmosphere of dry dinitrogen or argon. Glassware was dried by overnight storage in a 150 °C oven
followed by flame-drying under vacuum (1 x 10~ mbar). Solvents were dried by passage though
activated alumina towers and degassed prior to use. All solvents were stored over potassium mirrors
except for DME and THF, which were stored over activated 4 A sieves. Deuterated solvents were
distilled from potassium, degassed by three freeze-pump-thaw cycles and stored under a dinitrogen
atmosphere. Glassware was silylated prior to use. The compounds ThCl4(THF)35[S1], MCs (M =K,
Rb, Cs) [S2], CsHsK> [S3], [Th(n®-CsHs)] [S4], and [Th(n3-CsHg)(Cl)(THF)2] [S5] were prepared
by the modified procedures described below. All other reagents were purchased and used as received.

Single crystals were examined on a Rigaku XtalLAB Synergy-S diffractometer, equipped with a
HyPix 6000HE photon-counting pixel array detector with mirror-monochromated Mo Ka (A =
0.71073 A) or Cu Ko radiation (A= 1.54184 A). For the regular IAM data sets of 1a and 1b, intensities
were integrated from a sphere of data recorded on narrow (0.5 or 1.0°) frames by ® rotation. Cell
parameters were refined from the observed positions of all strong reflections in each data set.
Gaussian grid face-indexed absorption corrections with a beam profile correction were applied. The
structures were solved by dual methods using SHELXT [S6]. All non-hydrogen atoms were refined
by full-matrix least-squares on all unique F? values, with anisotropic displacement parameters, with
exceptions noted in the respective cif files. Except where noted, hydrogen atoms were refined with
constrained geometries and riding thermal parameters; Uiso(H) was set at 1.2 (1.5 for methyl groups)
times Ueq of the parent atom. CrysAlisPro [S7] was used for control and integration, and SHELXL
[S8] and Olex2 [S9] were employed for structure refinement. ORTEP-3 [S10] and POV-Ray [S11]
were employed for molecular graphics. Details of the HAR refinements of 1a and 1b are given later.

'H and *C{'H} NMR spectra were recorded on a Bruker 400 spectrometer operating at 400 and 101
MHz, respectively or on a JEOL JNM-ECZ 400 MHz spectrometer operating at 399.78 and 100.52
MHz, respectively; chemical shifts are quoted in ppm and are relative to tetramethylsilane ('"H and
13C). Samples were prepared in the glovebox and placed in J. Young PTFE 5mm screw-topped
borosilicate NMR tubes.

FTIR spectra were recorded on a Bruker Alpha spectrometer with a Pt-ATR module in a glovebox.

Raman spectra were recorded on a Horiba XploRA Plus Raman microscope using a 785 nm laser
with a power of 1.5 mW. The number of scans and acquisition time were varied for each complex to
inhibit sample decomposition. The power was adjusted using a power filter for each complex to
inhibit sample decomposition.

UV-vis-NIR spectra were recorded on a Perkin Elmer Lambda 1050 spectrometer where data were
collected in 1cm path length cuvettes and were run versus the appropriate reference solvent.

Continuous-wave (c.w.) EPR spectra were measured using an X-band (9.4 GHz) Bruker EMX Plus
spectrometer under 100 kHz magnetic field modulation and 2 G modulation amplitude at 293-5 K.
Powdered samples were loaded into 3.9 mm (OD) quartz tubes in a glovebox under dinitrogen, and
the tubes were flame sealed under vacuum using a MAPP-oxygen torch prior to experiments. Field
corrections were applied to the raw data using Bruker strong pitch (g =2.0028) as a reference. Spectra
were simulated using the Easyspin 6.0 Software package [S12].

Variable-temperature magnetic moment data were recorded with various applied direct current (DC)

external fields on a Quantum Design MPMS3 superconducting quantum interference device
magnetometer using doubly recrystallized powdered samples. Measurements were performed in dc
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scan mode using 40 mm scan length and 6 s scan time. Samples were carefully checked for purity
and data reproducibility between several independently prepared batches for each compound
examined where great care was taken to ensure accurate weighing of materials. Samples were crushed
with a mortar and pestle under an argon atmosphere and immobilized in an eicosane matrix within a
borosilicate glass NMR tube to prevent sample reorientation during measurements. The tube was
flame-sealed under dynamic vacuum (1 x 10~ mbar) to a length of approximately 3 cm and mounted
in the center of a drinking straw, with the straw fixed to the end of an MPMS3 sample rod. Care was
taken to ensure complete thermalization of the sample before each data point was measured by
employing delays at each temperature point as well as cooling rate (2.5 K/min from 300 to 100 K; 1
K/min from 100 to 50 K). The sample was held for 30 minutes before isothermal magnetization
measurements to account for slow thermal equilibration of the sample. Diamagnetic corrections were
applied using tabulated Pascal constants [S13] and measurements were corrected for the effect of the
blank sample holders (flame sealed Wilmad NMR tube and straw) and eicosane matrix. Isothermal
magnetization measurements were conducted on calibrated blanks (sealed NMR tubes containing
varying masses of eicosane, including no eicosane) to determine the eicosane contribution, which is
defined per mg of eicosane used, in addition to the contribution from the NMR tube/straw, which is
kept approximately constant from sample to sample. All samples were measured without the use of
eicosane to reduce the diamagnetic contribution to the measurement [S14], reduce the likelihood of
sample thermal decomposition when the eicosane is melted prior to sealing, and to remove an
additional weighing error invoked when adding eicosane to the sample. However, for solely 1a,
magnetometric data were collected without eicosane and with eicosane (la-eico), to confirm
agreement within 6.45%, which is approximately within the measurement error of the instrument.
The field was corrected for the remnant field of the superconducting magnet using a Pd reference
sample under the same measurement conditions.

Elemental microanalyses were carried out by Mr Martin Jennings and Mrs Anne Davies at the Micro
Analytical Laboratory, Department of Chemistry, University of Manchester.

Modified Synthesis of KCs

A 250 mL round-bottomed Schlenk flask was charged with reagent grade (> 99.9%) graphite (5.65
g, 470.4 mmol) and dried under dynamic vacuum (1 x 10~ mbar) at 100 °C for four hours. In an
argon-filled glovebox, freshly cut potassium metal (2.299 g, 58.8 mmol) is added. The mixture was
then heated under an argon atmosphere with a blowtorch whilst agitating causing the potassium metal
to melt and intercalation to occur. Heating was continued until the mixture had completely changed

colour from black to bronze, ~3 hours. Once the reaction was complete, it was allowed to cool to
room temperature. Yield: 7.87 g, 99% [S2, S15, S16].

Modified Synthesis of CsHsK

A 500 mL round-bottomed Schlenk flask was charged with freshly cut potassium metal (3.12 g, 80
mmol) and suspended in THF (200 mL). At room temperature, freshly distilled 1,3,5,7-
cyclooctatetraene (4.16 g, 40 mmol) was added slowly resulting in the gradual formation of a dark-
brown solution. The mixture was stirred for 12 hours before being filtered. Volatiles were removed
in vacuo to yield a pale-brown, highly pyrophoric solid. Yield: 6.80 g, 93%.'H NMR (CsDs/THF,
298 K): 8 6.47 (s, 8H, CsHg) ppm. BC{'H} NMR (CsDs/THF, 298 K): & 90.61 (s, CsHs) ppm. FTIR
(ATR) v/em': 2987 (s), 2903 (w), 2869 (m), 1457 (w), 1425 (m), 1033 (s), 918 (w), 879 (s), 762 (W),
729 (w), 703 (s), 679 (m), 668 (s), 658 (s) [S14, S17].

Modified Synthesis of ThCl«(THF);.5

A 250 mL Young’s ampoule was charged with ThCL(DME), (22.047 g, 39.80 mmol)' and the solid
dissolved in THF (~150 mL). Note - the volume of THF used is critical for success of the reaction: it
must be a large excess. The solution was heated at 60 °C for 24 hours, then cooled to room
temperature and all volatiles were removed in vacuo. Reaction progress was monitored by 'H NMR
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spectroscopy of the solid, which is partially soluble in CsDs. The solid is initially a mixture of
ThCL(DME), and ThCl(THF);s. Dissolution of the solid and heating in THF was repeated until the
NMR spectrum of the pumped-down solid showed that all DME was removed. This usually requires
3-4 cycles. Once all DME was removed, the pale white solid was washed with hexane (2 x 30 mL),
and dried in vacuo to give ThCL(THF);;as a white powder. Yield: 24.76 g, 99.4%. "H NMR (C¢Des,
298 K): 8 4.21 (s, 4H, -CH>0), 1.39 (s, 4H, -CH>CH,0) ppm. *C{'H} NMR (C¢Ds, 298 K):  72.61
(s, -CHa), 25.48 (s, -CHz) ppm. FTIR (ATR) v/em™: 2960 (m), 2896 (m), 1465 (m), 1450 (s), 1348
(s), 1302 (w), 1252 (m), 1192 (w), 1071 (w), 1039 (m), 998 (s), 956 (m), 913 (s), 844 (W), 821 (s),
675 (s), 573 (m). Where applicable, this data matches that reported in the literature [S1, S14, S17].

Modified Synthesis of [Th(n?-CsHs),]

A 500 mL Young’s ampoule equipped with a PTFE stirrer bar was charged with ThCl4(THF)3.5 (7.675
g, 12.25 mmol) and CsHsK> (4.47 g, 24.51 mmol). The mixture was cooled to —78 °C, then THF (100
mL) was added, and the suspension was allowed to warm slowly to room temperature. The resultant
yellow reaction mixture was stirred for 48 hours before solvent was removed in vacuo to obtain a
bright yellow powder (9.11 g). Using a 500 mL Schlenk flask containing toluene (100 mL), [Th(n?-
CsHs)2] was extracted as a bright yellow microcrystalline powder via Soxhlet extraction for 5 days at
120 °C. Yield: 3.607 g, 67%. '"H NMR (Ds-THF, 298 K): & 6.58 (s, 16H, CsHs) ppm. *C{'H} (Ds-
THF, 298 K): 6 108.06 (s, CsHs) ppm. FTIR (ATR) v/em™': 2961 (w), 1317 (w), 1261 (s), 1088 (w),
1025 (m), 964 (w), 897 (m), 856 (w), 801 (s), 743 (m), 696 (s) [S4, S14, S17].

Modified Synthesis of [Th(1*-CsHzs)(Cl)2:(THF);]

A 500 mL Schlenk flask equipped with a PTFE stirrer bar was charged with ThCl4(THF)35 (5.06 g,
8.08 mmol) and [Th(n8-CsHs)2] (3.56 g, 8.08 mmol). THF (100 mL) was added at room temperature
with stirring to form a yellow suspension, which was refluxed at 100 °C for four days. The resulting
golden suspension was filtered hot through a Celite-packed coarse porosity frit, and the solvent
removed in vacuo from the resulting filtrate to yield 1 as an off-white solid which was used without
further purification. Yield: 8.36 g, 94%. '"H NMR (Ds-THF, 298 K): § 6.63 (s, 8H, CsHs), 3.53 (s, 8H,
-CH>), 1.68 (s, 8H, -CH,) ppm. *C{'H} (Ds-THF, 298 K): & 102.59 (s, CsHs), 68.39 (s, -CH>), 26.53
(s, -CHz) ppm. FTIR (ATR) v/em™: 2962 (s), 2900 (w), 1468 (w), 1455 (w) 1343 (w) 1209 (s), 1089
(m), 1008 (s), 904 (m), 852 (m), 797 (s), 717 (s), 669 (m) [S5, S14, S17].

Synthesis of [{Th(n®-CsHs)(u3-Cl)2}3{K(DME)3}] (1a)

A Young’s ampoule equipped with a PTFE stirrer bar was charged with a solid mixture of [Th(n?-
CsHg)(CI)2(THF)2] (200 mg, 0.36 mmol) and KCg (194 mg, 1.44 mmol). At room temperature, a 95:5
combination of benzene:THF (20 mL) was added, and the resultant suspension was stirred for three
days, during which time a dark blue solid precipitated. Volatiles were removed in vacuo and soluble
residues were extracted into DME (~10 mL) to obtain a dark blue solution. Removal of volatiles in
vacuo yielded 1a as a dark blue powder. Yield: 0.046 g, 23% (by Th content). Single crystals of 1a
suitable for SC-XRD were obtained by slow diffusion of pentane into a saturated DME solution at
—30 °C. Compounds 1a is insoluble in aliphatic and arene solvents and sparingly soluble with limited
stability in Dg-THF. Anal. Calc. for C40HesClsK2OsThs: C, 28.94; H, 3.89. Found: C, 28.68; H, 3.58.
"H NMR (Ds-THF, 298 K): 5.77 (s, -CsHz, 24H) 3.43 (s, -CH,0), 3.27 (s, -CH3) ppm. 3C{'H} (Ds-
THF, 298 K): 89.4 (s, CsHs), 72.82 (s, -CH>0), 57.97 (s, -CH3) ppm. The 'H and *C{'H} signals for
the Th-bound CsHs™ were assigned by comparison to a degraded sample of 1a.!” ATR-IR v/em™:
3017 (w), 2919 (w), 2879 (w), 2810 (w), 1833 (w), 1745 (w), 1454 (w), 1366 (w), 1252 (w), 1183
(w), 1080 (m), 1020 (m), 892 (m), 848 (m), 793 (w), 744 (w), 690 (s), 493 (w), 454 (w). Raman
v/em™ (785 nm): 51 (w), 73 (s), 87 (s), 135 (m), 200 (m), 298 (w), 330 (w), 568 (w), 742 (w), 797
(w), 1094 (w), 1365 (m), 2396 (w), 2761 (w). UV-Vis-NIR (DME): Amax (vVem™; &/M~lem™) = 473
(21137; 568), 545 (18335; 586), 615 (16252; 1325), 1386 (7215; 15) nm.



Synthesis of [K(DME)J[{Th(n®-CsHs)(us-Cl)2}3] (1b)

A Young’s ampoule equipped with a PTFE stirrer bar was charged with a solid mixture of [Th(n?-
CsHg)(CI)2(THF)2] (200 mg, 0.36 mmol) and KCs (49 mg, 0.36 mmol). At room temperature, a 95:5
combination of benzene:THF (20 mL) was added, and the resultant suspension was stirred for three
days, during which time a dark blue solid precipitated. Volatiles were removed in vacuo and soluble
residues were extracted into DME (~10 mL) to obtain a dark blue solution. Removal of volatiles in
vacuo yielded 1b as a dark blue powder. Yield: 0.02 g, 10.2% (by Th content). Single crystals of 1b
suitable for SC-XRD were obtained by slow diffusion of pentane into a saturated DME solution at
=30 °C. Compound 1b is completely insoluble in aliphatic and arene solvents and sparingly soluble
with limited stability in Ds-THF. Anal. Calc. for C40HesCleKOsThs: C, 29.64; H, 3.98. Found: C,
30.14; H, 3.76. '"H NMR (Ds-THF, 298 K): 3.43 (s, -CH-0, 8H), 3.27 (s, -CH3, 12H) ppm. *C{'H}
(Ds-THF, 298 K): 72.9 (s, -CH>0), 59.1 (s, -CH3) ppm. The 'H and '*C{'H} signal for the Th-bound
CsHs™ is not observed, presumably due to the low valent nature of the thorium ions in 1b.'* ATR-IR
v/iem™: 3027 (w), 2923 (w), 2879 (w), 2810 (w), 1750 (w), 1632 (w), 1449 (w), 1361 (w), 1257(w),
1233 (w), 1188(m), 1075 (s), 1021 (m), 902 (m), 843 (m), 798 (m), 774 (w), 700 (s), 596 (w), 488
(w). Raman v/em™" (785 nm): 33 (m), 67 (s), 92 (s), 132 (m), 194 (m), 227 (m), 286 (w), 359 (w), 481
(W), 564 (W), 704 (w), 743 (w). UV-Vis-NIR (DME): Amax (vVem™; e/M~lem™) = 473 (21110; 900),
549 (18204; 1035), 618 (16181; 2316), 1176 (8501; 81), 1210 (8259; 121), 1374 (7278; 140), 1423
(7023; 145), 1469 (6806; 79), 1707 (5856; 810), 1737 (5756; 1022), 1797 (5562; 418), 1879 (5321;
195), 1956 (5112; 218) nm.

Hirshfeld Atom Refinement Details

Data processing was performed using CrysAlisPro [S7] analytical absorption corrections based on a
Gaussian integration over a multi-faceted crystal model and semi-empirical absorption corrections
were applied using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm.
Four data sets were collected as follows: 1a ([1]*), Cu Ka, 1aCu and Mo Ko, 1aMo; 1b ([1]7), Cu
Ko, 1bCu and Mo Ka, 1bMo. Discussion focusses on the 1aMo and 1bMo data sets.

Crystallographic modelling was performed using the Olex2 software package [S2]. The initial
structure solution was found using ShelXT and olex2.refine was used as the refinement engine [S6,
S9]. For the initial independent-atom model, which represents the starting point for the iterative,
quantum crystallographic Hirshfeld-Atom-Refinement, all non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions were calculated geometrically and refined using a riding
model. For the 1bMo and 1bCu data sets, two models were created. One model includes the fully
modelled chelated potassium cationic moieties, to describe the presence of the cation and fully
showcase the severe disorder. The second model masked the potassium cation components using the
Olex2 solvent masking routine following the PLATON BYPASS algorithm [S18]. The solvent mask
was used to calculate the accumulated residual density, e.g., after a solvent molecule, or in this case,
the cation, removed from the model, to take into account the measured intensities instead of the
calculated ones for this region of the model. Using this procedure, the model was checked to ensure
the disordered part of the unit cell did not negatively affect the region of interest within the structure.
Specifically, for the HAR procedure, the electron localizability maps in Olex2 were examined. The
second model was therefore chosen as the starting point for the iterative Hirshfeld-Atom-Refinement
procedure because the resulting quality indicator improves by applying the solvent mask, indicating
a better basis for focussing on the anionic part of the structure. For the 1aMo and 1aCu data sets, no
disorder is present in the chelated cations and therefore the full structure model for the HAR procedure
was used.

As described above, the masked IAMs for [1]" and full IAMs for [1]>~ provided the starting
geometries for the iterative Hirshfeld-Atom-Refinement procedure. For the same reasons stated
above, the possible disorder positions of the cyclooctatetraenyl (COT) ligand were not modelled.



Differences in deformation density when masking the cation and modelling the partially disordered
COT ligand in only one position were checked with no significant differences found.

For the HAR procedure, NoSpherA2 [S19] was used as the interface to the quantum chemical
software package ORCA (V5) [S20]. At the start, all hydrogen atom positions were set to distances
from neutron experiments [S21], since they are close or even similar to the distances freely refined
after X-ray HAR [S22]. This geometry was taken for a single-point calculation in ORCA using the
SARC-DKH?2 [S23, S24] basis set for Th, and the def2-TZVPP [S25] was used for all other atoms
(C, H, K, Cl) in [1]>. In [1]""def2-TZVPPD was used for all atoms except Th since the calculation
was performed on the [1]'~ anion only. For [1]*~ including its counterions, the wavefunction was
calculated using a charge of 0 and a spin-multiplicity of 1, in agreement with previous studies on [1]*
. For [1]', the wavefunction was calculated using a charge of —1 and a multiplicity of 2. For all data
sets, the zeroth-order relativistic approximation (ZORA) on the all-electron basis sets was used to
account for relativistic effects. NoSpherA2 [S19] was used to calculate positionally specific, non-
spherical atomic form factors. These were then used in the conventional least-squares refinement by
olex2.refine, and the geometry, anisotropic displacement parameters were updated using these form
factors. The new geometry was then used again in the next single-point calculation. This procedure
was continued until convergence was reached.

The usual strong residual electron density near the thorium atoms was partially modelled by a Gram-
Charlier expansion of third order of the anisotropic displacement parameters. The output was checked
to ensure physically sensible results by ensuring the resulting integrated negative probability
distribution function stayed below 1%.

Topological analyses were obtained using MultiWFN [S26] on the geometries stated above with the
wavefunction in .gbw format in its correspondence. Laplacian maps were obtained using a 500 x 500
grid in the plane defined by the three thorium atoms. The following settings were changed from the
standard settings in MultiWFN: for atomic positions, steepest gradient search was used instead of the
Newton algorithm; the stepsize was reduced to 0.2; the number of points was set to 480. Bader charges
were obtained on a 0.10 Bohr step size onto the full density cube. Setting three was chosen with
approximate refinement of basin boundaries within MultiWFN.

General DFT Calculation Details

DFT calculations on [{Th(n®-CsHg)(u3-Cl)2}3{K(THF)2}2]» ([1]K2) and the [1]'~ component of 1b
were reported previously [S14, S17]. Geometry optimization of 1a was performed with ORCA 6.0
[S20]. Relativistic effects were treated using the zeroth-order regular approximation (ZORA) [S27].
The PBEO hybrid exchange-correlation functional was used with Grimme’s D3 dispersion with
Becke-Johnson damping parameters (D3-BJ) [S28-S31]. The SARC-TZVPP basis set was used for
Th [S32], and def2-TZVPP for H, C, N, O and CI [S25]; the fitting basis SARC/J was employed to
speed up the calculation of integrals using the RIJCOSX approximation [S24, S33], and the
NOTRAH and TightSCF convergence settings were used. Harmonic vibrational frequency analyses
confirmed the absence of imaginary frequencies and hence the geometry optimized structure of 1a to
be the true local true minimum geometry. Foster-Boys and Pipek-Mezey localization methods were
also conducted with ORCA [S20].

The domain-based localized pair natural orbital variant of CCSD (DLPNO-CCSD) was employed to
obtain the T; diagnostic value for 1a, as implemented in ORCA using the following settings [S34,
S35]: SARC-TZVP basis set for Th, def2-SVP for ligand atoms with NormalPNO thresholds and the
2nd order Douglas-Kroll-Hess Hamiltonian [S36, S37]. The fitting basis sets for RIJCOSX were
generated using the AutoAux function. The calculated value for 1a of T; was 0.0090, justifying the
use of single-determinantal DFT approach.



The UV-Vis-NIR spectrum of 1a was calculated using ORCA 6.0.0 by employing time-dependent
density functional theory (TD-DFT) to calculate 30 excited states. Multiple exchange-correlation
functionals were tested (PBEO, CAM-B3LYP, v-BP97X, M06-L and M06-2X); the best match with

experiment was obtained with ©v-BP97X.

The Raman spectrum of 1a was calculated with Gaussian 16 [S38], revision C.01, as described
previously [S17], that is using the small Stuttgart-Dresden effective core potential (ECP) [S39] and
associated ECP basis set for Th [S40], cc-pVTZ for C, O, and Cl, cc-pVDZ for H [S41], and 6-311G*
for K [S42], together with D3-BJ dispersion corrections. The geometry was reoptimized and the
ultrafine integration grid was used. The RMSD between the ORCA and Gaussian geometries is 0.027
A, and the Th-Th bond lengths are 4.014 and 4.017 A, respectively. The Gaussian-reoptimized
geometry was used only for the Raman and IR spectra calculations. The same settings (functional,
basis set, ECP) were used when the Gaussian 16 single point calculations were needed (calculations
with NBO7 [S43]). In all calculations other than the Raman spectra, the geometry from ORCA was
used.

Wavefunction analyses (electron localization function (ELF), bond orders, multicenter indices) were
carried out with MultiWwFN 3.8 [S26] using molden input files from ORCA calculations (generated
with the orca_2molden tool). QTAIM topology analysis was performed using AIMALII (version 19.02)
[S44].

Adaptive natural density partitioning (AdNDP) [S45] and electron density of delocalized bonds [S46]

(EDDB) analyses were performed as described in our recent publication using Gaussian 16 and NBO7
single point calculations [S14].

Supplementary Figures
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Supplementary Figure S1. Molecular structure of 1a (IAM data) at 100 K with selected atom
labels. Displacement ellipsoids are set at 50% and hydrogen atoms and disorder components are
omitted for clarity.



Supplementary Figure S2. Molecular structure of 1b (IAM data) at 100 K with selected atom
labels. Displacement ellipsoids are set at 30% and hydrogen atoms and disorder components are
omitted for clarity.

Supplementary Figure S3. Molecular structure of 1a (HAR data, 1aCu) at 155 K with selected
atom labels. Displacement ellipsoids are set at 50% and {K(DME),}'*, hydrogen atoms, and disorder
components are omitted for clarity.



Supplementary Figure S4. Molecular structure of 1b (HAR data, 1bCu) at 100 K with selected
atom labels. Displacement ellipsoids are set at 50% and {K(DME)4}'*, hydrogen atoms, and disorder
components are omitted for clarity.
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Supplementary Figure S5. "TH NMR (C¢Ds, 298 K) spectrum of CsHsK>. A= THF, a drop of which
was used to aid solubility; * = CsDs solvent.
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Supplementary Figure S6. BC{'H} NMR (C¢Ds solvent, 298 K) spectrum of CsHsK;. A = THF,
a drop of which was used to aid solubility; * = C¢Ds solvent.

L ¢

8 7 6 5 4 3 2 1 0 -1
f1(ppm)

Supplementary Figure S7. "TH NMR (C¢Ds, 298 K) spectrum of ThCl4(THF)3s. ¥ = coordinated
THF; # = silicone grease; ™ = CsDs solvent.
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Supplementary Figure S8. BC{'H} NMR (C¢D¢, 298 K) spectrum of ThCl(THF)s;s. ¥ =
coordinated THF; ~ = CgDs solvent.
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Supplementary Figure S9. "TH NMR (Ds-THF, 298 K) spectrum of [Th(n3-CsHs)]. The asterisk
(*) at ~5.5 ppm denotes a trace impurity of CsHg. » = Ds-THF solvent.
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Supplementary Figure S10. 3C{'H} NMR (Ds-THF, 298 K) spectrum of [Th(n3-CsHs):]. The

weak nature of the signal arises from the poor solubility of [Th(n®-CsHsg):] even in Ds-THF. » = Ds-
THF solvent.
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Supplementary Figure S11. "H NMR (Ds-THF, 298 K) spectrum of [Th(n?®-CsHs)(Cl)(THF),].
* = trace CgHg; ~ = Ds-THF solvent.

10



2(I)0 1é0 1é0 14I10 150 1(I)0 80 60 40 20
f1(ppm)
Supplementary Figure S12. C{'H} NMR (Ds-THF, 298 K) spectrum of [Th(n®-
CsHs)(Cl)2(THF),]. » = Ds-THF solvent.
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Supplementary Figure S13. Zoom-in of the *C{'"H} NMR (Ds-THF, 298 K) spectrum of [Th(n?-
CsHs)(Cl)2(THF),] to highlight the small resonances at 68.39 and 26.53 ppm attributed to Th-
coordinated THF. ~ = Ds-THF solvent.
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Supplementary Figure S14. 'H NMR (Ds-THF, 298 K) spectrum of 1a. * = coordinated DME; #

= silicone grease; * = Ds-THF.
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Supplementary Figure S15. 3C{'H} NMR (Ds-THF, 298 K) spectrum of 1a. * = coordinated
DME; ~ = Ds-THF.
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Supplementary Figure S16. '"H NMR (Ds-THF, 298 K) spectrum of 1b. Within the 'H spectrum

of 1b, which possesses an open-shell electronic configuration, several resonances can be visualized
in the region anticipated for the CgHg H-atoms (6.0-7.0 ppm). However, no carbon CsHg resonances
could be located for 1b in the *C{'H} NMR spectra (Supplementary Figure 15) so these resonances
are assigned as diamagnetic impurities in agreement to what we have previously observed when
measuring NMR spectroscopic data of open-shell trithorium nanoclusters [S14]. * = coordinated
DME,; # = silicone grease; * = Ds-THF; ~ = residual pentane.
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Supplementary Figure S17. *C{'H} NMR (Ds-THF, 298 K) spectrum of 1b. * = coordinated

DME; " = Dg-THF; # = silicone grease.
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Supplementary Figure S18. Comparative 'H NMR (D¢-benzene, 298 K) spectra of 1a (top,
black) and the same sample of 1a but intentionally degraded through excessive heating (bottom,
red). This excessive heating causes a colour change from dark blue to light brown. Upon degradation,
there is the loss of the assigned CsHgresonance for 1a at ~5.77 ppm and resonances related to [Th(n?-
CsHsg)2] and free 1,3,5,7-cyclooctatetraene at ~6.50 and ~5.70 ppm, respectively, which are common
decomposition products, could now be observed. Whilst the chemical shift value assigned to the CsHg
resonance for 1a (5.77 ppm) is very similar to that reported for free 1,3,5,7-cyclooctatetraene (5.72
ppm in Ds-THF), there is no accompanying resonance for free 1,3,5,7-cyclooctatetraene in the
BC{'H} (~133 ppm) as would be expected. The *C{'H} chemical shift value of 1a is very similar to
that of K2COT (89.4 for 1a vs. 90.6 for K2COT) and reflects the dianionic nature of the coordinated
CsHs moieties. Both of these resonances are absent when 1a decomposes. * = coordinated DME; * =
THF solvent; ~ = residual pentane; + = trace CsHs; # = silicone grease.
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Supplementary Figure S19. Comparative *C{'H} NMR (D¢-benzene, 298 K) spectra of 1a (top,
black) and the same sample of 1a but intentionally degraded through excessive heating (bottom,
red). This excessive heating causes a colour change from dark blue to light brown. Upon degradation,
there is the loss of the assigned CsHg resonance for 1a at ~89 ppm and the resonance related to [Th(n?-
CsHg)2] at ~101 ppm, which is a common decomposition product, could now be observed. * =
coordinated DME; ~ = THF solvent; ~ = residual pentane; + = trace CsHs; # = silicone grease.
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Supplementary Figure S20. ATR-IR spectrum of CsHsKo.
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Supplementary Figure S21. ATR-IR spectrum of ThCly(THF)3s.
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Supplementary Figure S22.

100

3500 3000 2500 2000 1500 1000 500
Energy (cm™)
ATR-IR spectrum of [Th(n?-CsHs)z].
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Supplementary Figure S23.
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ATR-IR spectrum of [Th(n®-CsHs)(CI)2(THF)a].
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Supplementary Figure S24. ATR-IR spectrum of 1a.
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Supplementary Figure S25. ATR-IR spectrum of 1b.
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Supplementary Figure S26. Raman spectrum of 1a using a 785 nm laser over the range 30-3000
cm!, The large broad feature at ~1400 cm™' results from photoluminescence of the glass microscope

slide used for the measurement [S47].
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Supplementary Figure S27. Raman spectrum of 1a using a 785 nm laser zoomed in over the
range 30-1000 cm™.
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Supplementary Figure S28. Raman spectrum of 1a using a 785 nm laser zoomed in over the
range 30-500 cm™.

20000

15000

10000 -

Intensity (a.u.)

5000

500 1000 1500 2000 2500 3000
Raman Frequency (cm™)

Supplementary Figure S29. Raman spectrum of 1b using a 785 nm laser over the range 30—
3000 cm™.
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Supplementary Figure S30. Raman spectrum of 1b using a 785 nm laser zoomed in over the
range 30-1000 cm™'.
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Supplementary Figure S31. Raman spectrum of 1b using a 785 nm laser zoomed in over the
range 30-500 cm'.
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Supplementary Figure S32. UV/Vis/NIR spectrum of 1a (0.121 mM in DME).
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Supplementary Figure S33. UV/Vis/NIR spectrum of 1b (0.108 mM in DME).
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Supplementary Figure S34. X-band (9.4 GHz) EPR spectra of a frozen solution (DME:Toluene
95:5, 3mM) of 1b. Measured at 6 (a), 10 (b), 20 (¢), 50 (d), 80 (e), and 100 (f) K (attenuation, 25 dB;
modulation frequency, 100 kHz; modulation amplitude, 2 G).
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Supplementary Figure S35. X-band (9.4 GHz) EPR spectra of a powdered sample of 1b.
Measured at 6 (a), 20 (b), 50 (c), 80 (d), 180 (e), 240 (f), and 270 (g) K, under modulation frequency
of 100 kHz, modulation amplitude of 2 G, and microwave attenuation of 25 dB.
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Supplementary Figure S36. Temperature dependence of the extracted g-values (gx = black; gy
= blue; g, = red) for a frozen solution (DME:Toluene. 95:5, 3mM) of 1b.
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Supplementary Figure S37. Temperature dependence of the extracted g-values (gx = black; gy
= blue; g, = red) for a powdered sample of 1b.
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Supplementary Figure S38. Magnetization vs Field data for 1a at 300 (top left: R?> = 0.9999;
average error = 5.32%), 250 (top right: R? = 0.9999; average error = 5.19%), 200 (middle left:
R?* = 0.9999; average error = 5.14%), 150 (middle right: R*> = 0.9999; average error = 5.13%),
100 (bottom left: R* =0.9999; average error =5.11%) and 50 (bottom right: R*> =0.9999; average
error =5.35%) K from 0-7 Tesla. The straight lines are linear regressions of the data points. Missing
field measurements are due to measurement error. Errors derive from the standard deviation of the
sampling distribution of the points used (sample population divided by the square root of the number
of samples) to compute the reported moment represented as a percentage.
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Supplementary Figure S39. Comparative Magnetization vs Field data for 1a (black: average
error = 5.32%) and 1a-eico (red: average error = 5.05%) at 300 K from 0-7 Tesla. The straight
lines are linear regressions of the data points. On a per molecule basis, yp = —1141.51 x 10° cm?
mol™" (R? = 0.9999) for 1a and —1217.58 x 10° ¢cm? mol™' (R?* = 0.9999) for 1a-eico; this is a
percentage difference of 6.45%. Errors derive from the standard deviation of the sampling distribution
of'the points used (sample population divided by the square root of the number of samples) to compute
the reported moment represented as a percentage.
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Supplementary Figure S40. Magnetization vs Field data for 1b at 300 (top left: R = 0.9999;
average error = 5.16%), 250 (top right: R? = 0.9999; average error = 5.23%), 200 (middle left:
R* = 0.9999; average error = 5.23%), 150 (middle right: R*> = 0.9999; average error = 5.30%),
100 (bottom left: R* =0.9999; average error = 5.32%) and 50 (bottom right: R*> =0.9999; average
error =5.16%) K from 0-7 Tesla. The straight lines are linear regressions of the data points. Missing
field measurements are due to measurement error. Errors derive from the standard deviation of the
sampling distribution of the points used (sample population divided by the square root of the number
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of samples) to compute the reported moment represented as a percentage.
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Supplementary Figure S41. Magnetization vs Field data for 1b (black: average error =5.16%)
at 300 K from 0-7 Tesla. The straight lines are linear regressions of the data points. On a per molecule
basis, yp=-1591.56 x 10° cm?® mol~! (R? = 0.9999) for 1b. Errors derive from the standard deviation
of the sampling distribution of the points used (sample population divided by the square root of the
number of samples) to compute the reported moment represented as a percentage.
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Supplementary Figure S42. Laplacian (V2p(r)) of the total electron density in the trithorium
plane of a) 1aCu ([1]*) and b) and 1bCu ([1]"") HAR-datasets. Red indicates negative Laplacian
values and, therefore, valence shell charge concentration, black indicates positive Laplacian values
and, therefore, valence shell charge depletion. The figure contains the bond paths (black lines) as well
as critical points in the total electron density with the following colour scheme: Blue for covalent

bond critical points, and orange for ring critical points.

Supplementary Figure S43. Electron Localizability Index (ELI-D in a.u.) in the cyclo-Ths plane
of a) 1aCu ([1]*) and b) 1bCu ([1]"). Each black line represents a 0.12 increment iso-level and a
balls-and-sticks representation of each anion. Hydrogen atoms were omitted for clarity. Atom colour
key: thorium, green; chloride, purple; carbon, grey.
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Supplementary Figure S44. HAR models of the 1aCu dataset 0 h dianion [1]*. (a) 2D and (b)
3D at the 0.02 eA 3 iso-level).

27



b

Supplementary Figure S45. HAR models of the 1bMo dataset of the monoanion [1]'~.(a) 2D and
(b) and 3D at the 0.01 eA iso-level.

Supplementary Figure S46. 2D static deformation density maps of the HAR models of [1]*~ and
[1]'~. (a) 1aMo, (b) 1aCu, (c) 1bMo, and 1bCu.
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Supplementary Figure S47.3D dynamic deformation density maps of the HAR models of [1]*~
and [1]'. (a) 1aMo, (b) 1aCu, (¢) 1bMo, (d) 1bCu. The models of [1]*~(a, b) are shown at the 0.09

eA iso-level, models of [1]~ (c, d) are shown at the 0.07 eA~ iso-level. Red shows negative, blue
positive deformation density.
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Supplementary Figure S48. Residual electron densities (eA) for the 1aCu dataset of [1]*. (a)
IAM and (b) HAR models as well as their differences (c, HAR-IAM).
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Supplementary Figure S49. Residual electron density (eA) for the 1bCu dataset of [1]'~. (a)
IAM and (b) HAR models as well as their differences (¢, HAR-IAM).
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Supplementary Figure S50. 3D residual electron density maps of the HAR models of [1]*~ and
[1]". (a) 1aMo, (b) 1aCu, (c) 1bMo, (d) 1bCu. All maps are shown at the 0.7 eA~ iso-level. Red
shows negative, blue positive deformation density.
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Supplementary Figure S51. Fractal dimension plots of the HAR models of [1]*>~ and [1]'. (a)
1aMo, (b) 1aCu (c), 1bMo, (d) 1bCu according to Meindl & Henn [S48].
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Supplementary Figure S52. The optimized geometry of 1a. Atom colour key: thorium, green;
chloride, violet; potassium, blue; oxygen, red; carbon, grey.
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Supplementary Figure S53. Selected portion of the Raman spectrum (blue line) of 1a with
DFT computed inelastic scattering bands (red sticks).
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Supplementary Figure S54. Selected Raman modes of 1a including Ths vibrations. The DME
ligands are omitted for clarity.
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Supplementary Figure S55. The experimental UV-vis-NIR spectrum of 1a (blue line) and
calculated electronic transition energies (red sticks) calculated with the ®-BP97X functional.
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Supplementary Figure S56. Selected acceptor natural transition orbitals (NTOs) of 1a obtained
with the ®-BP97X functional. Plotted at an isovalue of 0.05 a.u. The {K(DME),}'* components are
omitted for clarity.

Supplementary Figure S57. HOMO (389, —2.93 eV) of 1a. Plotted with an isovalue of 0.05 a.u.
with the {K(DME),}'* components omitted for clarity.
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Supplementary Figure S58. ELF plot in the xy-plane (z = 0) of 1a.
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Supplementary Figure S59. ANDP and EDDBF plots of 1a. Left: The 3-center Ths-fragment MO
from AANDP (ON = 1.77) of 1a plotted at an isovalue of 0.05 a.u. Right: EDDBF analysis of the Ths-
fragment of 1a plotted at an isovalue of 0.003 a.u. The {K(DME),}!* components are omitted for
clarity.

Supplementary Figure S60. QTAIM molecular graph of the bond paths in the [1]>~ component
of 1a. Bond critical points are shown as light blue spheres. The {K(DME)} " components are omitted
for clarity.
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Supplementary Tables

Supplementary Table S1. IAM crystallographic details for 1a and 1b.

la 1b
Formula Ca0He4CleK20sThs C10He4Cl6KOsThs
Fw, g mol™! 1659.93 1620.83
Cryst size, mm 0.18 x 0.14 x 0.05 0.18 x0.13 x 0.11
Crystal system monoclinic Triclinic
Space group P2i/c P-1
Collection Temperature (K) 100(2) 100(2)
a, (A) 11.5069(3) 12.1079(2)
b, (A) 36.7998(7) 13.7978(2)
c, (A) 13.2334(2) 17.5944(3)
a, (°) 90 107.8740(10)
B, () 107.501(2) 103.0260(10)
¥, (°) 90 103.109(2)
v, (A% 5344.3(2) 2582.92(8)
Z 4 2
Peale g cmM-> 2.063 2.084
u, mm™! 8.826 9.050
Reflections measured 54053 52795
Unique reflections, Rint 13728, 0.0319 15546, 0.0309
Reflections with F? > 26(F?) 12177 11892
Transmission range 0.299-0.667 0.304-0.436
R, R (F* > 25 (F?)) 0.0232, 0.0395 0.0368, 0.0813
R, Rw* (all data) 0.0307, 0.0408 0.0572, 0.0876
S 1.025 1.019
Parameters, Restraints 613,456 773, 1414
Max.,min. diff. map, e A3 0.863, -0.652 2.395,-1.338

@ Conventional R = X||Fo| — |Fel/Z|Fol; Rw = [EW(Fo* — FE)/EW(Fo?)*]V%; S = [Ew(Fo® — Fe?)*/no. data — no. params)]'/?
for all data.
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Supplementary Table S2. IAM and HAR crystallographic details for 1a and 1b.

Species la ([17%) 1b ([11Y)
Dataset name 1aMo 1aCu 1bMo 1bCu
Radiation Type Mo Kq CuKa Mo Kq CuKaq
Wavelength / A 0.71073 1.15184 0.71073 1.15184
Formula Ca0HesCl6K205Ths C40He405Cl6K>Ths Ca10HesClsKOsThs C40HesCl6KOsThs
Deate] g cm™ 2.063 2.047 2.083 2.068
/mm’! 8.867 30.904 9.086 31.241
Formula Weight 1659.975 1659.975 1620.877 1620.877
Colour dark blue dark blue dark blue dark blue
Shape block block block Block
Size/mm? 0.17 x 0.10 x 0.03 0.15 x 0.11 x 0.06 0.18 x 0.14 x 0.10 0.16 x 0.13 x 0.10
T/K 100.00(10) 155(8) 100.00(10) 100.00(10)
Crystal System monoclinic monoclinic triclinic monoclinic
Space Group P2i/c P2i/c P-1 P2i/e
alA 11.5069(3) 11.5296(2) 12.1118(3) 14.4599(1)
b/A 36.7998(7) 36.8339(4) 13.8012(3) 17.5637(2)
c/A 13.2334(3) 13.2693(2) 17.5969(3) 21.2152(2)
al’ 90 90 107.890(2) 90
bl 107.501(2) 107.126(2) 103.021(2) 104.911(1)
g/ 90 90 103.101(2) 90
V/A? 5344.392) 5385.34(15) 2584.66(11) 5206.58(9)
Z 4 4 2 4
z' 1 1 1 1
Ominl” 221 2.40 242 4.04
Onal” 31.00 77.68 30.51 77.54
Measured Refl. 53854 65585 52466 66918
Independent Refl. 13728 11303 14998 10946
Reflections with [>26(T) 12172 10590 11680 10022
Rint 0.0330 0.0490 0.0307 0.0661
IAM Indicators
Nr. Parameters - 571 - 569
Nr. Restraints - 96 - 142
Largest Peak - 2.0589 - 3.9047
Deepest Hole - -1.7382 - -1.3184
GooF - 0.9705 - 1.0346
wR: (all data) - 0.0857 - 0.1015
wR> - 0.0490 - 0.0993
R; (all data) - 0.0353 - 0.0432
R, - 0.0327 - 0.0396
IAM + Mask Indicators®
Nr. Parameters - - 298 298
Nr. Restraints - - 48 6
Largest Peak - - 2.2909 3.9488
Deepest Hole - - -1.7211 -1.4231
GooF - - 0.9558 1.0103
wR: (all data) - - 0.0857 0.1017
wR> - - 0.0821 0.1000
R; (all data) - - 0.0430 0.0421
Ri - - 0.0318 0.0393
HAR Indicators*
Nr. Parameters 1183 571 373 328
Nr. Restraints 852 0 96 6
Largest Peak 1.2795 2.0017 1.5606 3.2412
Deepest Hole -1.1964 -1.8210 -1.0312 -1.4500
GooF 1.0624 1.0381 0.9564 1.0147
wR: (all data) 0.0366 0.0795 0.0704 0.0994
wR> 0.0353 0.0780 0.0674 0.0977
R (all data) 0.0300 0.0330 0.0397 0.0412
R, 0.0225 0.0303 0.0282 0.0383

@ Conventional R = X||Fo| — |Fe||[/Z|Fo|; Rw = [EW(Fo? — F)2EW(Fe*)?]"2; GooF = [Ew(Fo> — F?)*/no. data — no.

params)]"/? for all data.

Datasets of 1bMo and 1bCu were measured on different single crystals of the same material showing polymorphs of 1b.
We tried to index without success the other unit cells in the respective other cases and tried the Platon ADDSYM analysis
on the triclinic dataset of 1bMo without any suggestions for missed symmetry.
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Supplementary Table S3. Selected experimental parameters for Raman spectroscopic
measurements of 1a and 1b.

Entry la 1b

A (nm) 785 785
Power (mW) 1.5 1.5
Acquisition time (s) 20 10
Accumulations 5 10
Grating (gr/mm) 600 600
Filter (%) 10 25

Slit (um) 100 100

Hole (um) 300 300

Supplementary Table S4. Selected UV/Vis/NIR experimental details and data for 1a and 1b.

Entry la 1b

Solvent DME DME
Molarity (mM) 0.121 0.108
Viax (cm ™) 16252 16181
Amax (nm) 615 618

gmax (M cm™") 1325 2316
Avi (cm™) 2282 2297
V12 (em™) 6127 6133
It 0.63 0.63

Supplementary Table S5. Extracted g-parameters for 1b from the simulation of X-band frozen
solution spectra recorded at 9.4 GHz and 6-100 K.

Temperature (K) Ox 8y 8z
6 1.9802 1.978 1.943
10 1.9802 1.978 1.943
20 1.9802 1.978 1.943
50 1.9801 1.978 1.9428
80 1.98 1.977 1.9423
100 1.9799 1.9769 1.9418

Supplementary Table S6. Extracted g-parameters for 1b from the simulation of X-band powder
spectra recorded at 9.4 GHz and 6-270 K.

Temperature (K) 8x 8y g

6 1.9801 1.976 1.944
20 1.9801 1.9757 1.944
50 1.9801 1.975 1.9438
80 1.98 1.975 1.943
180 1.9777 1.974 1.9402
240 1.9755 1.9724 1.9375
270 1.9749 1.972 1.9372
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Supplementary Table S7. Sample information for those used in SQUID magnetometry
measurements.

Entry 1a la-eico 1b
Chemical formula C40He4CleK20sThs  CaoHeaClsKoOsThs  CaoHeaClsKOsThs
Molecular mass (g 1659.83 1659.83 1620.86
mol™)

Sample mass (mg) 22.7 21.9 18.6
Eicosane mass (mg) 0 7.6 0

Supplementary Table S8. Selected data for the magnetic properties of 1a and 1b.

Entry la la-eico 1b

%o (300 K, whole molecule)® —1141.51E-06 —1217.58E-06 —1591.56E-06
R? value 0.9999 0.9999 0.9999
xp (300 K, 1/3 molecule) —380.50E-06 —405.86E-06 —530.52E-06
xp (300 K, per Th) —164.68E-06 —190.03E-06 —319.66E-06
Th Pascal’s constant —23.00E-6 —23.00E-06 —23.00E-06
Factor increase vs expected 7.160 8.262 13.898
Expected yp (whole molecule) —716.48E-06 —716.48E-06 —701.58E-06
xp per 1/3 molecule —238.83E-06 —215.11E-06 —233.86E-06
Expected yp of non-Th atoms —647.48E-06 —647.48E-06 —632.58E-06
¥ per 1/3 of non-Th atoms —215.83E.06 —215.83E-06 —210.86E-06
Superatom contribution (%) 37.23 41.15 55.92

o Increase vs expected (%) 59.32 69.94 126.85

A (yp(expected) — xp(Found) 425.03E-06 501.10E-06 889.98E-06

[al 5 is given in units of cm® mol™.

Supplementary Table S9. Comparison of the calculated modes [cm™] involving the Ths core in
[1]K>, [1], and 1a [S14, S17, S49].

Mode [1]K> (- 1a

bending modes <50 51.4/51.5 48.4,51.0
bending modes 70.8, 71.0 67.3/67.5 73.6,74.6
symmetric breathing mode 77.2 88.7 923
antisymmetric breathing mode 107.4 136.0 110.6, 115.5

Supplementary Table S10. Mulliken population analyses of the HOMO of 1a and selected acceptor
NTOs with strong oscillator strengths, in terms of the 6d, 5f and 7p-character (%) of MOs and Th
metal contributions.

HOMO NTO1 NTO2 NTO4 NTO7 NTO8 NTO9 NTO10 NTO16 NTO17
6d 68 26 25 8 19 25 16 13 10 11
5f 7 65 65 85 66 61 71 74 79 79
Tp 13 0 0 0 2 2 0 0 0 0
7s 1 0 0 0 1 1 1 1 1 1
Th 89 91 90 93 88 89 88 88 90 91

Supplementary Table S11. The Mulliken populations of KS HOMO of [1]K; and 1a, and SOMO
of [1]'-, given as percentages [S14, S17, S49].

[1]K2 [11'"- la

Th 6d 64 62 68
Th 5f 7 14 7
Th 7p 20 7 13
Th7s 1 3 1
Th total: 92 86 89

38



Supplementary Table S12. Selected properties at the critical points in the total electron density
within [1]*. Ellipt: Ellipticity; LOL: local orbital localization index. NA: BCP not found.*

DFT laMo-HAR laCu-HAR
Type p(r) V?p(r)  Ellipt. LOL p(r) V?p(r)  Ellipt. LOL p(r) V?p(r)  Ellipt. LOL

Thl  Th2 0.0224 -0.0090 0.8013 7.3868 0.0213 -0.0057 0.7404 3.7504 0.0210 -0.0052 0.7232 3.0575
Thl  Th3 0.0224 -0.0090 0.8027 8.1648 0.0213 -0.0058 0.7409 3.1179 0.0210 -0.0054 0.7313 3.1306
Th2  Th3 0.0224 -0.0090 0.8026 8.1643 0.0212 -0.0059 0.7538 5.1665 0.0208 -0.0056 0.7487 6.0622

Thl ClI 0.0407 0.0999  0.3234 0.0593 0.0433 0.1010  0.3365 0.0641 0.0410 0.0950  0.3323 0.0708
Thl CI2 0.0409 0.1005  0.3241 0.0592 0.0439 0.1019  0.3382 0.0714 0.0420 0.0971  0.3348 0.0729
Thl CI3 0.0409 0.1005  0.3241 0.0592 0.0417 0.0970  0.3328 0.0738 0.0438 0.1012  0.3391 0.0729
Thl CH4 0.0407 0.0999  0.3234 0.0593 0.0404 0.0942  0.3297 0.0715 0.0437 0.1011  0.3390 0.0629
Th2 CI2 0.0409 0.1005  0.3241 0.0592 0.0458 0.1059  0.3430 0.0719 0.0433 0.0998  0.3384 0.0678
Th2 CI3 0.0409 0.1005  0.3241 0.0592 0.0431 0.0999  0.3366 0.0659 0.0456 0.1047  0.3437 0.0723
Th2  CIS 0.0407 0.0999  0.3234 0.0593 0.0426 0.0986  0.3356 0.0667 0.0440 0.1015  0.3400 0.0664
Th2 Cl6 0.0407 0.0999  0.3234 0.0593 0.0437 0.1019  0.3376 0.0684 0.0434 0.0998  0.3388 0.0650
Th3  ClI 0.0409 0.1003  0.3240 0.0581 0.0454 0.1051  0.3422 0.0523 0.0427 0.0981  0.3372 0.0606
Th3 CH4 0.0409 0.1003  0.3240 0.0581 0.0427 0.0986  0.3363 0.0596 0.0450 0.1035 0.3424 0.0524
Th3  CI5 0.0409 0.1003  0.3240 0.0581 0.0438 0.1010  0.3391 0.0593 0.0441 0.1014  0.3403 0.0528
Th3  Cl6 0.0409 0.1003  0.3240 0.0581 0.0444 0.1029  0.3396 0.0533 0.0440 0.1008  0.3407 0.0592
K1 C13 0.0166 0.0721  0.1710 0.0106 0.0100 0.0378  0.1472 0.0055 0.0071 0.0269  0.1239 0.0111
K1 Cl4 0.0166 0.0719  0.1708 0.0105 0.0115 0.0433  0.1576 0.0086 0.0134 0.0505 0.1690 0.0174
K1 Cl5 0.0166 0.0719  0.1708 0.0105 0.0127 0.0480  0.1644 0.0090 0.0149 0.0560  0.1772 0.0278
K2 Cll1 0.0166 0.0719  0.1708 0.0105 0.0132 0.0498  0.1677 0.0181 0.0117 0.0441  0.1593 0.0071
K2 CI12 0.0166 0.0721  0.1710 0.0106 0.0069 0.0264  0.1223 0.0133 0.0102 0.0383  0.1488 0.0062
K2 Cloe 0.0166 0.0719  0.1708 0.0105 0.0148 0.0560  0.1769 0.0278 0.0128 0.0485  0.1654 0.0079
Thl Cl1 0.0450 0.1113  0.3268 9.1865 0.0435 0.1086  0.3238 46.3008 0.0420 0.1056  0.3190 12.2191
Thl C2 0.0450 0.1110  0.3272 9.5463 0.0447 0.1077  0.3319 6.2991 NA NA NA NA

Thl C3 0.0450 0.1110  0.3272 9.5476 NA NA NA NA 0.0437 0.1074  0.3264 5.9547
Thl C4 0.0450 0.1113  0.3268 9.1854 0.0423 0.1048  0.3224 16.8814 NA NA NA NA

Thl C5 0.0450 0.1113  0.3268 9.3102 NA NA NA NA 0.0429 0.1052  0.3248 6.5001
Thl Co 0.0449 0.1109  0.3270 9.6036 0.0445 0.1062  0.3332 6.3229 NA NA NA NA

Thl C7 0.0449 0.1109  0.3270 9.6041 0.0439 0.1075  0.3274 24.0879 0.0434 0.1062  0.3265 6.3889
Thl  C8 0.0450 0.1113  0.3268 9.3096 0.0446 0.1059  0.3342 6.1307 0.0423 0.1079  0.3174 88.6402
Th2 C9 0.0450 0.1113  0.3268 9.1860 0.0443 0.1089  0.3280 7.5762 NA NA NA NA

Th2 C10 0.0449 0.1109  0.3270 9.6039 0.0433 0.1058  0.3268 19.2756 0.0416 0.1052  0.3174 11.0289
Th2 Cl1 0.0449 0.1109  0.3270 9.6038 0.0427 0.1067  0.3219 14.2243 0.0408 0.1048 0.3132 65.0269

Th2 Cl2 0.0450 0.1113  0.3268 9.3099 NA NA NA NA 0.0421 0.1058 0.3195 28.4251
Th2 CI13 0.0450 0.1113  0.3268 9.3099 0.0443 0.1077  0.3297 12.6244 NA NA NA NA

Th2 Cl4 0.0450 0.1110  0.3272 9.5469 NA NA NA NA 0.0445 0.1099  0.3279 8.1090
Th2 CI15 0.0450 0.1110  0.3272 9.5469 0.0470 0.1093  0.3419 4.5219 0.0442 0.1116  0.3237 15.5403
Th2 Clé6 0.0450 0.1113  0.3268 9.1860 NA NA NA NA 0.0432 0.1088  0.3219 11.4247
Th3 Cl17 0.0450 0.1114  0.3269 9.2245 0.0431 0.1017  0.3313 5.9334 0.0418 0.1059 0.3173 32.5640
Th3  CI8 0.0450 0.1111  0.3271 9.5965 NA NA NA NA 0.0420 0.1040  0.3214 8.8276

Th3  CI19 0.0450 0.1111  0.3271 9.5965 0.0430 0.1032  0.3289 7.0129 0.0412 0.1049  0.3149 51.8982
Th3  C20 0.0450 0.1114  0.3269 9.2245 0.0426 0.1062  0.3220 27.4903 0.0427 0.1036  0.3258 5.6135
Th3  C21 0.0450 0.1114  0.3269 9.2244 0.0434 0.1052  0.3283 7.1294 NA NA NA NA

Th3  C22 0.0450 0.1111  0.3271 9.5965 0.0440 0.1054  0.3317 5.6971 0.0424 0.1049 0.3226 6.6823

Th3  C23 0.0450 0.1111  0.3271 9.5965 NA NA NA NA 0.0415 0.1068  0.3144 81.2237
Th3  C24 0.0450 0.1114  0.3269 9.2245 NA NA NA NA 0.0427 0.1057  0.3230 6.0418
Cl H1 0.2868 -1.0433 0.8869 0.0310 0.2645 -0.9620 0.8822 0.0418 0.2569 -0.9081 0.8822 0.0386
C2 H2 0.2879 -1.0526 0.8896 0.0296 0.2646 -0.9622 0.8819 0.0412 0.2767 -1.0599 0.8847 0.0369
C3 H3 0.2879 -1.0526 0.8896 0.0296 0.2649 -0.9644 0.8823 0.0410 0.2713 -1.0201 0.8845 0.0352
C4 H4 0.2868 -1.0433 0.8869 0.0310 0.2641 -0.9562 0.8804 0.0415 0.2522 -0.8736 0.8818 0.0376
Cs H5 0.2867 -1.0432 0.8869 0.0309 0.2646 -0.9646 0.8831 0.0416 0.3140 -1.3642 0.8835 0.0312
Cé H6 0.2879 -1.0525 0.8896 0.0295 0.2645 -0.9659 0.8836 0.0420 0.3095 -1.3270 0.8866 0.0351
Cc7 H7 0.2879 -1.0525 0.8896 0.0295 0.2649 -0.9692 0.8843 0.0415 0.2861 -1.1387 0.8861 0.0342
C8 H8 0.2867 -1.0432 0.8869 0.0309 0.2641 -0.9599 0.8819 0.0431 0.2750 -1.0464 0.8834 0.0340
Cc9 H9 0.2868 -1.0433 0.8869 0.0310 0.2646 -0.9596 0.8803 0.0410 0.2796 -1.0783 0.8809 0.0345

C10 HIO 0.2879 -1.0525 0.8896 0.0295 0.2647 -0.9656 0.8833 0.0414 0.2707 -1.0151 0.8845 0.0333
Cll  HI11 0.2879 -1.0525 0.8896 0.0295 0.2648 -0.9649 0.8828 0.0404 0.2834 -1.1131 0.8855 0.0350
Cl2 HI2 0.2867 -1.0432 0.8869 0.0309 0.2645 -0.9542 0.8785 0.0390 0.2836 -1.1071  0.8805 0.0349
Cl13  HI13 0.2867 -1.0432 0.8869 0.0309 0.2636 -0.9502 0.8789 0.0425 0.2915 -1.1736 0.8825 0.0325
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Cl4 HIl4 0.2879 -1.0526 0.8896 0.0296 0.2649 -0.9675 0.8837 0.0405 0.3163 -1.3869 0.8858 0.0320
Cl15 HIS5 0.2879 -1.0526 0.8896 0.0296 0.2644 -0.9629 0.8825 0.0423 0.3371 -1.5655 0.8841 0.0298
Cl6 HIl6 0.2868 -1.0433 0.8869 0.0310 0.2640 -0.9598 0.8823 0.0448 0.3160 -1.3790 0.8839 0.0332
C17 HI17 0.2867 -1.0432 0.8869 0.0310 0.2631 -0.9481 0.8791 0.0447 0.2859 -1.1313 0.8839 0.0362
C18 HI8 0.2879 -1.0525 0.8896 0.0295 0.2645 -0.9645 0.8832 0.0418 0.3106 -1.3382 0.8863 0.0320
C19 HI19 0.2879 -1.0525 0.8896 0.0295 0.2645 -0.9654 0.8835 0.0416 0.3052 -1.2906 0.8852 0.0342
C20 H20 0.2867 -1.0432 0.8869 0.0310 0.2645 -0.9591 0.8810 0.0408 0.2765 -1.0538 0.8812 0.0376
C21 H21 0.2867 -1.0432 0.8869 0.0310 0.2650 -0.9677 0.8831 0.0426 0.3028 -1.2680 0.8839 0.0343
C22  H22 0.2879 -1.0525 0.8896 0.0295 0.2649 -0.9629 0.8816 0.0393 0.3132 -1.3593 0.8860 0.0318
C23 H23 0.2879 -1.0525 0.8896 0.0295 0.2646 -0.9666 0.8838 0.0420 0.2869 -1.1392 0.8840 0.0331
C24  H24 0.2867 -1.0432  0.8869 0.0310 0.2645 -0.9623 0.8821 0.0419 0.2729 -1.0336 0.8854 0.0358
Cl C2 0.3035 -0.8411 0.7861 0.2457 0.3056 -0.8361 0.7806 0.2387 0.3029 -0.8221 0.7818 0.2349
C1 C8 0.3004 -0.8300 0.7884 0.2335 0.2974 -0.7933 0.7815 0.2360 0.3017 -0.8173 0.7817 0.2292
C2 C3 0.3009 -0.8318 0.7880 0.2332 0.3076 -0.8495 0.7814 0.2329 0.3022 -0.8198 0.7811 0.2294
C3 C4 0.3035 -0.8411 0.7861 0.2457 0.3071 -0.8459 0.7812 0.2359 0.3049 -0.8323 0.7802 0.2364
C4 C5 0.3004 -0.8300 0.7884 0.2335 0.3010 -0.8138 0.7821 0.2325 0.2990 -0.8030 0.7820 0.2287
C5 Co6 0.3035 -0.8412 0.7861 0.2456 0.2964 -0.7859 0.7803 0.2402 0.2901 -0.7517 0.7800 0.2303
Co6 C7 0.3010 -0.8325 0.7880 0.2332 0.2947 -0.7772 0.7803 0.2378 0.2907 -0.7578 0.7814 0.2290
C7 C8 0.3035 -0.8413 0.7861 0.2456 0.2924 -0.7642 0.7800 0.2413 0.3022 -0.8175 0.7798 0.2347
Cc9 Cl12 0.3004 -0.8300 0.7884 0.2335 0.3216 -0.9320 0.7820 0.2259 0.3049 -0.8357 0.7819 0.2278
C9 Cl4 0.3035 -0.8411 0.7861 0.2457 0.3126 -0.8765 0.7816 0.2363 0.3022 -0.8172 0.7797 0.2366
C10 Cl11 0.3010 -0.8325 0.7880 0.2332 0.3095 -0.8620 0.7826 0.2308 0.3064 -0.8446 0.7825 0.2233
C10 Ci13 0.3035 -0.8413 0.7861 0.2456 0.2964 -0.7861 0.7802 0.2398 0.3068 -0.8438 0.7813 0.2301
Cl1  Ci12 0.3035 -0.8413 0.7861 0.2456 0.3182 -0.9092 0.7813 0.2327 0.3043 -0.8300 0.7814 0.2311
C13 Cl6 0.3004 -0.8300 0.7884 0.2335 0.2970 -0.7899 0.7810 0.2410 0.3009 -0.8128 0.7819 0.2219
Cl4 CI15 0.3009 -0.8318 0.7880 0.2332 0.3031 -0.8227 0.7805 0.2377 0.2976 -0.7952 0.7805 0.2236
Cl15 Cle6 0.3035 -0.8411 0.7861 0.2457 0.2855 -0.7268 0.7789 0.2455 0.2997 -0.8042 0.7807 0.2299
C17 CI18 0.3035 -0.8409 0.7861 0.2457 0.2917 -0.7619 0.7808 0.2405 0.3002 -0.8077 0.7807 0.2345
Cl17 C24 0.3004 -0.8300 0.7884 0.2336 0.2902 -0.7542 0.7809 0.2389 0.2939 -0.7757 0.7815 0.2275
C18 C19 0.3010 -0.8321 0.7880 0.2333 0.2935 -0.7719 0.7809 0.2357 0.2965 -0.7884 0.7806 0.2287
C19 C20 0.3035 -0.8409 0.7861 0.2457 0.3035 -0.8248 0.7806 0.2383 0.2966 -0.7896 0.7818 0.2322
Cc20 C21 0.3004 -0.8300 0.7884 0.2336 0.3027 -0.8232 0.7820 0.2327 0.2926 -0.7682 0.7817 0.2288
c21  C22 0.3035 -0.8409 0.7861 0.2457 0.3046 -0.8319 0.7810 0.2340 0.3001 -0.8074 0.7810 0.2309
Cc22  C23 0.3010 -0.8321 0.7880 0.2333 0.3044 -0.8308 0.7809 0.2356 0.2981 -0.7974 0.7810 0.2266
C23 C24 0.3035 -0.8409 0.7861 0.2457 0.2970 -0.7893 0.7804 0.2396 0.3045 -0.8311 0.7812 0.2315
Ths RCP 0.0224 -0.0092 0.8164 -10.011 0.0211 -0.0065 0.7900 -6.8552 0.0207 -0.0061 0.7830 -7.617
COT1 RCP 0.0444 0.1122  0.3231 -9.9764 0.0437 0.1071 0.3271 -14.485 0.0423 0.1080 0.3174 -88.552
COT2 RCP 0.0444 0.1123  0.3233 -9.9877 0.0442 0.1088 0.3277 -14.558 0.0430 0.1110  0.3178 -12.164
COT3 RCP 0.0444 0.1123  0.3233 -9.9858 0.0427 0.1067 0.3216 -15.168 0.0414 0.1063  0.3146 -15.146
2 In the HAR models of [1]* and [1]" some Th-C BCPs could not be located while they could be
found in the purely DFT calculations. This is due to the difference in geometry of the experimental
models compared to the DFT-optimized geometry. This is also reflected in the ellipticity of the HAR
Th-C BCPs, which reach values up close to 100. Problems in localizing these extremely small saddle
points are well-known in the literature.’%->2
Supplementary Table S13. Selected properties at the critical points in the total electron density
within [1]". Ellipt: Ellipticity; LOL: local orbital localization index. NA: BCP not found.”
DFT 1bCu-HAR 1bMo-HAR
Type p(r) V2p(r)  Ellipt. LOL p(r) V2p(r)  Ellipt. LOL p(r) V?p(r)  Ellipt. LOL
Thl  Th2 0.0139 -0.0002 0.5824 3.7569 0.0136 -0.0004 0.6115 44310 0.0132 -0.0004 0.6148 49351
Thl  Th3 0.0138 -0.0009 0.6037 5.5925 0.0136 -0.0002 0.6055 3.7509 0.0133 0.0002 0.5961 3.6442
Th2  Th3 0.0138 -0.0010 0.6068 5.8490 0.0137 -0.0002 0.6052 3.6974 0.0133 0.0006 0.5832 3.4687
Thl Cll 0.0459 0.1040 0.3466 0.0301 0.0453 0.1003 0.3489 0.0260 0.0456 0.0997 0.3510 0.0271
Thl CI2 0.0459 0.1041 0.3463 0.0318 0.0482 0.1061  0.3555 0.0204 0.0449 0.0983 0.3497 0.0288
Thl CI3 0.0459 0.1041 0.3464 0.0318 0.0439 0.0963  0.3472 0.0313 0.0433 0.0957 0.3450 0.0305
Thl Cl4 0.0459 0.1041  0.3467 0.0300 0.0442 0.0975 0.3473 0.0319 0.0443 0.0979 0.3472 0.0270
Th2 CI2 0.0459 0.1041 0.3464 0.0319 0.0462 0.1020 0.3508 0.0286 0.0439 0.0969 0.3464 0.0309
Th2 CI3 0.0459 0.1041 0.3464 0.0318 0.0441 0.0966 0.3476 0.0320 0.0470 0.1027 0.3541 0.0199
Th2 CI5 0.0459 0.1040 0.3466 0.0300 0.0456 0.1002  0.3506 0.0251 0.0443 0.0978 0.3471 0.0324
Th2  Cl6 0.0459 0.1039  0.3465 0.0301 0.0457 0.1006  0.3506 0.0252 0.0457 0.1008  0.3498 0.0262
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Th3
Th3
Th3
Th3
Thl
Thl
Thl
Thl
Thl
Thl
Thl
Thl
Th2
Th2
Th2
Th2
Th2
Th2
Th2
Th2
Th3
Th3
Th3
Th3
Th3
Th3
Th3
Th3
Cl
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
CI2
Cl13
Cl4
Cl15
Cl6
Cl17
CI18
C19
C20
C21
C22
C23
C24
Cl
Cl
C2
C3
C4
C5
C6
C7
C9
C9
C10

Cll1
Cl4
CI5
Cl6
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
C12
C13
Cl14
C15
Cl6
Cl17
CI8
CI9
C20
C21
C22
C23
C24
H1
H2
H3
H4
H5
Hé6
H7
HS8
H9
H10
HI11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
C2
C8
C3
C4
C5
C6
C7
C8
CI2
Cl4
Cl1

0.0465
0.0465
0.0464
0.0465
0.0444
0.0441
0.0441
0.0444
0.0444
0.0441
0.0441
0.0444
0.0444
0.0441
0.0441
0.0444
0.0444
0.0441
0.0441
0.0444
0.0443
0.0439
0.0440
0.0443
0.0443
0.0440
0.0439
0.0443
0.2879
0.2881
0.2881
0.2879
0.2880
0.2881
0.2881
0.2880
0.2879
0.2881
0.2881
0.2880
0.2880
0.2881
0.2881
0.2879
0.2879
0.2881
0.2881
0.2879
0.2879
0.2881
0.2881
0.2879
0.3030
0.3006
0.3010
0.3030
0.3006
0.3031
0.3010
0.3030
0.3006
0.3030
0.3010

0.1052
0.1051
0.1050
0.1051
0.1072
0.1070
0.1070
0.1073
0.1073
0.1072
0.1072
0.1073
0.1073
0.1072
0.1072
0.1073
0.1073
0.1071
0.1071
0.1073
0.1070
0.1068
0.1068
0.1070
0.1070
0.1068
0.1068
0.1070
-1.0506
-1.0518
-1.0518
-1.0506
-1.0506
-1.0518
-1.0516
-1.0507
-1.0506
-1.0517
-1.0517
-1.0507
-1.0508
-1.0519
-1.0519
-1.0506
-1.0505
-1.0518
-1.0518
-1.0505
-1.0505
-1.0518
-1.0518
-1.0505
-0.8378
-0.8292
-0.8308
-0.8378
-0.8292
-0.8379
-0.8307
-0.8378
-0.8291
-0.8377
-0.8306

0.3481
0.3479
0.3479
0.3480
0.3295
0.3279
0.3279
0.3295
0.3295
0.3280
0.3280
0.3294
0.3295
0.3280
0.3280
0.3295
0.3294
0.3280
0.3279
0.3295
0.3292
0.3276
0.3276
0.3293
0.3293
0.3276
0.3276
0.3292
0.8881
0.8884
0.8884
0.8881
0.8882
0.8884
0.8884
0.8882
0.8881
0.8884
0.8884
0.8882
0.8882
0.8884
0.8884
0.8881
0.8881
0.8883
0.8883
0.8881
0.8881
0.8883
0.8883
0.8881
0.7858
0.7876
0.7873
0.7858
0.7876
0.7857
0.7873
0.7857
0.7876
0.7858
0.7873

0.0297
0.0299
0.0298
0.0296
9.6742
10.5370
10.5148
9.6948
9.8174
10.3987
10.4006
9.8186
9.6897
10.3931
10.3856
9.8060
9.8115
10.5145
10.5428
9.6884
9.7789
10.5878
10.5557
9.7539
9.7609
10.5540
10.5906
9.7809
0.0309
0.0303
0.0303
0.0309
0.0308
0.0304
0.0304
0.0308
0.0309
0.0303
0.0303
0.0308
0.0308
0.0303
0.0303
0.0309
0.0309
0.0304
0.0304
0.0309
0.0309
0.0304
0.0303
0.0309
0.2452
0.2349
0.2356
0.2452
0.2348
0.2452
0.2357
0.2452
0.2349
0.2452
0.2357

0.0450
0.0451
0.0443
0.0439
0.0430
NA

NA

0.0477
NA

0.0435
NA

0.0440
0.0440
0.0449
0.0441
0.0438
0.0436
0.0439
NA

0.0440
0.0474
NA

NA

NA

NA

0.0464
0.0469
0.0476
0.2651
0.2646
0.2652
0.2646
0.2653
0.2648
0.2652
0.2645
0.2648
0.2649
0.2652
0.2648
0.2651
0.2648
0.2651
0.2647
0.2642
0.2653
0.2655
0.2658
0.2651
0.2651
0.2640
0.2644
0.2920
0.2968
0.2967
0.2891
0.3137
0.3098
0.2927
0.2983
0.2889
0.3012
0.2921

0.0992
0.0990
0.0977
0.0971
0.1029
NA
NA
0.1084
NA
0.1031
NA
0.1033
0.1036
0.1040
0.1052
0.1043
0.1059
0.1055
NA
0.1023
0.1051
NA
NA
NA
NA
0.1101
0.1060
0.1057
-0.9738
-0.9669
-0.9741
-0.9671
-0.9693
-0.9666
-0.9715
-0.9664
-0.9672
-0.9716
-0.9708
-0.9706
-0.9720
-0.9679
-0.9690
-0.9681
-0.9704
-0.9632
-0.9618
-0.9586
-0.9620
-0.9728
-0.9723
-0.9785
-0.7625
-0.7894
-0.7853
-0.7468
-0.8815
-0.8595
-0.7683
-0.7951
-0.7489
-0.8108
-0.7641

0.3484
0.3493
0.3475
0.3461
0.3297
NA

NA

0.3478
NA

0.3324
NA

0.3347
0.3346
0.3392
0.3328
0.3324
0.3285
0.3314
NA

0.3366
0.3507
NA

NA

NA

NA

0.3384
0.3466
0.3505
0.8860
0.8841
0.8857
0.8841
0.8836
0.8838
0.8849
0.8841
0.8839
0.8854
0.8843
0.8856
0.8852
0.8841
0.8841
0.8845
0.8863
0.8806
0.8799
0.8773
0.8808
0.8853
0.8875
0.8890
0.7802
0.7813
0.7792
0.7798
0.7808
0.7805
0.7810
0.7799
0.7813
0.7799
0.7803

0.0276
0.0266
0.0292
0.0347
31.1167
NA
NA
3.8885
NA
8.9438
NA
6.6126
10.2270
6.5197
94.8762
11.3199
28.3138
9.9510
NA
7.3034
5.6018
NA
NA
NA
NA
9.6643
8.0371
6.5844
0.0414
0.0406
0.0417
0.0433
0.0376
0.0419
0.0407
0.0413
0.0421
0.0423
0.0391
0.0422
0.0395
0.0404
0.0403
0.0425
0.0472
0.0363
0.0344
0.0335
0.0401
0.0410
0.0448
0.0452
0.2362
0.2353
0.2392
0.2399
0.2355
0.2342
0.2312
0.2386
0.2324
0.2388
0.2332

0.0432
0.0456
0.0441
0.0466
0.0441
0.0439
NA

0.0455
0.0453
0.0450
NA

0.0447
0.0450
NA

0.0443
0.0440
0.0463
NA

0.0447
NA

0.0460
0.0456
0.0452
0.0467
0.0470
NA

0.0437
NA

0.2651
0.2646
0.2654
0.2646
0.2653
0.2647
0.2652
0.2645
0.2644
0.2652
0.2647
0.2650
0.2648
0.2651
0.2649
0.2652
0.2647
0.2648
0.2650
0.2649
0.2649
0.2653
0.2650
0.2649
0.3096
0.2918
0.2963
0.3042
0.3043
0.2936
0.3035
0.3060
0.2886
0.2819
0.3103

0.0956
0.1001
0.0972
0.1026
0.1059
0.1056
NA
0.1083
0.1082
0.1054
NA
0.1042
0.1021
NA
0.1068
0.1056
0.1086
NA
0.1080
NA
0.1055
0.1074
0.1097
0.1116
0.1120
NA
0.1072
NA
-0.9716
-0.9644
-0.9765
-0.9634
-0.9746
-0.9667
-0.9728
-0.9633
-0.9679
-0.9712
-0.9645
-0.9721
-0.9667
-0.9702
-0.9650
-0.9675
-0.9702
-0.9680
-0.9712
-0.9674
-0.9663
-0.9733
-0.9641
-0.9625
-0.8561
-0.7639
-0.7876
-0.8278
-0.8283
-0.7707
-0.8249
-0.8377
-0.7448
-0.7103
-0.8635

0.3443
0.3504
0.3468
0.3523
0.3319
0.3310
NA

0.3364
0.3350
0.3375
NA

0.3376
0.3426
NA

0.3316
0.3314
0.3401
NA

0.3324
NA

0.3424
0.3378
0.3323
0.3381
0.3388
NA

0.3275
NA

0.8850
0.8830
0.8865
0.8825
0.8858
0.8838
0.8853
0.8829
0.8850
0.8846
0.8828
0.8857
0.8837
0.8843
0.8824
0.8832
0.8855
0.8841
0.8851
0.8837
0.8829
0.8856
0.8818
0.8813
0.7798
0.7812
0.7813
0.7803
0.7802
0.7800
0.7808
0.7804
0.7803
0.7798
0.7809

0.0332
0.0242
0.0344
0.0234
15.2313
12.2206
NA
9.0924
16.7855
7.8033
NA
6.9268
5.3333
NA
13.5871
23.3123
5.5108
NA
7.3525
NA
5.6263
10.1573
18.8215
26.6176
9.5997
NA
14.5864
NA
0.0415
0.0397
0.0413
0.0399
0.0417
0.0415
0.0393
0.0424
0.0445
0.0406
0.0399
0.0413
0.0415
0.0394
0.0388
0.0404
0.0453
0.0415
0.0403
0.0416
0.0396
0.0421
0.0385
0.0366
0.2392
0.2320
0.2316
0.2369
0.2366
0.2372
0.2347
0.2372
0.2382
0.2366
0.2321
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C10
Cl1
C13
Cl4
CI15
C17
C17
Cl18
CI19
C20
C21
C22
C23
Ths
COT1
COT2
COT3

C13
Cl2
Cl6
C15
Cl16
C18
C24
CI9
C20
C21
C22
C23
C24
RCP
RCP
RCP
RCP

0.3030
0.3030
0.3006
0.3010
0.3030
0.3030
0.3007
0.3009
0.3030
0.3007
0.3030
0.3009
0.3030
0.0137
0.0441
0.0436
0.0436

-0.8378
-0.8378
-0.8291
-0.8308
-0.8377
-0.8377
-0.8296
-0.8303
-0.8376
-0.8295
-0.8376
-0.8303
-0.8377
-0.0036
0.1068

0.1084

0.1061

0.7857
0.7857
0.7876
0.7873
0.7858
0.7858
0.7876
0.7873
0.7858
0.7876
0.7858
0.7873
0.7858
0.6991
0.3292
0.3243
0.3273

0.2453
0.2453
0.2349
0.2356
0.2452
0.2451
0.2348
0.2355
0.2452
0.2349
0.2452
0.2355
0.2451 0.2595
-7.013  0.0135
-13.182 0.0430
-10.252  0.0426
-12.468 0.0418

0.2994
0.3037
0.2975
0.3091
0.2916
0.2890
0.2561
0.3613
0.3677
0.3356
0.3171
0.2793

-0.8008
-0.8229
-0.7926
-0.8569
-0.7609
-0.7456
-0.5791
-1.1804
-1.2272
-1.0162
-0.9007
-0.6948
-0.5944
-0.0031
0.1031

0.1035

0.1119

0.7800
0.7795
0.7808
0.7811
0.7802
0.7788
0.7755
0.7820
0.7827
0.7813
0.7805
0.7787
0.7757
0.7095
0.3294
0.3267
0.3102

0.2400
0.2410
0.2351
0.2340
0.2348
0.2354
0.2562
0.2218
0.2135
0.2185
0.2357
0.2448
0.2571
-5.1907
-29.897
-13.155
-14.496

0.3018
0.3004
0.3097
0.3295
0.3060
0.2775
03114
0.3036
0.3038
03114
0.3018
0.3030
0.3343
0.0131
0.0440
0.0438
0.0450

-0.8148
-0.8065
-0.8598
-0.9736
-0.8400
-0.6863
-0.8715
-0.8227
-0.8268
-0.8688
-0.8131
-0.8263
-1.0023
-0.0029
0.1050

0.1080

0.1091

0.7805
0.7799
0.7809
0.7808
0.7810
0.7787
0.7822
0.7795
0.7810
0.7805
0.7794
0.7823
0.7801
0.7077
0.3325
0.3272
0.3328

0.2378
0.2387
0.2332
0.2346
0.2303
0.2416
0.2309
0.2386
0.2366
0.2347
0.2401
0.2260
0.2324
-5.6480
-15.387
-12.871
-17.218

2 In the HAR models of [1]* and [1]" some Th-C BCPs could not be located while they could be
found in the purely DFT calculations. This is due to the difference in geometry of the experimental
models compared to the DFT-optimized geometry. This is also reflected in the ellipticity of the HAR
Th-C BCPs, which reach values up close to 100. Problems in localizing these extremely small saddle
points are well-known in the literature [S50-S52].

Supplementary Table S14. Bader charges for laMo ([1]%)
1 (Th) Charge: 2.016496 Volume:
Charge:

Charge:

2 (Th)
3 (Th)
4(K)
5(Cl)
6 (Cl)
7(Cl)
8 (Cl)
9 (Cl)
10 (K)
11 (Cl)
12(0)
13(0)
14 (0)
15(0)
16 (0)
17 (0)
18(0)
19(0)
20 (C)
21 (H)
22(C)
23 (H)
24(C)
25(H)
26 (C)
27(H)
28(C)
29 (H)
30(C)
31(H)
32(C)
33(H)
34(C)
35(H)

Charge:
Charge:
Charge:
Charge:
Charge:
Charge:

Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:

2.013055
2.027517
0.868763
-0.750072
-0.744631
-0.746351
-0.745221
-0.745637
0.865725
-0.742934
-1.042238
-1.032790
-1.037219
-1.057646
-1.036680
-1.036034
-1.024357
-1.045975
-0.131636
0.000253
-0.161789
-0.018737
-0.127114
0.000170
-0.146402
-0.002118
-0.145222
0.007143
-0.128368
-0.005216
-0.123188
-0.006734
-0.134728
-0.000609

Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:

Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:

146.772 Bohr"3

147.474 Bohr"3
145.840 Bohr3
135.971 Bohr3
214.341 Bohr"3
207.914 Bohr"3
214.842 Bohr3
209.867 Bohr"3
210.965 Bohr"3
135.869 Bohr"3
204.475 Bohr"3
94.578 Bohr\3
94.398 Bohr\3
94.596 Bohr"3
92.369 Bohr"3
96.360 Bohr3
93.313 Bohr"3
92.942 Bohr"3
98.064 Bohr"\3
74.055 Bohr\3
49.608 Bohr3
78.377 Bohr\3
54.903 Bohr"3
75.838 Bohr\3
46.813 Bohr3
77.526 Bohr"3
52.865 Bohr"3
75.830 Bohr3
49.394 Bohr3
75.091 Bohr"3
46.806 Bohr3
74.366 Bohr\3
48.567 Bohr3
74.019 Bohr3
50.740 Bohr"3
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36 (C)
37(H)
38(C)
39 (H)
40 (C)
41 (H)
42 (C)
43 (H)
44 (C)
45(H)
46 (C)
47 (H)
48 (C)
49 (H)
50 (C)
51(H)
52(C)
53(H)
54(C)
55(H)
56 (C)
57(H)
58(C)
59 (H)
60 (C)
61 (H)
62 (H)
63(C)
64 (H)
65(C)
66 (H)
67(C)
68 (H)
69 (C)
70 (H)
71 (H)
72(C)
73 (H)
74 (H)
75 (H)
76 (C)
77(H)
78 (H)
79 (H)
80 (C)
81(H)
82 (H)
83(C)
84 (H)
85(H)
86 (C)
87 (H)
88 (H)
89 (H)
90 (C)
91 (H)
92(C)
93 (H)
94 (H)
95 (H)
96 (C)
97 (H)
98 (H)

Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:

-0.129840
-0.006717
-0.143510
0.004745
-0.128628
-0.011900
-0.158775
0.008137
-0.126954
0.000916
-0.140965
0.002316
-0.147185
0.008162
-0.136317
-0.008211
-0.127444
-0.004403
-0.137063
-0.016327
-0.137514
-0.013300
-0.124505
-0.002562
0.509802
0.004750
-0.000157
-0.131791
-0.005498
-0.134647
-0.012163
-0.132429
-0.017257
0.498250
-0.007059
0.031702
0.493851
0.033488
-0.013600
0.012331
0.496785
0.008004
0.003116
0.014463
0.510639
0.002863
-0.002044
0.508235
-0.008198
0.020098
0.506778
0.040283
0.001084
-0.018599
-0.120361
-0.014681
0.502327
0.016487
0.015221
-0.006627
0.495218
0.032488
-0.010807

Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:

74.117 Bohr\3
50.151 Bohr3
75.883 Bohr\3
49.641 Bohr3
73.864 Bohr"3
46.492 Bohr"3
77.302 Bohr3
48.715 Bohr3
74.400 Bohr3
48.589 Bohr3
75.457 Bohr\3
50.119 Bohr3
76.359 Bohr\3
48.268 Bohr”3
74.224 Bohr3
49.172 Bohr"3
73.321 Bohr3
49.745 Bohr3
75.331 Bohr\3
49.413 Bohr"3
75.670 Bohr3
49.113 Bohr3
73.675 Bohr\3
46.553 Bohr3
49.170 Bohr3
49.676 Bohr3
50.263 Bohr"3
74.317 Bohr3
46.782 Bohr"3
74.538 Bohr\3
51.263 Bohr"3
74.659 Bohr3
47.895 Bohr3
48.541 Bohr3
49.293 Bohr3
45.077 Bohr3
59.415 Bohr"3
46.244 Bohr3
49.289 Bohr3
51.714 Bohr"3
58.472 Bohr"3
49.261 Bohr3
48.838 Bohr”3
47.185 Bohr3
48.772 Bohr3
48.039 Bohr3
50.688 Bohr"3
47.645 Bohr3
46.847 Bohr3
47.966 Bohr3
59.571 Bohr"3
49.953 Bohr3
48.062 Bohr3
50.963 Bohr"3
72.176 Bohr\3
46.048 Bohr3
59.525 Bohr”"3
50.624 Bohr"3
50.228 Bohr"3
50.579 Bohr"3
58.920 Bohr"3
47.364 Bohr3
50.161 Bohr"3
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99 (H) Charge: 0.002252 Volume: 49.669 Bohr”3

100 (C) Charge: 0.520153 Volume: 56.252 Bohr"3
101 (H) Charge: -0.023899 Volume: 50.612 Bohr"3
102(H) Charge: 0.025790 Volume: 45.700 Bohr"3
103 (H) Charge: 0.001254 Volume: 48.438 Bohr"3
104 (C) Charge: 0.512979 Volume: 58.816 Bohr”3
105 (H) Charge: -0.000414 Volume: 48.930 Bohr"3
106 (H) Charge: 0.036678 Volume: 50.894 Bohr"3
107 (H) Charge: -0.017865 Volume: 50.062 Bohr"3
108 (C) Charge: 0.534523 Volume: 56.030 Bohr”3
109 (H) Charge: -0.014289 Volume: 48.959 Bohr"3
110 (H) Charge: 0.012123 Volume: 47.987 Bohr3
111 (H) Charge: -0.003083 Volume: 48.122 Bohr"3
112 (C) Charge: 0.496771 Volume: 50.054 Bohr"3
113(H) Charge: 0.003501 Volume: 49.264 Bohr”3
114 (H) Charge: 0.010361 Volume: 48.567 Bohr"3
115(C) Charge: 0.536323 Volume: 47.635 Bohr3
116 (H) Charge: -0.008292 Volume: 49.082 Bohr"3
117(H) Charge: -0.001609 Volume: 47.717 Bohr"3
118 (C) Charge: 0.480836 Volume: 50.478 Bohr"3
119(H) Charge: 0.029752 Volume: 48.336 Bohr"3
120 (H) Charge: 0.005693 Volume: 50.577 Bohr"3
121 (C) Charge: 0.517219 Volume: 48.345 Bohr"3
122(H) Charge: 0.019490 Volume: 49.451 Bohr3
123 (H) Charge: -0.000227 Volume: 46.765 Bohr"3

Supplementary Table S15. Bader charges for 1aCu ([1]%)
1 (Th) Charge: 1.997442 Volume: 146.742 Bohr"3
2 (Th) Charge: 2.001151 Volume: 147.542 Bohr3
3(Th) Charge: 2.010374 Volume: 145.649 Bohr"3
4 (K) Charge: 0.866251 Volume: 136.152 Bohr"3
5(Cl) Charge: -0.746439 Volume: 207.092 Bohr"3
6 (Cl) Charge: -0.750646 Volume: 211.906 Bohr"3
7(K) Charge: 0.869751 Volume: 136.591 Bohr"3
8 (Cl) Charge: -0.744553 Volume: 203.866 Bohr"3
9 (Cl) Charge: -0.745675 Volume: 207.343 Bohr"3
10 (Cl) Charge: -0.749060 Volume: 212.855 Bohr"3
11 (Cl) Charge: -0.744049 Volume: 201.984 Bohr"3
12(0) Charge: -1.046773 Volume: 92.961 Bohr"3
13(0) Charge: -1.045117 Volume: 93.046 Bohr"3
14 (0) Charge: -1.065605 Volume: 91.450 Bohr"3
15(0) Charge: -1.045063 Volume: 94.813 Bohr"3
16 (O) Charge: -1.046993 Volume: 91.594 Bohr"3
17(0) Charge: -1.037221 Volume: 96.685 Bohr"3
18(0) Charge: -1.081236 Volume: 93.496 Bohr"3
19(0) Charge: -1.062539 Volume: 97.568 Bohr"3
20 (C) Charge: -0.147834 Volume: 76.652 Bohr"3
21 (H) Charge: 0.008315 Volume: 48.388 Bohr”3
22 (C) Charge: -0.135450 Volume: 75.385 Bohr"3
23 (H) Charge: -0.002774 Volume: 48.961 Bohr"3
24 (C) Charge: -0.145217 Volume: 75.735 Bohr"3
25(H) Charge: 0.005678 Volume: 49.013 Bohr”3
26 (C) Charge: -0.139032 Volume: 77.611 Bohr"3
27 (H) Charge: 0.006326 Volume: 48.967 Bohr"3
28 (C) Charge: -0.152388 Volume: 78.263 Bohr"3
29 (H) Charge: -0.015639 Volume: 54.914 Bohr"3
30(C) Charge: -0.134759 Volume: 75.217 Bohr"3
31 (H) Charge: 0.005712 Volume: 48.227 Bohr”3
32(C) Charge: -0.143788 Volume: 76.903 Bohr"3
33(H) Charge: 0.009319 Volume: 49.280 Bohr”3
34(C) Charge: -0.134201 Volume: 76.092 Bohr"3
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35(H)
36(C)
37(H)
38(C)
39(H)
40 (C)
41 (H)
42 (H)
43(C)
44 (H)
45 (H)
46 (H)
47(C)
48 (H)
49 (C)
50 (H)
51(C)
52 (H)
53(H)
54(C)
55(H)
56 (C)
57(H)
58 (H)
59(C)
60 (H)
61 (H)
62 (H)
63(C)
64 (H)
65(C)
66 (H)
67(C)
68 (H)
69 (H)
70 (C)
71(H)
72(C)
73 (H)
74 (H)
75(C)
76 (H)
77(H)
78 (H)
79(C)
80 (H)
81(H)
82 (H)
83(C)
84 (H)
85(H)
86 (C)
87 (H)
88 (H)
89 (H)
90 (C)
91 (H)
92 (H)
93 (H)
94 (C)
95 (H)
96 (H)
97 (C)

Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:

0.002527
-0.135326
0.001324
-0.142555
0.010254
0.505638
0.028560
0.002606
0.478903
0.021482
0.022187
0.002968
-0.142887
0.002657
-0.139690
-0.003981
0.515563
-0.004273
0.007994
-0.152867
0.010996
0.544467
0.004863
-0.006363
0.489494
0.039076
-0.014661
0.010985
-0.153725
0.000656
-0.138471
0.005016
0.497681
0.023406
0.001993
-0.143580
0.011884
0.484994
0.026376
0.004429
0.496639
-0.009293
0.036177
0.009236
0.505061
0.018787
0.016280
-0.006621
0.512033
0.007960
0.000597
0.496540
-0.011309
0.035810
0.008615
0.500200
0.017622
0.015437
-0.000519
0.539565
0.003680
-0.002506
0.516215

Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:

47.154 Bohr"3
75.279 Bohr\3
48.620 Bohr”3
75.980 Bohr"3
49.269 Bohr3
49.324 Bohr"3
46.516 Bohr3
49.084 Bohr3
60.288 Bohr"3
49.755 Bohr3
46.780 Bohr3
48.957 Bohr3
77.020 Bohr3
46.272 Bohr3
77.387 Bohr"3
51.156 Bohr"3
48.967 Bohr3
49.828 Bohr3
49.323 Bohr3
77.073 Bohr\3
48.986 Bohr3
47.985 Bohr3
49.532 Bohr3
49.771 Bohr3
59.044 Bohr"3
48.546 Bohr3
51.145 Bohr"3
49.308 Bohr3
77.489 Bohr3
49.765 Bohr3
76.286 Bohr\3
48.787 Bohr"3
48.881 Bohr3
48.303 Bohr3
49.023 Bohr3
76.785 Bohr"3
47.543 Bohr3
49.083 Bohr3
48.205 Bohr3
48.990 Bohr3
60.001 Bohr3
51.233 Bohr"3
51.662 Bohr3
48.249 Bohr3
58.679 Bohr"3
45.377 Bohr3
51.846 Bohr"3
49.539 Bohr"3
48.777 Bohr3
48.646 Bohr3
49.529 Bohr3
59.618 Bohr"3
51.222 Bohr”3
47.725 Bohr3
48.894 Bohr3
59.671 Bohr\3
51.681 Bohr”3
50.475 Bohr"3
49.256 Bohr"3
48.178 Bohr3
48.670 Bohr3
49.732 Bohr"3
59.183 Bohr”3
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98 (H) Charge: 0.027674 Volume: 48.865 Bohr”3
99 (H) Charge: -0.010917 Volume: 50.330 Bohr3
100 (H) Charge: 0.009861 Volume: 49.936 Bohr3
101 (C) Charge: 0.510693 Volume: 58.862 Bohr"3
102 (H) Charge: 0.017361 Volume: 49.154 Bohr"3
103 (H) Charge: 0.017592 Volume: 49.987 Bohr"3
104 (H) Charge: -0.005249 Volume: 49.108 Bohr"3
105(C) Charge: 0.517943 Volume: 48.719 Bohr"3
106 (H) Charge: 0.018020 Volume: 51.626 Bohr"3
107 (H) Charge: 0.000287 Volume: 48.902 Bohr"3
108 (C) Charge: -0.139672 Volume: 76.091 Bohr3
109 (H) Charge: 0.008048 Volume: 48.230 Bohr"3
110 (C) Charge: -0.126315 Volume: 75.182 Bohr3
111 (H) Charge: 0.006401 Volume: 48.779 Bohr"3
112(C) Charge: -0.128985 Volume: 74.331 Bohr3
113 (H) Charge: -0.006179 Volume: 48.532 Bohr"3
114(C) Charge: -0.148627 Volume: 77.245 Bohr"3
115(H) Charge: -0.011445 Volume: 49.846 Bohr"3
116 (C) Charge: -0.164957 Volume: 76.644 Bohr"3
117(H) Charge: 0.007879 Volume: 48.653 Bohr"3
118 (C) Charge: -0.138956 Volume: 74.734 Bohr"3
119(H) Charge: -0.001384 Volume: 47.944 Bohr"3
120 (C) Charge: -0.144170 Volume: 77.134 Bohr"3
121 (H) Charge: -0.000227 Volume: 50.095 Bohr"3
122 (C) Charge: -0.128659 Volume: 74.752 Bohr"3
123 (H) Charge: 0.008904 Volume: 48.172 Bohr"3

Supplementary Table S16. Bader charges for DFT of [1]*
1 (Th) Charge: 2.079344 Volume: 147.212 Bohr"3
2 (Cl) Charge: -0.782753 Volume: 211.919 Bohr"3
3(C) Charge: -0.155570 Volume: 75.129 Bohr"3
4(H) Charge: 0.007882 Volume: 48.564 Bohr"3
5(Th) Charge: 2.079344 Volume: 147.212 Bohr"3
6 (Cl) Charge: -0.783527 Volume: 211.630 Bohr"3
7(C) Charge: -0.152527 Volume: 74.652 Bohr"3
8(H) Charge: 0.022185 Volume: 47.482 Bohr"3
9 (Cl) Charge: -0.783527 Volume: 211.630 Bohr"3
10 (C) Charge: -0.152535 Volume: 74.652 Bohr"3
11 (H) Charge: 0.022185 Volume: 47.482 Bohr"3
12(C) Charge: -0.155563 Volume: 75.129 Bohr"3
13(H) Charge: 0.007884 Volume: 48.564 Bohr"3
14 (C) Charge: -0.157554 Volume: 75.015 Bohr"3
I5(H) Charge: 0.007298 Volume: 48.575 Bohr"3
16 (C) Charge: -0.152157 Volume: 74.673 Bohr”3
17(H) Charge: 0.022287 Volume: 47.420 Bohr"3
18 (C) Charge: -0.152147 Volume: 74.672 Bohr”3
19(H) Charge: 0.022282 Volume: 47.421 Bohr"3
20(C) Charge: -0.157556 Volume: 75.015 Bohr"3
21 (H) Charge: 0.007297 Volume: 48.576 Bohr"3
22 (C) Charge: -0.155570 Volume: 75.129 Bohr"3
23 (H) Charge: 0.007884 Volume: 48.564 Bohr"3
24 (C) Charge: -0.152147 Volume: 74.673 Bohr"3
25(H) Charge: 0.022279 Volume: 47.420 Bohr"3
26 (C) Charge: -0.152149 Volume: 74.673 Bohr"3
27(H) Charge: 0.022282 Volume: 47.420 Bohr3
28 (C) Charge: -0.157554 Volume: 75.015 Bohr"3
29 (H) Charge: 0.007297 Volume: 48.576 Bohr”3
30(C) Charge: -0.157553 Volume: 75.015 Bohr"3
31 (H) Charge: 0.007296 Volume: 48.576 Bohr”3
32(C) Charge: -0.152529 Volume: 74.652 Bohr"3
33 (H) Charge: 0.022185 Volume: 47.482 Bohr"3
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34(C) Charge: -0.152528 Volume: 74.652 Bohr"3
35(H) Charge: 0.022185 Volume: 47.482 Bohr"3
36 (C) Charge: -0.155569 Volume: 75.129 Bohr"3
37(H) Charge: 0.007882 Volume: 48.564 Bohr”3
38 (Th) Charge: 2.079843 Volume: 147.064 Bohr"3
39 (Cl) Charge: -0.782752 Volume: 211.919 Bohr"3
40 (C) Charge: -0.197173 Volume: 75.843 Bohr3
41 (H) Charge: 0.006741 Volume: 48.553 Bohr"3
42 (Cl) Charge: -0.782752 Volume: 211.919 Bohr"3
43 (C) Charge: -0.110042 Volume: 73.887 Bohr"3
44 (H) Charge: 0.021719 Volume: 47.434 Bohr"3
45 (Cl) Charge: -0.782752 Volume: 211.919 Bohr"3
46 (C) Charge: -0.110042 Volume: 73.887 Bohr3
47 (H) Charge: 0.021720 Volume: 47.435 Bohr"3
48 (C) Charge: -0.197172 Volume: 75.843 Bohr"3
49 (H) Charge: 0.006740 Volume: 48.553 Bohr"3
50(C) Charge: -0.197173 Volume: 75.843 Bohr"3
51 (H) Charge: 0.006741 Volume: 48.553 Bohr"3
52(C) Charge: -0.110043 Volume: 73.887 Bohr"3
53(H) Charge: 0.021721 Volume: 47.435 Bohr"3
54 (C) Charge: -0.110044 Volume: 73.887 Bohr”3
55(H) Charge: 0.021722 Volume: 47.434 Bohr"3
56 (C) Charge: -0.197173 Volume: 75.843 Bohr"3
57 (H) Charge: 0.006741 Volume: 48.553 Bohr"3
58 (K) Charge: 0.903587 Volume: 146.822 Bohr"3
59 (K) Charge: 0.903582 Volume: 146.822 Bohr"3

Supplementary Table S17. Bader charges for 1bCu ([1]-)
1 (Th) Charge: 2.164345 Volume: 142.691 Bohr"3
2 (Th) Charge: 2.165114 Volume: 142.248 Bohr"3
3 (Th) Charge: 2.160889 Volume: 142.539 Bohr"3
4 (Cl) Charge: -0.716868 Volume: 217.528 Bohr"3
5(Cl) Charge: -0.713363 Volume: 213.535 Bohr"3
6 (Cl) Charge: -0.716438 Volume: 215.760 Bohr"3
7 (Cl) Charge: -0.715980 Volume: 216.991 Bohr"3
8 (Cl) Charge: -0.716223 Volume: 216.591 Bohr"3
9 (Cl) Charge: -0.715628 Volume: 218.375 Bohr"3
10 (C) Charge: -0.155529 Volume: 77.997 Bohr"3
11(C) Charge: -0.155093 Volume: 75.938 Bohr”3
12(C) Charge: -0.146109 Volume: 77.101 Bohr"3
13(C) Charge: -0.144663 Volume: 77.809 Bohr"3
14 (C) Charge: -0.143956 Volume: 77.065 Bohr"3
15(C) Charge: -0.143718 Volume: 76.501 Bohr"3
16 (C) Charge: -0.140456 Volume: 76.079 Bohr”3
17(C) Charge: -0.146141 Volume: 77.328 Bohr”3
18 (C) Charge: -0.153508 Volume: 77.552 Bohr”3
19(C) Charge: -0.154034 Volume: 77.023 Bohr”3
20 (C) Charge: -0.159679 Volume: 76.113 Bohr"3
21(C) Charge: -0.152086 Volume: 76.705 Bohr"3
22 (C) Charge: -0.151093 Volume: 78.091 Bohr"3
23 (C) Charge: -0.131311 Volume: 73.959 Bohr"3
24 (C) Charge: -0.158612 Volume: 77.698 Bohr"3
25(C) Charge: -0.132136 Volume: 75.002 Bohr"3
26 (C) Charge: -0.147451 Volume: 77.207 Bohr"3
27(C) Charge: -0.138220 Volume: 73.934 Bohr"3
28 (C) Charge: -0.151156 Volume: 76.796 Bohr"3
29 (C) Charge: -0.080291 Volume: 69.327 Bohr"3
30(C) Charge: -0.192394 Volume: 81.562 Bohr"3
31(C) Charge: -0.181838 Volume: 81.233 Bohr"3
32(C) Charge: -0.175125 Volume: 81.293 Bohr"3
33(C) Charge: -0.116618 Volume: 71.092 Bohr"3
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34(H) Charge: 0.014000 Volume: 48.640 Bohr3
35(H) Charge: 0.019426 Volume: 46.618 Bohr”3
36 (H) Charge: 0.020225 Volume: 46.907 Bohr”3
37(H) Charge: 0.016767 Volume: 48.635 Bohr"3
38 (H) Charge: 0.014105 Volume: 47.388 Bohr"3
39(H) Charge: 0.017015 Volume: 46.994 Bohr"3
40 (H) Charge: 0.012617 Volume: 48.568 Bohr"3
41 (H) Charge: 0.011886 Volume: 48.958 Bohr"3
42 (H) Charge: 0.012005 Volume: 49.123 Bohr"3
43 (H) Charge: 0.020626 Volume: 46.510 Bohr"3
44 (H) Charge: 0.014099 Volume: 48.935 Bohr"3
45(H) Charge: 0.016720 Volume: 46.750 Bohr"3
46 (H) Charge: 0.013063 Volume: 48.835 Bohr"3
47 (H) Charge: 0.004230 Volume: 48.762 Bohr"3
48 (H) Charge: 0.014162 Volume: 47.701 Bohr"3
49 (H) Charge: 0.014734 Volume: 46.671 Bohr"3
50 (H) Charge: 0.016517 Volume: 46.920 Bohr"3
51 (H) Charge: 0.008318 Volume: 46.545 Bohr"3
52(H) Charge: 0.017354 Volume: 48.017 Bohr"3
53(H) Charge: -0.000720 Volume: 48.730 Bohr3
54 (H) Charge: 0.031945 Volume: 47.202 Bohr"3
55(H) Charge: 0.021340 Volume: 49.106 Bohr"3
56 (H) Charge: 0.024215 Volume: 49.330 Bohr"3
57 (H) Charge: 0.000721 Volume: 45.590 Bohr"3

Supplementary Table S18. Bader charges for IbMo ([1]")

1 (Th) Charge: 2.165832 Volume: 143.244 Bohr"3
2 (Th) Charge: 2.162989 Volume: 142.658 Bohr"3
3 (Th) Charge: 2.167287 Volume: 142.520 Bohr"3
4 (Cl) Charge: -0.717331 Volume: 217.260 Bohr"3
5(Cl) Charge: -0.719172 Volume: 218.868 Bohr"3
6 (Cl) Charge: -0.716515 Volume: 216.455 Bohr"3
7 (Cl) Charge: -0.718399 Volume: 218.071 Bohr"3
8 (Cl) Charge: -0.718206 Volume: 217.922 Bohr"3
9 (Cl) Charge: -0.714600 Volume: 213.777 Bohr"3
10 (C) Charge: -0.146187 Volume: 76.009 Bohr”3
11 (H) Charge: 0.020322 Volume: 46.539 Bohr3
12(C) Charge: -0.135376 Volume: 75.712 Bohr"3
13(H) Charge: 0.017806 Volume: 47.118 Bohr"3
14(C) Charge: -0.143644 Volume: 76.265 Bohr”3
15(H) Charge: 0.016271 Volume: 47.332 Bohr"3
16 (C) Charge: -0.153804 Volume: 76.602 Bohr"3
17(H) Charge: 0.009714 Volume: 48.842 Bohr"3
18 (C) Charge: -0.139493 Volume: 76.107 Bohr”3
19(H) Charge: 0.012654 Volume: 46.971 Bohr"3
20 (C) Charge: -0.149342 Volume: 77.026 Bohr"3
21 (H) Charge: 0.010478 Volume: 48.944 Bohr"3
22 (C) Charge: -0.138393 Volume: 76.081 Bohr"3
23 (H) Charge: 0.015277 Volume: 47.318 Bohr”3
24 (C) Charge: -0.158890 Volume: 78.100 Bohr"3
25(H) Charge: 0.010394 Volume: 49.141 Bohr"3
26 (C) Charge: -0.136777 Volume: 74.172 Bohr"3
27 (H) Charge: 0.009345 Volume: 48.233 Bohr"3
28 (C) Charge: -0.139323 Volume: 76.004 Bohr"3
29 (H) Charge: 0.021052 Volume: 46.499 Bohr”3
30(C) Charge: -0.153689 Volume: 75.827 Bohr"3
31(H) Charge: 0.011928 Volume: 48.701 Bohr3
32(C) Charge: -0.144782 Volume: 76.526 Bohr"3
33 (H) Charge: 0.009835 Volume: 48.564 Bohr”3
34(C) Charge: -0.147498 Volume: 77.171 Bohr"3
35(H) Charge: 0.017892 Volume: 47.504 Bohr"3
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36 (C) Charge: -0.171310 Volume: 79.569 Bohr"3
37(H) Charge: 0.015444 Volume: 48.981 Bohr”3
38 (C) Charge: -0.155640 Volume: 77.285 Bohr"3
39(H) Charge: 0.012986 Volume: 48.753 Bohr”3
40 (C) Charge: -0.142035 Volume: 75.523 Bohr"3
41 (H) Charge: 0.015954 Volume: 46.946 Bohr"3
42 (C) Charge: -0.145708 Volume: 75.544 Bohr"3
43 (H) Charge: 0.013446 Volume: 47.785 Bohr"3
44 (C) Charge: -0.139121 Volume: 76.152 Bohr3
45(H) Charge: 0.016314 Volume: 47.800 Bohr"3
46 (C) Charge: -0.166475 Volume: 78.218 Bohr3
47 (H) Charge: 0.015028 Volume: 47.800 Bohr"3
48 (C) Charge: -0.154802 Volume: 75.265 Bohr3
49 (H) Charge: 0.011795 Volume: 47.585 Bohr"3
50(C) Charge: -0.141927 Volume: 76.284 Bohr"3
51 (H) Charge: 0.017139 Volume: 47.321 Bohr"3
52(C) Charge: -0.127057 Volume: 74.321 Bohr"3
53 (H) Charge: 0.007618 Volume: 47.885 Bohr"3
54 (C) Charge: -0.135227 Volume: 74.837 Bohr"3
55(H) Charge: 0.007883 Volume: 47.893 Bohr"3
56 (C) Charge: -0.158865 Volume: 77.671 Bohr”3
57 (H) Charge: 0.016905 Volume: 48.465 Bohr"3

Supplementary Table S19. Bader charges for DFT of [1]~
1 (Th) Charge: 2.278510 Volume: 140.762 Bohr"3
2 (Cl) Charge: -0.741628 Volume: 216.706 Bohr3
3(C) Charge: -0.160676 Volume: 76.043 Bohr"3
4(H) Charge: 0.016649 Volume: 47.837 Bohr"3
5(Th) Charge: 2.278812 Volume: 140.755 Bohr"3
6 (Cl) Charge: -0.742261 Volume: 217.226 Bohr"3
7(C) Charge: -0.155181 Volume: 75.631 Bohr"3
8(H) Charge: 0.016774 Volume: 47.786 Bohr"3
9 (Cl) Charge: -0.742122 Volume: 217.193 Bohr"3
10 (C) Charge: -0.157723 Volume: 75.700 Bohr”3
11 (H) Charge: 0.016885 Volume: 47.790 Bohr"3
12(C) Charge: -0.159230 Volume: 76.039 Bohr”3
13(H) Charge: 0.016387 Volume: 47.830 Bohr"3
14 (C) Charge: -0.160384 Volume: 75.976 Bohr"3
15(H) Charge: 0.016503 Volume: 47.820 Bohr"3
16 (C) Charge: -0.156471 Volume: 75.615 Bohr"3
17(H) Charge: 0.018113 Volume: 47.798 Bohr"3
18 (C) Charge: -0.158503 Volume: 75.662 Bohr"3
19(H) Charge: 0.018381 Volume: 47.796 Bohr"3
20 (C) Charge: -0.159130 Volume: 75.966 Bohr"3
21 (H) Charge: 0.016962 Volume: 47.825 Bohr”3
22 (C) Charge: -0.158820 Volume: 76.032 Bohr"3
23 (H) Charge: 0.016540 Volume: 47.826 Bohr3
24 (C) Charge: -0.156992 Volume: 75.634 Bohr"3
25(H) Charge: 0.018331 Volume: 47.786 Bohr"3
26 (C) Charge: -0.158096 Volume: 75.660 Bohr"3
27 (H) Charge: 0.018269 Volume: 47.781 Bohr"3
28 (C) Charge: -0.160079 Volume: 75.969 Bohr"3
29 (H) Charge: 0.016380 Volume: 47.829 Bohr"3
30(C) Charge: -0.160299 Volume: 75.957 Bohr"3
31 (H) Charge: 0.016940 Volume: 47.825 Bohr”3
32(C) Charge: -0.157902 Volume: 75.702 Bohr"3
33 (H) Charge: 0.016949 Volume: 47.791 Bohr”3
34(C) Charge: -0.154989 Volume: 75.632 Bohr"3
35(H) Charge: 0.016483 Volume: 47.791 Bohr”3
36 (C) Charge: -0.159408 Volume: 76.055 Bohr"3
37(H) Charge: 0.016333 Volume: 47.831 Bohr"3
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2.285477
-0.741425
-0.162536

0.016809
-0.741622
-0.154532

0.017486
-0.741753
-0.155930

0.017651
-0.162485

0.016704
-0.150938

0.016579
-0.166132

0.017837
-0.155858

0.017878
-0.160282

0.016759

140.067 Bohr"3
216.664 Bohr3
75.840 Bohr3
47.886 Bohr3
216.690 Bohr3
75.857 Bohr\3
47.829 Bohr3
216.728 Bohr3
75.874 Bohr"3
47.831 Bohr3
75.860 Bohr3
47.875 Bohr3
75.699 Bohr3
47.890 Bohr3
75.982 Bohr"3
47.840 Bohr3
75.848 Bohr3
47.836 Bohr3
75.812 Bohr3
47.885 Bohr3

Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:
Volume:

38 (Th)
39 (Cl)
40 (C)
41 (H)
42 (C1)
43(C)
44 (H)
45 (C1)
46 (C)
47 (H)
48 (C)
49 (H)
50 (C)
51(H)
52(C)
53(H)
54(C)
55(H)
56 (C)
57(H)

Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:
Charge:

Supplementary Table S20. ORCA 6.0 optimized geometry of la
E =-89339.301342762934 a.u.

Th 2.31926226435806  0.02388305692646  0.00200116109366
Th -1.13290598647679  -2.02157287608206  0.00065696419682
Th -1.18236093720007  1.99070936916371  0.00042298706447
Cl 1.10296221334440  -1.85058795915199  -1.78472464862375
Cl 1.05675453534705  1.86986886954210  -1.77134088412847
Cl -2.14151416281490  -0.02707793800727  -1.77378688476945
Cl 1.09602089613040  -1.84868385930198  1.77381401008550
Cl 1.05029818828626  1.87388018131590  1.77417360864996
Cl -2.15139674473740  -0.02314945354191  1.78585551852458
3.13377563544700  0.77090107015586  -5.63338120252758
2.56987225598000  2.09081911047251 -5.19103735695699
3.20988886291951  -1.50034517614823  -5.04808188777781
-2.24599163816583  -2.30554095623893  -5.65381222875555

-3.10506404311155
-3.26235726884768

-1.16837232870565
1.15848194497164

-5.17967620779561
-5.08421171033092

C

C

C

C

C

C

C -0.30232066830311  -3.50723104064947 -5.12582795208041
C 0.62600555923505  3.38035561280885  -5.12512931005745
C 4.35178590886669  0.17194684577869  -1.80088306678316
C -2.30048305833369  -3.67742270453703  -1.81796242630738
C 4.37641363194901  -1.15785937220898  -1.34949390517824
C -1.17504883443927  4.33886444457584  -1.40901507077525
C 4.33870827619983  1.43289628681154 -1.18588610930622
C -2.31551589493575  3.64676330029204  -1.84926415070435
C -1.12794984481266  -4.34763490017225 -1.43061738952660
C -3.37796015961078  -3.08387164808405 -1.14394598185145
C -0.63296208484471  4.65982635626255 -0.15605782816336
C 4.36530193624906  -1.77669220283711  -0.09030943657615
C -3.40444247886054  3.02166524747530  -1.22250681385361
C -0.53213031270742  -4.67411158984805 -0.20375035760705
C 4.31103234878350  1.88518343746183  0.14296558863620
C -3.71225249510327  -2.88504081002535  0.20526504338533
C -1.02276387149597  4.45331224490345  1.17694109671037
C 4.35639459864425  -1.32397710312292  1.23828111212189
C -3.78472786992997  2.79882370701265  0.11019599185548
C 4.31888959270126  1.26674421215198  1.40168821704761
C -0.87568604753625 -4.49164322594661  1.14545105854969
C -3.12405347845137  -3.22498842377914  1.43213198226600
C 4.32159625913906  -0.06316900364383  1.85376624941022
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-2.10110629084100
-1.94254997491205
-3.25231455078453
2.58002873255429
2.68120424569054
0.60858119509177
0.47399654612061
-2.84178821791564
-2.93537251671980
-0.81046828329867
-0.94645387844833
2.92611025623637
4.22372770492062
-2.01589857770099
3.07938616411586
3.08180035428587
4.28202909670762
0.04810947244902
-4.06208822133422
-4.18797385577613
1.07494217106301
-2.80701767574626
-2.69873710376984
-0.88891201274996
2.75818949352893
2.75469648625902
-0.43984576705507
0.55289340893941
-3.30885401194585
0.76327721205235
-3.51223465535379
4.23359175739828
-2.34022941793074
-0.50610305258659
4.27199862918007
-2.32448427889442
-0.48117915000022
4.21377797019172
-4.05314884801705
0.35146137116325
-4.04546552838525
4.26729118782501
0.45869822337268
4.18172343209504
-4.58892053744435
-0.26166062525063
4.24554625571264
-4.65266577684305
-0.08171749259669
4.18851508876900
-3.64930039041960
4.20862078642386
-1.97499903462270
-1.77679162608003
-3.80086512209880
2.70489944715154
2.80256819356028
0.62694163188097
0.50092053457605
3.08887468017422
-3.31010465210551
-3.30873686822000
-3.25085665974268

3.81041057429443
-3.87918288594844
3.13627872202423
2.27236190026116
-2.19269548111911
-3.26060376501561
3.27453450989149
-2.06933116933834
1.97574749907462
-3.11149800685427
3.07770598159617
0.60357102442565
0.79696168015158
-2.19152333169441
2.89336299668842
-1.86372254899699
-1.42895137921921
-3.56264674431742
-1.20370298098945
1.16369482796647
4.17834010536342
-3.24103381525416
2.06280228964952
-4.40614172299267
-2.20400366898495
2.23645854305831
3.33178868234611
-3.47208511291245
-1.27418674196601
3.61050538734058
1.14860362825149
0.23777649746977
-3.50766454440329
4.59472029695869
-1.87214503428028
3.50998169432352
-4.56946621108219
2.24154919644342
-2.56494608288368
5.10827269125236
2.50046339462425
-2.85457683839778
-5.09821558421457
2.95985282810803
-2.25809675945650
4.77034530889267
-2.13619613707890
2.15333226150993
-4.79922651703166
1.97850427091915
-2.78734277688280
-0.13256595759083
3.74787347799909
-3.82487089176142
2.67819991577929
2.50547721040929
-2.41193746996492
-3.49371230650517
3.51199004486251
1.33513480688266
1.22861377808332
-3.03725100808285
-1.32390571100342

1.80309452803803
1.81937107960465
1.36353843406571
5.12464582863337
5.09385948849338
5.18982355602870
5.19877503784277
5.11992552530541
5.06671886502243
5.65873929678749
5.64529519363231
-6.69918989748808
-5.49871856080251
-6.72202813630660
-5.74178251044615
-6.07519070719645
-4.83048003320492
-6.16387486348036
-5.71810275093560
-5.67167025710023
-5.72809933168731
-5.52386805138912
-5.31168352375052
-4.90294240863524
-4.35047545566414
-4.11908412679314
-5.34615796572418
-4.45264812465337
-4.10657634553029
-4.06349440221972
-4.01819850877591
-2.87643906710585
-2.88797783547956
-2.22260768296535
-2.15786003624725
-2.92611940545583
-2.27141999870066
-1.89725871058347
-1.81512654047126
-0.23452501405379
-1.92438719126358
-0.16015025269358
-0.32491188412401
0.21158934973871
0.32645874649172
1.88104307824095
1.94761732726958
0.18976089175407
1.81673973057291
2.20868084452724
2.27295543609455
2.93124014552722
2.87794706588538
2.88938459852419
2.17828282952121
4.06211348746663
4.02791773703571
4.11761695290243
4.12762196780392
5.34803047634986
4.36875081840641
4.90341630012342
4.43958509547249
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H 3.03262777704699  3.07053321206914  5.72461124532879
H 3.16458339650373  -1.24323707775620  5.32192505629047
H -1.32066101582241  -4.07605706593799  5.53182072856097
H 1.07149836619311  -4.09606938064723  5.73275702456193
H 3.16295413724368  -2.98281904093118  5.68168447666245
H 0.90166821617843  4.12246202598151  5.75119878497995
H -3.42718867032217  2.93255158754096  4.85557952505591
H -1.48520911476558  4.02622251674243  5.51546278910455
H -3.17532248112550  1.67492508289862  6.09403691397063
H -3.07253248889931  -1.78941154275902  6.15521741584314
H -0.83539725133688  -2.85043626215255  6.72563795597174
H -0.97895924729434  2.81041722357179  6.71047216468791
K -0.00946628246342  0.01875581757953  -4.01386053238354
K 0.02375125360375  -0.00048474304654  4.01101182410347
(0] -2.45394494007795  0.05687606291224  -5.42825606748165
O 1.18477518058816  2.12836600917664  -5.44987974898093
O 2.57474876132603  -0.26134178933629 -4.85915826434908
O -1.05856510641172  -2.34468781539173  -4.90111300813301
O -1.54727391094075  2.06959937362108  4.87056538076639
(0] -1.45522741128720  -2.11909461066021  4.89895566400908
(0] 1.21979399923751  2.10552404379783  5.45185763168881
(0] 1.32005129606495  -2.06897419400077  5.43635704834625

Supplementary Table S21. Gaussian 16 optimized geometry of la — used only for vibrational
analyses

E =-7346.44412760 a.u.

Th  2.31615700  0.02944100  0.00085200
Th -1.13268900 -2.02325200  0.00056600
Th -1.18377800  1.99907300  0.00135500
Cl  1.10849200 -1.84787200 -1.79084100
Cl  1.06122900  1.87776800 -1.77626900
Cl -2.14368400 -0.02239900 -1.77355800
Cl  1.09963700 -1.84742600  1.77623700
Cl  1.04961400  1.88302600  1.77736800
Cl  -2.14956800 -0.02063900  1.79095900
C  3.10628300 0.76272700 -5.65927500
C  2.55270800  2.08746800 -5.21960800
C  3.18952800 -1.50309600 -5.05630100
C  -2.22228700 -2.28851100 -5.66404700
C  -3.08992400 -1.15299100 -5.20306600
C  -3.24363700  1.17251200 -5.09489800
C  -0.28713000 -3.49039600 -5.10598700
C  0.61263200  3.37841800 -5.12729700
C 433731100 0.17385600 -1.80114300
C  -2.27714800 -3.68273800 -1.82154900
C 435939200 -1.15537900 -1.34949100
C  -1.16312800  4.34152800 -1.40530900
C 432859400 1.43476500 -1.18680700
C  -2.30267600  3.65342400 -1.85272100
C  -1.10918200 -4.35122700 -1.41902900
C  -3.36165600 -3.08643400 -1.16194300
C  -0.62574500  4.65567000 -0.14900600
C 434940700 -1.77350100 -0.09044300
C  -3.39659400  3.03036300 -1.23312600
C  -0.52596000 -4.67087100 -0.18452300
C 430419100  1.88758000  0.14167800
C -3.71011000 -2.88113400  0.18227400
C  -1.02251800  4.44656400  1.18107300
C 434541200 -1.32059800  1.23769900
C  -3.78381300  2.80487400  0.09685300
C 431350100 1.26970500  1.40039300
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-0.88419400
-3.13550400
4.31388500
-2.10543400
-1.95811000
-3.25672600
2.57931600
2.68069800
0.60930100
0.47217900
-2.83903700
-2.93170400
-0.81092900
-0.94843200
2.87268200
4.20197400
-1.96623300
3.05160500
3.03294800
4.27032800
0.09269500
-4.03654400
-4.15897900
1.05013700
-2.78954700
-2.67129400
-0.87867200
2.75168500
2.76162500
-0.46098900
0.55065500
-3.31786600
0.77530900
-3.51684200
4.22378500
-2.30755700
-0.49052100
4.25639400
-2.30716900
-0.45453500
4.20867800
-4.03331600
0.36107400
-4.03925000
4.25228000
0.46684400
4.18077900
-4.59202600
-0.26385100
4.24009100
-4.65824400
-0.09755500
4.19016300
-3.67378400
4.20523400
-1.98575900
-1.80549200
-3.81487300
2.70384500
2.80452000
0.63061200
0.49890300
3.08971000

-4.48291600
-3.21609000
-0.05986800
3.80546000
-3.86769500
3.13696800
2.26398200
-2.17637300
-3.24350000
3.26190700
-2.04820300
1.95280600
-3.08598200
3.05251800
0.58480500
0.78989600
-2.16535800
2.88476800
-1.87537200
-1.43211600
-3.52717600
-1.18385700
1.18431800
4.17020100
-3.22635100
2.07952400
-4.39728000
-2.20019500
2.24523700
3.32808800
-3.46213100
-1.26536600
3.62119600
1.15375200
0.23946300
-3.52037400
4.60352300
-1.87141100
3.52002600
-4.58191100
2.24539400
-2.57314100
5.10489300
2.51543900
-2.85359300
-5.09897800
2.96502300
-2.25571500
4.76329800
-2.13477200
2.16396500
-4.79152400
1.98376600
-2.77853100
-0.12902600
3.74405000
-3.81268100
2.68188100
2.52176300
-2.42121000
-3.49658400
3.52169700
1.31935900

1.15968300
1.41666800
1.85273100
1.80034100
1.81914200
1.35363500
5.12824400
5.09646700
5.20522600
5.22012800
5.10904100
5.05824000
5.66660400
5.65911700
-6.72150400
-5.54831700
-6.72881800
-5.79351300
-6.08024900
-4.86617200
-6.13844600
-5.76603100
-5.70443800
-5.75275900
-5.55314500
-5.30349400
-4.91368000
-4.33898000
-4.15048300
-5.32377500
-4.40638400
-4.13225100
-4.06857000
-4.03127400
-2.87925700
-2.89497800
-2.21669700
-2.15927800
-2.93219900
-2.25396800
-1.89999700
-1.84428800
-0.22156300
-1.94119800
-0.15987500
-0.29340300
0.21035300
0.29145200
1.89119000
1.94880000
0.17048800
1.84243200
2.20920900
2.25196300
2.93283000
2.87811500
2.89306500
2.16629400
4.06790700
4.03295800
4.13423700
4.15097600
5.33072100
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-3.30282100  1.21673400  4.34220300
-3.31104200  -3.02292200  4.91809000
-3.24708300 -1.31667100  4.40871900
3.03236300  3.05083500  5.74882900
3.16300000 -1.21818800  5.30377200
-1.32184400 -4.05572200  5.55627500
1.07115500 -4.07049600  5.76802900
3.16310000 -2.95405400  5.70643300
0.89729400  4.10128700  5.79344300
-3.43073200  2.91423600 4.86817100
-1.49049700  4.00496400  5.54674300
-3.16810500  1.62721400  6.08277200
-3.06592600 -1.74044900  6.14123900
-0.83705100 -2.80272300  6.73130500
-0.98093700  2.76186700  6.72166700
-0.00918600  0.02451300 -3.99818300
0.02760600  0.00176500  3.99975800
-2.43061700  0.07175600 -5.43047500
1.16269000  2.12189400 -5.44922000
2.56378400 -0.26020000 -4.86161100
-1.05364200 -2.33416400 -4.88323100
-1.54441100  2.05904000  4.86213700
-1.45321600 -2.10869400  4.88567500
1.21909800  2.08928000  5.45138600
1.31850900 -2.04698000  5.43272700

O0CCOO0O0OO0OARARIEIITTIZI T TN @

Supplementary Table S22. Final coordinates for HAR refinement of 1aMo ([1]%)
Th 4.0124522 13.6116572 7.3205086
Th 0.8030878 11.8219725 8.8921828
Th 1.1583418 15.7728727 9.1019035
K 4.0777385 13.4063143 11.9553511
Cl 3.6396302 11.6519943 9.3761545
Cl 2.2761723 15.7083626 6.4844657
Cl 1.0061995 13.6967384 11.0576302
Cl 1.9634620 11.9394743 6.2919978
Cl -0.6738300 14.0213126 7.8412069
K 0.4679826 14.0876994 4.6579765
Cl 3.9480533 15.3741836 9.5577685
3.1059289 11.3078425 13.3958947
-1.0799689 11.8690395 4.3490182
5.7388197 11.2739867 12.5890439
2.0689651 13.8650606 2.4595509
6.1019535 15.3583965 12.4263612
-2.1233980 14.4928652 4.3139322
3.4538665 15.5070677 13.4894152
0.9505754 16.4189668 3.0577792
1.2481604 9.2051020 9.5804861
2.2324448 8.7399525 9.7432950
6.6759658 13.2622799 7.8653127
7.1407688 13.1375286 8.8472148
5.5815029 11.7347202 6.0630556
5.3701214 10.7013818 6.0327656
0.7782610 9.8016267 10.7605354
1.5518436 9.6599475 11.5733180
0.8245936 9.1738221 8.2452003
1.5706254 8.6847528 7.5725091
5.9554253 15.3650205 6.5047853
5.9956596 16.4053508 6.6764288
6.2899532 12.0578225 7.2393187
6.4810488 11.2018591 7.8375469
-0.3216193 10.6115903 11.0811049
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-0.2497104 10.9332206 12.1412562
4.9893094 12.4648283 5.0180493
4.3999608 11.8605755 4.3289510
-0.7375339 16.7733488 10.8236396
-1.4049979 16.2103119 11.5354555
6.5541249 14.6411684 7.5510536
6.9122652 15.2351172 8.3676225
4.8457874 13.8411408 4.7214594
4.2409304 14.0280838 3.8114962
-1.2930567 16.9632358 9.5565064
-2.2752371 16.4899904 9.4782572
-0.2518178 9.6890193 7.5169773
-0.2031048 9.5642680 6.3735285
-1.3963431 11.1643233 10.3730753
-2.0115019 11.8826554 10.9044131
0.4857306 17.0787872 11.4218678
0.7023394 16.7144692 12.4062940
5.2662251 15.0319823 5.3222118
4.8847322 15.9563933 4.8716475
-0.8389647 17.5093448 8.3499533
-1.5862448 17.2811861 7.5851299
-1.3551069 10.5033989 7.8337606
-2.0059543 10.8485810 7.0550543
1.5900496 18.3844441 8.4925689
2.3044759 18.7494981 7.7996843
3.9255164 10.1950166 13.6759514
3.3001549 9.2661896 13.6557580
4.4201510 10.2965840 14.6654259
-1.8469990 11.1076516 9.0251687
-2.6516031 11.7648961 8.8472148
0.3493951 18.0996136 7.9056995
0.2559687 18.2895006 6.8152582
1.6831232 17.6756799 10.9927590
2.4512021 17.6455041 11.7500099
-2.8637213 13.3888712 4.8123295
-3.9535237 13.4981666 4.6192305
-2.7135224 13.3399275 5.8686945
7.0178769 15.6354990 11.3827432
6.5428751 16.1183124 10.4879251
7.8098698 16.2986314 11.7247682
7.5171680 14.7015201 11.1568300
-2.5112707 15.7201386 4.9170826
-1.8703430 16.4973503 4.5813680
-3.5441186 15.9711132 4.7075765
-2.3235833 15.7282345 5.9822822
-2.4344595 12.1557099 4.0676995
-3.0458672 11.3196185 4.4046761
-2.6037019 12.3573728 2.9658994
4.9713255 10.0820412 12.6145380
5.5804943 9.2477897 12.8101612
4.5316988 9.9028262 11.6111806
2.0342271 11.4211859 14.3095180
1.4020413 12.2800933 13.9460375
1.4703120 10.5247428 14.3499047
2.4066295 11.5698571 15.3217100
2.1438510 18.2107490 9.7761092
3.1056737 18.5618191 9.8568826
6.8423554 11.1856672 11.7058369
6.5057633 10.8669809 10.7151003
7.2770047 12.1696939 11.6995265
7.5758452 10.4364233 12.0655311
2.4737940 15.2126693 14.4773752
1.6551931 14.7419999 13.9460375
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H 2.7987278 14.5396010 15.2459849
2.1197277 16.1698321 14.9178429
-0.6388097 10.6620061 3.7483920
-0.6710675 10.7087418 2.6756199
0.3529868 10.5541826 4.0260507
-1.2433565 9.8513065 4.0891549
2.0627055 12.5704437 1.8918652
2.7951602 12.4493723 1.0980138
2.2592124 11.8568956 2.6882407
1.1001912 12.4162525 1.4009142
0.9885928 17.6999678 3.6524735
0.9829032 18.5029394 2.9406577
0.2304834 17.7816634 4.3415719
1.9161978 17.8074232 4.1775008
4.5555305 16.2220878 14.0280730
5.0596941 15.5663154 14.7537718
4.1651788 17.1560668 14.4887340
1.9109280 14.8792631 1.5119776
0.9124400 14.7677597 1.0475304
2.6308547 14.7787997 0.7067675
5.5060821 16.5514460 12.9111280
4.9332378 17.0235875 12.0529103
6.3387472 17.2627862 13.2518909
2.0425179 16.2173039 2.1821447
2.9173579 16.2176719 2.8270701
H 2.0508525 16.9794277 1.4513976
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Supplementary Table S23. Final coordinates for HAR refinement of 1aCu ([1]*)
Th 3.5281278 23.2139393 5.2946697
Th 6.7380163 25.0017463 3.7229949
Th 6.3773111 21.0449751 3.5147740
K 7.0688819 22.7228329 7.9613430
Cl 5.5732138 24.8787211 6.3252491
Cl 3.8942600 25.1759706 3.2413731
K 3.4429909 23.4186253 0.6554774
Cl 5.2527518 21.1146648 6.1312308
Cl 8.2076258 22.7976057 4.7679038
Cl 6.5202057 23.1246908 1.5573453
Cl 3.5794365 21.4491166 3.0571192
9.6661888 22.3121349 8.3110831
8.6309271 24.9266051 8.2920617
5.4856849 22.9268927 10.1815206
1.7578540 25.5347328 0.0050724
4.0511451 21.3397200 -0.9155633
1.4207900 21.4520634 0.1597797
4.3880319 25.5185259 -0.8077754
6.6079416 20.3816702 9.5664954
2.6790467 22.9895103 7.8964166
3.5383427 22.8090242 8.5875274
2.5433483 24.3538380 7.5996828
3.3358972 24.9512839 8.1145286
6.7142413 27.6526821 4.3647769
5.8572284 27.8884190 5.0432068
1.2417574 24.7789012 5.3805196
1.3035363 25.6153991 4.6412213
0.8541236 23.5700126 4.7452049
0.6801857 23.7247150 3.6521085
6.2978527 27.6221099 3.0332790
5.2009918 27.8302215 2.9597296
1.9659952 25.0905160 6.5585782
H 2.4263926 26.1067633 6.4862969
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7.7882051 27.1351658 5.0888582
7.5428755 27.0721798 6.1768822
2.2624540 21.8041954 7.2877319
2.9033276 20.9518590 7.6250447
1.5881841 21.4653236 6.1084051
1.8265319 20.4199775 5.7913818
10.4062181 23.4024184 7.8139905
11.4935082 23.2215639 7.9560170
10.2118791 23.5298637 6.7272346
10.0409174 21.0807776 7.7011303
9.3979630 20.2733786 8.0777539
9.9184527 21.1610755 6.6131062
11.0885249 20.8590376 7.9382637
0.9785675 22.1905831 5.0634963
0.8848407 21.5607234 4.1441287
6.7646032 27.0360826 1.8590247
5.9328188 26.9082690 1.1235306
9.9846578 24.6451942 8.5647017
10.6161263 25.5045290 8.2552870
10.1220917 24.4890184 9.6565300
8.9309830 25.6665982 2.2445250
9.3440973 24.7700611 1.7195344
3.5712477 26.6054943 -1.0905602
3.0866430 26.4669988 -2.0809410
4.1782689 27.5355503 -1.1260668
8.1848115 26.1421238 8.8829932
7.1416757 26.3288717 8.5976722
8.2484559 26.0636676 9.9748214
8.8191695 26.9697816 8.5342675
8.8904913 26.3141382 4.7743711
9.2805866 25.7910968 5.6823258
7.8547133 26.2205801 1.5204438
7.6507509 25.6382361 0.5883953
2.5258796 26.7207844 -0.0253619
3.0105035 26.8813802 0.9612147
1.8678376 27.5908011 -0.2358653
9.3807496 25.7174290 3.5874358
10.0444407 24.8481489 3.8207649
2.0366517 20.2623284 -0.3309723
2.6009159 19.7613873 0.4869478
1.2591015 19.5551175 -0.6961832
5.4909023 24.2293394 10.7445540
6.4904673 24.4540262 11.1338587
5.2165619 24.9623340 9.9735533
4.7607639 24.2772235 11.5650104
0.5077757 21.1794925 1.1958119
1.0122017 20.6122504 1.9909064
0.1263505 22.1224403 1.6104784
-0.3272682 20.5901501 0.8001668
2.9646685 20.6122504 -1.4456263
2.4327694 21.2236932 -2.2039461
3.3330346 19.6877195 -1.9376465
5.0464154 21.6214993 -1.8780461
4.6329576 22.2771427 -2.6503149
5.8940700 22.1187569 -1.3923664
5.3884614 20.6822348 -2.3332916
0.6680165 25.6327110 0.8965419
0.2062349 24.6455625 1.0144746
1.0231953 25.9936832 1.8691694
-0.0716839 26.3362385 0.4945564
5.6827102 21.9198539 11.1173734
4.9398893 22.0156220 11.9378298
6.6993190 22.0082552 11.5561337
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C 5.4636816 25.3932907 -1.7055854
H 6.0488365 24.5055937 -1.4456263
H 5.0776235 25.2938391 -2.7276686
H 6.0959189 26.2883544 -1.6358403
C 6.5790570 19.1057439 8.9717597
H 5.6801747 19.0099758 8.3567345
H 7.4711702 18.9768253 8.3440535
H 6.5639466 18.3395988 9.7541732
C 5.5315874 20.5864667 10.4516245
H 5.5177071 19.7798043 11.2188209
H 4.5728528 20.5496328 9.8923954
C 8.8073016 19.8497887 3.0649814
H 9.6498943 20.5569996 3.2602677
C 8.2722404 20.0405883 1.7930838
H 8.8026816 20.8594059 1.2465357
C 7.0680989 19.7392870 1.1996162
H 6.8999798 20.4096640 0.3233638
C 8.3312695 19.2899134 4.2506485
H 8.9029439 19.6914029 5.1230967
C 5.8861588 18.4464171 4.0363408
H 5.0629970 18.3359154 4.7845158
C 5.8766491 19.1830951 1.5901889
H 5.0460614 19.5182836 0.9219038
C 7.1419137 18.7042544 4.6830683
H 7.0401977 18.7374049 5.7951861
C 5.3727095 18.6342700 2.7466900
H 4.2551005 18.6379534 2.7479581

Supplementary Table S24. Final coordinates for purely DFT refinement of [1]*~
Th 2.192341 3.804566 0.000000
Cl -2.051934 3.538022 3.392804
C 2.944557 7.741212 3.199694
H 2166129 7.960769 5.084628
Th 2.192341 -3.804566 0.000000
4.068153 0.000000 3.397070
1.321520 8.679678 1.328794
-0.417520 9.434457 2.108551
4.068153 0.000000 -3.397070
1.321520 8.679678 -1.328794
-0.417520 9.434457 -2.108551
2.944557 7.741212 -3.199694
2.166129 7.960769 -5.084628
5.243969 6.404484 -3.199509
5.820674 5.836762 -5.084329
6.862137 5.457768 -1.328628
8.378319 4.319575 -2.108465
6.862137 5.457768 1.328628
8.378319 4.319575 2.108465
5.243969 6.404484 3.199509
5.820674 5.836762 5.084329
2.944557 -7.741212 -3.199694
2.166129 -7.960769 -5.084628
6.862137 -5.457768 1.328628
8.378319 -4.319575 2.108465
6.862137 -5.457768 -1.328628
8.378319 -4.319575 -2.108466
5.243969 -6.404484 -3.199509
5.820674 -5.836762 -5.084329
5.243969 -6.404484 3.199509
5.820674 -5.836762 5.084329
1.321520 -8.679678 -1.328794
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-0.417520 -9.434457 -2.108551
1.321520 -8.679678 1.328794
-0.417520 -9.434457 2.108551
2.944557 -7.741212 3.199694
2.166129 -7.960769 5.084628
-4.400937 0.000000 0.000000
-2.051934 3.538022 -3.392804
-8.180863 1.329860 -3.200009
-7.978375 2.113876 -5.084581
-2.051934 -3.538022 -3.392804
-8.177053 3.204407 -1.328713
-7.954295 5.087177 -2.108329
-2.051934 -3.538022 3.392804
-8.177053 3.204407 1.328713
-7.954295 5.087177 2.108329
-8.180863 1.329860 3.200009
-7.978375 2.113876 5.084581
-8.180863 -1.329860 3.200009
-7.978375 -2.113876 5.084581
-8.177053 -3.204407 1.328713
-7.954295 -5.087177 2.108329
-8.177053 -3.204407 -1.328713
-7.954295 -5.087177 -2.108329
-8.180863 -1.329860 -3.200009
-7.978375 -2.113876 -5.084581
-0.014556 0.000000 -7.248469
-0.014556 0.000000 7.248469
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Supplementary Table S25. Final coordinates for HAR refinement of 1bMo ([1]-)
Th 3.9587693 9.1344733 5.9208195
Th 2.1675598 11.7516774 3.3517898
Th 5.51533309.7474926 2.1873179
Cl 1.3937876 9.3713084 4.6937662
Cl 2.8023740 9.8577677 1.3095744
Cl 4.5051960 7.5276515 3.6129585
Cl 3.4068465 11.9212930 5.9306306
Cl 6.4197095 10.1129574 4.8736362
Cl 4.7688097 12.4671827 2.5045273
C 4.0602141 6.5597954 6.8010872
H 4.0911349 5.8413889 5.9453948
C 5.8337275 8.2367108 7.7059937
H 6.8694838 8.4772393 7.3567315
C 3.9130457 9.7585970 8.5823243
H 3.8619220 10.8639170 8.7363172
C 2.7535107 6.9825574 7.0598587
H 2.0417767 6.5075435 6.3391086
C 7.3585113 11.1595797 0.7350381
H 7.3013142 12.2469722 0.9890470
C 2.6527273 9.2316846 8.3251403
H 1.8843050 10.0448240 8.3187901
C 5.7166926 9.6797814 -0.5445315
H 4.7319726 9.9116036 -1.0207981
C 5.2421359 9.3385234 8.3235528
H 5.9404105 10.2129477 8.3251403
C 6.3532812 10.8207867 -0.1714560
H 5.7416968 11.7179259 -0.4365777
C 2.1516040 8.0758064 7.6885306
H 1.0990707 8.2235853 7.3392684
C 8.0785799 10.4750880 1.7050345
H 8.4574084 11.1709451 2.4940495
C 7.5366001 7.9569083 1.7590113
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H 7.5856813 7.2172115 2.5940655
C 6.5370815 7.5944181 0.8414043
H 6.0304925 6.6448035 1.1462150
C 5.7656330 8.3086310 -0.1190667
H 4.8202397 7.7670317 -0.3699004
C 5.3456795 7.0876032 7.0725591
H 6.1034829 6.6725797 6.3629219
C 8.1706492 9.1380409 2.1193864
H 8.5915060 9.0674952 3.1528849
C 1.4498651 14.2155653 4.2149595
H 2.1418353 14.5822433 5.0134998
C 0.4716177 13.3662567 4.7452030
H 0.6003322 13.2349698 5.8485540
C -0.3402667 12.3637616 4.2038466
H -0.6655052 11.6523942 5.0023869
C 1.9880667 14.4149657 2.9544405
H 2.9976861 14.8900108 3.0322307
C 1.7990857 13.8767519 1.6732834
H 2.6926266 14.0433641 1.0239732
C 0.0391063 12.0268404 1.6542327
H -0.0509395 11.1260616 0.9985723
C 0.9717133 12.8719655 1.1573279
H 1.4129958 12.4513771 0.2206702
C -0.5123142 11.7700883 2.9004636
H -0.9559330 10.7454097 2.9607908

Supplementary Table S26. Final coordinates for HAR refinement of 1bCu ([1]-)
Th 7.8510590 11.0024286 9.4961821
Th 8.5882117 14.9669070 8.9971923
Th 5.6504990 13.7476349 11.5202275
Cl 5.1075125 11.7248236 9.5757253
Cl 7.8374051 12.8299316 7.3335512
Cl 5.7787899 15.3548891 9.1737043
Cl 10.0780468 12.7291159 9.9718010
Cl 8.0834607 15.1990991 11.7973985
Cl 7.3742014 11.5881780 12.2334508
C 6.8058854 9.0242291 7.9133142

H 5.8686996 9.3684776 7.4089942

C 3.0630411 13.0498291 11.9068728
2.7291099 12.2998591 11.1462926
8.0628152 17.2844372 7.6078521
6.9624593 17.4442668 7.4827972
9.7919738 9.1542004 10.0741001
10.5531058 9.5634346 10.7834282
6.5408896 8.5939184 9.2397169
5.4561496 8.7133516 9.4795764
7.9462010 9.4756161 7.2203867
7.6589674 10.0762947 6.3224511
7.2867419 8.4867798 10.4082633
6.6272062 8.5254200 11.3102991
10.8008091 15.2628553 7.3987438
11.2406667 14.2669935 7.1424836
8.5621256 16.3746375 6.6504641
7.7494253 16.0145817 5.9718872
9.5887041 17.3898194 9.7296864
9.3467667 17.6163911 10.7957287
10.7035463 16.5081216 9.6374327
11.1068000 16.2516916 10.6481228
10.0499021 9.5528964 8.7579478
10.9522584 10.2115352 8.7251465
8.5044505 17.7077223 8.8871029
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H 7.6446409 18.0958801 9.4877768
2.9986874 14.3319792 11.4046029
2.6481231 14.3109028 10.3426607
8.6298059 8.6993006 10.7567772
8.7285177 8.8661558 11.8576709
11.2092158 15.6703331 8.6615940
11.8793354 14.9010431 9.1208122
9.7046334 15.5596818 6.5520602
9.5300567 14.7254061 5.8283815
5.1510734 15.5509000 13.5141367
6.0532701 16.1919750 13.6719929
9.2887191 9.7074570 7.5709507
9.7732929 10.4310814 6.8698228
4.4508458 16.0198508 12.5054966
4.9224539 16.9384323 12.0811298
4.7761549 12.9409342 13.9446538
5.4155838 12.1347603 14.3833712
5.3471321 14.2933391 14.1517120
6.3205715 14.2529426 14.6990837
C 3.7902712 12.4175359 12.9770153
H 3.8597212 11.3092664 12.8519604
C 3.5626717 15.5245544 11.6813639
H 3.5534809 16.1480658 10.7547271

TOZDO@DOZOTZIOTTOZDOZOTO

Supplementary Table S27. Final coordinates for purely DFT refinement of [1]"~
Th 2.238584 -3.858635 -0.000238
Cl-1.975415 -3.407209 -3.264882
C 2.985936 -7.815609 -3.201303
H 2.182709 -7.980400 -5.078354
Th 2.240198 3.859198 0.000395
Cl 3.952987 0.000318 -3.285474
C 1.367854 -8.759023 -1.327458
H -0.387662 -9.472936 -2.104189
Cl 3.953100 -0.000151 3.285107
1.368116 -8.758508 1.329060
-0.387265 -9.472031 2.106445
2.986543 -7.814269 3.202169
2.183668 -7.978205 5.079447
5.289089 -6.486505 3.201567
5.832959 -5.872527 5.078480
6.915197 -5.556946 1.327889
8.413782 -4.396793 2.104630
6.914947 -5.557481 -1.328718
8.413365 -4.397655 -2.106266
5.288433 -6.487749 -3.201697
5.831859 -5.874507 -5.078983
2.987168 7.815073 3.202464
2.184215 7.979098 5.079707
6.916113 5.558130 -1.328037
8.414665 4.398349 -2.105362
6.916226 5.557875 1.328609
8.414846 4.397908 2.105540
5.289896 6.487535 3.202119
5.833733 5.873823 5.079135
5.289644 6.488149 -3.201222
5.833235 5.874805 -5.078408
1.368664 8.758830 1.329111
-0.386859 9.472222 2.106309
1.368596 8.759170 -1.327433
-0.386959 9.472772 -2.104345
2.986932 7.815706 -3.201067
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H 2.183861

7.980256 -5.078193

Th -4.472214 -0.000666 -0.001950

Cl1-1.975068
C -8.274279
H -8.014102
C1-1.974748
C -8.285667
H -8.029795
Cl-1.974548
C -8.286411
H -8.031023
C -8.276112
H -8.017008
-8.275975
-8.016722
-8.286068
-8.030489
-8.285335
-8.029369
-8.274139
-8.013887

TOZDOZOQTO

-3.406536 3.263115
-1.329132  3.202626
-2.107827 5.079188
3.405900 3.263074
-3.201688 1.328252
-5.079407 2.104945
3.406552 -3.264427
-3.201888 -1.328541
-5.079751 -2.105012
-1.329591 -3.203220
-2.108609 -5.079772
1.328259 -3.203411
2.106931 -5.080089
3.200813 -1.328982
5.078536 -2.105747
3.200988 1.327810
5.078803 2.104247
1.328670 3.202432
2.107562 5.078907
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Abstract

Refining the anomalous dispersion parameters of the four uranium compounds NaUF5,
NaU, Fg, Csy (UO2) TiOy4, and Csy (UO2) TisOg gave insights into the crystallographic
model improvement of very heavy atoms. We found that the values for the dispersive
and absorptive parts, f' and f”, closely followed the X-ray absorption spectra on their
L3, Lo, and L; edges. The obtained values are sensitive to the chemical environment at
each crystallographically independent position. An incorrect treatment of the anomalous
dispersion correction can lead to a wrong crystallographic model. The above-mentioned,
already published structures were improved by this process. General guidelines were given
for the crystal structure determination of very heavy compounds. When using MoKao
radiation with uranium compounds, the proximity of its energy to the uranium L-edges
causes a noticeable effect.

7.1 Introduction

In single-crystal X-ray diffraction (SC-XRD), the anomalous dispersion terms f’ and
f" correct for the nonelastic behavior of a given element. They correspond directly to
an X-ray absorption spectrum (XAS) and its Kramers-Kronig transformation (KKT),
which contain valuable chemical information when recorded over several energies near the
absorption edge of an element. 12 In protein crystallography, this relation has been shown
to provide valuable spatially resolved chemical information in important systems such as
nitrogenase FeMoco and the FeV cofactor. 375 It has received much less attention for small-
molecule SC-XRD, with rare examples being presented, for instance, by Bartholomew et
al. ®7 This is surprising as the initial research into the refinement of the anomalous
dispersion correction terms goes back as early as 1978 and was well examined by L. K.
Templeton and D. H. Templeton. 8

In 2022, we have described the application and implementation of anomalous dispersion
refinement (ADR) within one of the most widely used crystallographic software suites
Olex2. 1% In this work, a good agreement was found between a recorded X-ray absorption
spectrum (XAS) of the organometallic compound Mo(CO)g and its KKT with the refined
values for f” and f’ obtained directly from the diffraction data.

Most recently, Leinders et al. published their investigations on ADR of tetravalent ura-
nium dioxide as well as pentavalent KUO3 with powder diffraction. ' In this study, the
dispersive part of the atomic form factor f’ was obtained by the transformation of refined
f" values and introduced as a parameter in the least-squares refinement procedure. In
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contrast, we refined both f" and f” for uranium directly from the experimental intensities
from single-crystal data.

Uranium-containing compounds are interesting both chemically and crystallographically.
Their chemistry has been and continues to be extensively studied, especially in the context
of nuclear waste deposits. 12 The different oxidation states and bonding motifs of ura-
nium make it interesting from a crystal chemistry viewpoint. In oxides, the +6 oxidation
state is most prominent, and U(VI) almost always forms the uranyl cation, UOy*", which
consists of a central uranium atom strongly bound to two oxygens with an almost 180°
arrangement. The uranyl uranium is further coordinated by four, five, or six equatorial
oxygens to form square, pentagonal, or hexagonal bipyramids. '* The two strongly coor-
dinated uranyl oxygens rarely participate in further bonding '* except to weakly bond to
low valent cations such as the alkali cations. %16 For this reason, the uranyl ion promotes
the formation of layered and channel structures. In fluorides, uranium often adopts the

+4 oxidation state and typically forms irregular 8- or 9-coordinate polyhedra. 31718
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Figure 7.1: Each plot shows the recorded XAS (top) and its KKT (bottom) for the L
edge of uranium in four different compounds, together with the freely refined values for f”
and f’ from SC-XRD data at different energies. Absorption edges, determined from the
strongest maximum in the first derivative of the XAS, are also given (vertical gray lines).
The XAS and its KKT were first normalized and then fitted to the ADR parameters.

Crystallographically, uranium typically exhibits a large residual electron density in its
vicinity, a common problem with very heavy elements. Particularly for these elements,
the values for anomalous dispersion correction can become quite large. For example, when
uranium compounds are measured using Mo Ko radiation (E = 17.4keV), just above
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the uranium Lj absorption edge (E = 17.1keV), a significant fraction of the incoming
radiation is absorbed and dispersed (f' = —10.2e, f” = 10.4e according to Henke et al. '9).
As the atomic scattering power is closely connected to the atomic position, displacement
parameters, and most notably the element type, an adequate correction for these effects
is essential for determining the correct structure. The quality of the structural model
strongly depends on the treatment of these effects.

Herein, we present the capability and robustness of anomalous dispersion refinements
(ADR) carried out at the L absorption edges of the known uranium single-crystalline
compounds NaUF5, NaUs, Fy, Csy (UO,) TiOy4, and Csy (UO,) TipyOg.'82% ADR was able
to capture the features within the strongly pronounced L3 edge of these compounds as
well as the weaker Ly and L; edges. For NaUF5, we present the dependency of ADR at
room temperature (RT) as well as at 100 K . As ADR introduces two additional variables
per resonating atom to the crystallographic model, it is important to investigate to what
extent ADR improves the residual electron density and whether the correction parameters
compensate for other effects.

7.2 Methods

To investigate the behavior of ADR at heavy element L-edges, SCXRD experiments
were performed at various energies around the uranium IL-edges (Lz : 17.166keV, Ly :
20.948keV, L : 21.757ke\/21). Simultaneously, X-ray absorption spectra were recorded on
the same single crystals in fluorescence mode in the range of these energies. All experi-
ments were performed at the Rossendorf Beamline (BM20) at the European Synchrotron
(ESRF) in Grenoble, France. 22

X-ray diffraction data were processed in CrysAlisPro 2* and evaluated in Olex using
olex2.refine 2° as a refinement engine employing the serial processing module SISYPHOS.
26 All data were treated with only multiscan absorption correction 27 to avoid including
the linear absorption coefficient p. This is due to the direct proportionality between u
and f”, the absorbing part of the dispersion correction. Especially in the edge region, the
tabulated values are the most incorrect, as both the edge position and the fine structure
features are individuals for each substance. Therefore, any absorption correction based
on  is also incorrect, particularly in this area.

XAS data were processed using the PyMCA 28 software suite, and the Kramers-Kronig
transformations were performed using the kkcalc® program. Further details can be found
in the Supporting Information (SI).
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7.3 Results and discussion

The results from ADR together with the recorded ULjs edge XAS data in both ura-
nium(IV) fluorides and uranyl titanates are shown in Figure 7.1. In all cases, we observed
good agreement between the XAS/KKT and the independently refined values for f”/f’
obtained from SC-XRD data. The absolute values for f’ and f” follow the fine structure
in the near edge region of XAS. The two crystallographically independent positions for
uranium in Csy (UO3) TipOg (Figure 7.1) are chemically equivalent. This was reflected by
very similar ADR values and underlined the sensitivity of ADR toward chemical features.
Figure 7.2 shows a good agreement between f’ and f” and no significant temperature
dependence for ADR of NaUF5 at two temperatures (RT and 100 K, A). Only at the
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Figure 7.2: Each plot shows the recorded XAS (top) and its KKT (bottom) for NaUF}
(A, B) and Csy (UO2) TipOg (C, D), together with the freely refined values for f” (top)
and f’ (bottom) from XRD data at the different energies. A shows the ADR parameters
at room temperature (red) as well as at 100 K (blue). (B) shows the values compared to
the calculated values for uranium according to Brennan and Cowan. *° Panels (C) and
(D) compare the spectra to ADR values at the ULy and UL; absorption edge, respectively.
The XAS and its KKT were first normalized and then fitted to the ADR parameters.

edge energy, a deviation was observed. However, this difference could be due to a small
energy difference that can occur when the synchrotron beam is readjusted. For technical
reasons, the low-temperature measurements were not carried out directly after the room-
temperature experiments. Especially in the absorption edge, such a rather small drift in
energy can already lead to a considerable deviation in absorption.

Most prominently, a large difference was observed between the refined f’ and f” values
compared to the calculated dispersion correction according to Brennan and Cowan (Fig-
ure 7.2, B). 3 Not only was there a typical offset due to the difference in edge energy
between elemental uranium and uranium embedded in a chemical environment (here by 9
eV), but there was also a shift to higher absolute values for f” and f’. This trend was also
observed for the other compounds of this study (see Figure S4 in the SI). Furthermore, a
good agreement was also found at the less pronounced Ly and L; edges in the respective
spectra and even for the two uranium positions in the case of Csy (UOg) TisOg.

In Figure 7.3, the residual electron density maps show the crystallographic models for
three different sources of anomalous dispersion corrections above the absorption edge of
uranium. In the case of NaU, Fg, a significant difference between the model relying on
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Figure 7.3: Residual electron density maps (blue: positive, red: negative) for the asym-

metric units of NaUy Fy (top, 1.0e - AT iso-surface) and NaUFj5 (bottom, 0.9e - AT
iso-surface) modeled according to Henke ' (left, linearly interpolated), ADR (middle),
and Brennan and Cowan 3° (right, calculated). Ellipsoids are shown at 50% probability
level, and tetrahedra indicate nonpositive definite displacement parameters. [’ and f”
values are given in electrons and elemental y in kilobarns per atom.

the Henke table ' and the one for Brennan and Cowan 3" was apparent. Using Henke the

agreement strongly decreased and a disorder in the sodium position, far away from the
uranium atom, could not be modeled properly. The values obtained from ADR closely
matched those of Brennan and Cowan, 3 and similar agreement was obtained between
measured and modeled structure factors as indicated by the crystallographic R; value.

In the case of NaUF5, ADR showed a better agreement with the measured data compared
to the models using the values from Henke ' and Brennan and Cowan. 3° This suggests
that ADR provided the most accurate values for anomalous dispersion correction in this
approach, especially where pronounced spectral features dominate the XAS.

Generally, Brennan and Cowan 3° gave a good approximation, except for the edge region.
This was particularly relevant for uranium compounds measured with MoKa radiation
(Eo ko = 17.4keV), which lies just above the Uy edge. This was reflected very well in the
work of Gianopoulos et al., 3! where in a charge density study of uranium, the anomalous
dispersion values refined very close to those calculated by Brennan and Cowan. 3°

@ The published structures were re-refined using olex2.refine 2> employing the recently pub-
lished improved spherical model according to Thakkar. 3233 Additionally, for the uranyl
titanate structures, the cesium atoms were refined anharmonically. Quality parameters
were calculated to a resolution of 0.75 1&, and f’ and f” were refined at the maximum
resolution of the dataset.

Note that the resulting elemental absorption coefficient for uranium differed by more than
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Figure 7.4: Residual electron density maps at 0.6e - A_g iso-level (blue: positive, red:
negative) for the structure of NaUF5 (CCDC 1827659) '® refined as published using Henke
(A) and refined anomalous dispersion values (B) in crystallographic a, b, and ¢ directions.
Light green atoms: fluorine, dark green atoms: uranium, and cyan atoms: sodium.

50% (69.8 kilobarns per atom with ADR, 41.7 kilobarns per atom according to Brennan
and Cowan ). Such a difference can have a significant effect on the analytical absorption
correction, which is essential for atomic structures containing heavy elements. Since f”
and p are directly proportional to each other, their dependence is obvious. However, p is
used to correct the data, while f” and f’ are used to correct the model. Therefore, the
true value of u could potentially be found by repeatedly refining f” and then applying
the resulting p to the absorption correction until convergence is reached.

Using the respective charged atomic form factors for uranium (U** for the fluorides and
US* for the titanates) showed only a little deviation from the values obtained by using the
neutral uranium atomic form factor. While the fluorides showed no significant difference,
the f’ obtained using charged uranium for the titanates did show lower absolute values
than when using the neutral atomic form factor. This is consistent with the higher charge
at the U%T ion in the uranyl titanate structures. Again, the difference in f’ and f” for
the two uranium positions in Csy (UOy) TioOg was only marginal.

As the structures of the four compounds in our study had previously been determined
using Mo K « radiation, we applied ADR to these previously published datasets. 820
Figure 7.4 shows the residual electron density maps of NaUF; with and without refined
anomalous dispersion correction parameters. This map describes the observed electron
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Table 7.1: Refinement indicators achieved with the Brennan and Cowan 3° (B&C) anoma-
lous dispersion values as well as by ADR for the published data of the four compounds
within this study ®!%20,

NaUF; NaU, Fy Csy (UOy) TiO4 Csy (UOs) TiyOg
Metric B&C ADR B&C ADR B&C ADR B&C ADR
Ry, wRy | % 132,264 126,250  1.34,3.07 133,298 112,252 108,242  1.20,2.87 1.08, 2.51
min., max. peaks / eA " -0.93, 1.07  -0.97,0.97  -0.89, 111  -0.89, 1.03  -0.74, 0.73  -0.62, 0.67  -0.86, 1.67 -0.935, 1.53
weights 000,291  0.00,1.92 001,087 001,053 001,21.0 000,192  0.01, 11.7 0.01, 2.39
o e 97,97 -11.9(3), 11.8(6) -9.7,9.7 -11.1(3),9.9(6) -9.7, 9.7 -10.2(4), 10.5(8) -9.7,9.7 —10.5,—11.3,10.2,10.1

density, which could not be completely described by the crystallographic model. There-
fore, we attributed the significant reduction of this density to the improved correction
by ADR for the nonelastic behavior. Even though the published structure was already
of high quality, ADR improved the agreement of observed and modeled intensities even
more. Subsequently, both the maximum and the minimum residual electron density peaks
decreased. Table 7.1 shows the respective improvements for all four compounds with their
corresponding values for the anomalous dispersion correction.

Generally, ADR improved the crystallographic model, resulting in better quality param-
eters, lower residuals, as well as lower weights on both the low- and high-resolution re-
flections. The deviation from the tabulated anomalous dispersion parameters according
to Brennan and Cowan *° (—9.7,9.7e) was rather large. The values by Brennan and
Cowan 30 differ more strongly from those of Sasaki *(—11.0e, 9.7¢) and Henke et al.
19(—~10.2e,10.4¢). In particular, f” reached higher values in the free refinement than all
tabulated sources, especially prominent for NaUF5 with a value of 11.8 e.
Remeasurement of the crystals subject to this study on an inhouse diffractometer (Rigaku
XtaLAB Synergy-DW, HyPix-Arc 150°) generally showed good agreement compared to
the published structures. Further information can be found in the SI.

We are therefore confident in recommending ADR for uranium structures measured using
in-house diffractometers and Mo K « radiation. However, this method should only be
applied to high-quality datasets, without unresolved other issues, such as disorder, twin-
ning, or anharmonicity. The warnings implemented in Olex2 should always be carefully
considered if the values resulting from the ADR differ significantly from tabulated values.

7.4 Conclusion

In this work, we demonstrated the ability to perform anomalous dispersion refinements
for very heavy elements in the energy range of their L absorption edges using four differ-
ent uranium compounds as examples. The ADR’s f” and f’ followed the independently
recorded X-ray absorption spectra and Kramers-Kronig transformation closely, even in
the delicate edge region. In the case of Csy (UO2) TisOg, which contains two crystallo-
graphically independent but chemically identical uranium positions, the deviation of f’
and f” for both positions was negligible. This underlines the benefit of refining individual
dispersion parameters for spatially and chemically different elements. We have also shown
that treatment of the anomalous dispersion as a free parameter leads to an improvement
in the structural models of measurements with the laboratory diffractometer far away
from the absorption edges. The published structures of the four compounds subject to
this study, measured at an in-house diffractometer using common Mo K « radiation, could
be improved by applying ADR.
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7.6 Supporting information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.
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Synthesis and General Considerations

Single crystals of the four compounds were prepared using the published experimental procedures.!
Briefly, NaUFs and NaU,Fy were synthesized under mild hydrothermal conditions. For NaUFs 0.2500
g of UF4, 0.0361 g of NaF, 0.25 mL of 49% HF, and 0.5 mL of distilled water were enclosed in an
autoclave with a 23 mL PTFE liner. For NaU,Fo, 0.1500 g of UF4, 0.0108 g of NaF, 0.25 mL of 49%
HF, and 1.5 mL of distilled water were enclosed in an autoclave with a 23 mL PTFE liner. Both reactions
were heated to 200 °C for 36 h in a programmable oven and then allowed to cool naturally by shutting
off the oven. The crystals were isolated from the mother liquor via vacuum filtration and washed with
water followed by acetone. Cs2(UO»)TiO4 and Cs»(UO;)Ti,Os were grown via flux growth from a near
eutectic cesium fluoride/cesium chloride melt. For Cs>(UO,)TiO4 and Cs2(UO2)Ti,Os, a mixture of 1/6
mmol UzOg and %2 mmol TiO; and a mixture of 0.5 mmol UF4 and 1 mmol TiO,, respectively, were
layered under a mixture of 9 mmol CsF and 11 mmol CsCl in a cylindrical silver crucible. The reactions
were rapidly heated to 900 °C for 12 h, cooled to 400 °C at 6 °C/h, and then allowed to cool naturally by
shutting off the furnace. The flux was dissolved via sonication in water and the crystals were isolated
via vacuum filtration and washed with water followed by acetone. The resulting crystals were analyzed
on an in-house Bruker D8 Quest diffractometer equipped with a microfocus Mo Ka X-ray source and a

Photon II detector to select high-quality crystals for subsequent analysis on the beamline.

In Csy(UO»)TiO4, and Csz(UO2)Ti20¢ the uranium ions form uranyl ions and have UQOs square
bipyramidal coordination. In Cs2(UO2)TiO4, these UOs polyhedra corner share through two equatorial
oxygens to form chains, with the other two equatorial oxygens corner-sharing to TiOj tetrahedra. The -
yl oxygens are terminal and stick into channels occupied by the Cs cations. The UO¢ polyhedra consist
of two short -yl bonds with length 1.873(2) A, two intermediate bonds along the chains with length
2.1459(4) A, and two longer bonds of length 2.2431(18) A.?2 Cs,(UO,)Ti»Os has two unique uranium
positions, both forming uranyl ions and having UOs square bipyramidal coordination. The bonding
environments for the two uranium positions are very similar containing two -yl oxygens with bond
distances of 1.834(3) — 1.837(3) A (U1) and 1.831(2) A (U2) and four equatorial oxygens that corner
share with TiO5 polyhedra and have bond distances of 2.2177(18) — 2.2338(18) A (U1) and 2.2115(19)
— 2.2373(19) A (U2).2 NaUFs and NaU,Fs each have one unique uranium position, forming UFs
polyhedra. The bond distances in NaUFs have a greater range, 2.134(2) —2.486(2) A, compared to those
in NaU,Fo, 2.24775(17) — 2.418(2) A.!

Experimental Procedures
All data were obtained at the Rossendorf Beamline (ROBL, BM-20) at the European Synchrotron
(ESRF) in Grenoble, France.?

X-ray absorption spectroscopy data for the comparison spectra were recorded in fluorescence mode
using a FalconX single-module ROI-based fluorescence detector. The energy was calibrated against the

first inflection of the first derivative for an Y foil at 17.038,0 eV (see Fig. S1).
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Figure S1: Absorption spectrum (transmission mode) for an Y foil for energy calibration. The minimum of the

derivative was found at 17,035 eV and then set to the K absorption edge of Y at 17,038 eV.

The absorption spectra at the uranium Ls;-edge are shown in Fig. S2.
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Figure S2: Absorption spectra in fluorescence more for the compounds of this study.

Diffraction data were collected on a Huber Kappa diffractometer using a DECTRIS PILATUS3 X 2M
photon counting detector for recording data. The data were processed using the SNBL toolbox* and
CrysAlisPro®. The instrument model was calibrated using an LaBs powder standard using PyFAI® and
the resulting instrument model was refined against an “Y1id”’ single-crystal dataset with 100.0% of
recorded reflections indexed. Datasets were recorded at multiple energies, determined from the
individual absorption spectra. For each compound and absorption edge, an initial model was obtained
by a structure solution with ShelXT® and then a refinement of positional and anisotropic parameters for
all atoms using olex2.refine’ within the Olex2'® crystallographic suite. The initial structural model was
then used as an input for serial refinement against the structure factors (.hkl files) obtained at the
subsequent energies. This was done using the Olex2'? extension module SISYPHOS"!, which guided the
serial refinement of anomalous dispersion correctional terms and the extinction correction in an
automated fashion employing olex2.refine’. The output of this process can be found in .csv format

containing resulting quality parameters, shift, ADPs, anomalous dispersion values, and more in the
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additional supplementing material (ASM1). A .cif is also provided in a zipped folder (ASM?2) for each

experiment at a different wavelength.

For the cesium uranium titanates, anharmonic displacement parameters were refined for the cesium
atoms, and in Cs2(UO,)TiO4 half a molecule of water was identified at a chemically plausible position
and included in the refinement with a fixed occupancy of 0.5 due to the symmetry constraint. Further

information can be found in Table S1 containing the crystallographic information of the starting models.

Table S1: Crystallographic details of the starting crystal structures for the serial refinement of the studied

compounds at different wavelengths.

Sample NaUF; NaU,F, Cs2(UO)TiO4 Cs,(UO2)Ti,06
X-ray Energy / eV 17,100 17,100 17,000 17,000
Empirical formula NaUF; NaU,Fy Csy(UO,)TiOy4 - 0.5 Hy0 Cs,(U0O,)Ti,06
CCDC Nr. 2337534 2337500 2337547 2337544
Formula weight / g-mol’! 356.011 670.033 1313.421 727.569
Crystal size / mm™ 0.068x0.049x0.030 0.066x0.050%0.043 0.077x0.049x0.039 0.039x0.028x0.025
Temperature / K 294.0(1) 293.9(1) 294.0(1) 294(1)
Space group Pnma Pnma Immm P2\/m
alA 8.70675(4) 8.66316(8) 8.4950(2) 7.51113(10)
b/A 8.08990(5) 11.1686(1) 13.5769(2) 16.4083(2)
c/A 10.42316(5) 7.02070(6) 14.5795(4) 7.95961(10)
a,B,y/° 90 90 90 90, 102.737(1), 90
v/ A3 734.174(6) 679.29(2) 1681.54(7) 956.84(2)
p/ gem? 6.442 6.552 5.188 5.051
u/ mm! 20.494 22.016 18.881 17.441
O-range / ° 6.22-67.78 7.00 - 67.76 54.20 - 68.24 5.10-68.26
Total reflections 34779 30713 39930 45501
Data/restr./param. 1480/0/76 1355/0/61 1815/0/106 3743/0/187
Completeness / % 100 100 100 100
Resolution / A 0.65 0.65 0.65 0.65
Ry, wR;, Riy (all data) / % 1.12,3.13 1.43,3.64 0.96,2.41 1.383.24
GooF 1.047 1.031 1.060 1.038
Largest diff. peak, hole / e-A” 0.89,-0.72 1.16,-1.80 0.52,-0.62 1.56,-1.30
V0)] 107.3 67.6 104.2 66.4
-15<h<15 -15<h<15 -15<h<15 -13<h<13
Indices range -14<k<14 -20<k<19 -24<k<24 -27<k<18
-18<I<18 -12<1<12 -26<1<25 -14<1<14

>, £/ electrons

-13.7(1), 6.5(2)

-14.6(2), 7.0(4)

-11.09(7), 5.2(1)

Ul: -12.02(7) 6.99(9)
U2: -11.73(8) 5.99(10)
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Labelling scheme of the starting structures of ADR

Cs03

0009

Figure S3: Labelling scheme for NaUFs (A), NaU,Fq (B), Cs2(UO>)TiO4 (C), and Cs2(UO,)Ti2O¢ (D)
as given by the respective structure solution program.
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Overlay of the starting structure models for ADR and the previously published ones.
[100] [010] [001]
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Figure S4: Structural overlay in balls-and-sticks representation of the starting models used in this study and the
re-refined published structures of NaUFs (A), NaUxFy (B), Cs2(UO2)TiO4 (C), and Cs2(UO2)Ti,06 (D).
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ADR at L, and L; edges for NaUFs and Cs>(UO2)TiO4
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Figure S5: Each plot shows the recorded X-ray absorption spectrum and its Kramers-Kronig transformation
for the L, (top row) and L; edge (bottom) of uranium in two different compounds, together with the freely
refined values for {7 and f* from X-ray diffraction data at the different energies. Dispersion parameters are
presented with their standard deviations for NaUFs and Cs,(UO,)TiO4. Note that the X-ray absorption spectrum
and its transformation were first normalized and then fitted in vertical offset and scaling to the refined anomalous

dispersion parameters.

ADR at the U L3 edges compared to the Brennan & Cowan table

.
151 NaUF, 151 NaU,Fq,
10 : ° 10 i
. .
5 5
« w
2 2
g 0 £ o0
8 8
£ 2
9 -5 2 -5
< &
-10 -10
/(_u)"—_‘ I
~15 -154
Edge at 17175 eV . Edge at 17176 eV
=20 b B&C for elem. U =20 B&C for elem. U
17100 17150 17200 17250 17300 17350 17100 17150 17200 17250 17300 17350
Energy / eV Energy / eV
Edge at 17177 eV
10 B&C for elem, U 10
5 - 5 L
2 0 F Edge at 17177 eV
5 5
= = A Ul
i B
o =5 L -5 Y u2
o o
= = B&C for elem. U
-101— | T 0 —
/o_,/' X -
=15 -15
-204 €5,(UO,)TiO, \/ -20{ €52(UO,)Ti,06

16950 17000 17050 17100 17150 17200 17250 17300 17350 16950 17000 17050 17100 17150 17200 17250 17300 17350
Energy / eV Energy / eV

Figure S6: Each plot shows the recorded X-ray absorption spectrum (top) and its Kramers-Kronig
transformation (bottom) for the L; edge of uranium in four different compounds, together with the freely refined

values for £’ (top) and f” (bottom) from X-ray diffraction data at the different energies. Dispersion parameters
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are presented with their standard deviations for NaUFs and Csy(UO2)TiO4. Note that the X-ray absorption

spectrum as well as its transformation were first normalized and then fitted in vertical offset as well as scaling

to the refined anomalous dispersion parameters.

Table S2: Values and standard deviations for f” and f” obtained by ADR at various energies around the L3, L,, and
L, absorption edges for NaUFs and NaUFo.

NaUFs NaUFy

Energy / eV £, /e Energy / eV £, /e

Ls
17,100 -13.7(1), 6.5(2) 17,100 -14.6(2), 7.0(4)
17,150 -16.6(1), 6.0(2) 17,150 -17.1(2), 6.8(3)
17,160 -17.9(1), 6.3(2) 17,181 -16.7(3), 17.3(4)
17,166 -19.4(1), 6.7(1) 17,203 -15.0(3), 10.8(4)
17,180 -17.1(2), 17.0(2) 17,220 -14.4(3), 12.0(4)
17,200 -14.3(2), 10.6(2) 17,250 -14.0(3), 11.5(4)
17,220 -14.3(2), 11.5(2) 17,300 -12.83(3), 12.3(4)
17,300 -12.0(2), 11.1(2)

L
20,800 -9.6(1),9.7(2) 20,800 -8.6(3), 11.4(3)
20,930 -11.7(1), 8.4(3) 20,950 -12.3(2), 10.3(3)
20,960 -15.2(1), 12.5(2) 20,965 -10.5(2), 16.8(3)
20,966 -10.4(2), 14.6(2) 20,988 -9.7(3), 12.7(3)
20,986 -10.8(2), 10.9(2) 21,200 -8.0(3), 14.4(4)
21,008 -10.3(2), 11.8(2)
21,025 -10.9(3), 11.9(4)

Li
21,735 -5.9(3), 13.1(5)
21,777 -5.0(4), 15.1(5)
21,798 -4.3(4), 16.0(5)
21,822 -3.4(5), 16.1(5)
21,846 -3.5(4), 16.2(5)
21,930 -3.7(4), 15.7(5)
22,000 -4.0(4), 15.6(5)
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Table S3: Values and standard deviations for ” and f” obtained by ADR at various energies around the L3, L,, and
L, absorption edges for Cs2(UO,)TiO4 and Cs2(UO2)Ti2Oe.

Cs2(UO2)TiO4 Cs2(UO2)Ti206

Energy / eV £, /e Energy / eV f, /e (Ul) f, £/ e (U2)
Ls

17,000 -11.1(1), 5.2(1) 17,000 -12.0(1), 7.0(1) -11.7(1), 6.0(1)

17,150 -15.4(1), 4.9(1) 17,150 -15.9(7), 6.5(1) -15.6(1), 5.5(1)

17,176 -21.0(2), 8.0(1) 17,176 -20.5(1), 8.3(1) -20.3(1), 8.8(1)

17,184 -17.3(2), 12.2(1) 17,184 -17.7(1), 12.5(6) -17.1(1), 12.8(1)

17,200 -12.3(3), 10.6(1) 17,200 -13.7(7), 11.4(1) -13.6(7), 11.1(1)

17,210 -12.8(2), 9.9(1) 17,210 -13.6(1), 10.6(1) -13.5(1), 10.5(1)

17,250 -12.0(2), 10.1(1) 17,250 -12.9(1), 10.7(1) -12.6(1), 10.5(1)
L

20,930 -10.2(1), 7.3(1) 20,930 -10.9(1), 8.5(1) -10.6(1), 8.01(1)

20,962 -13.2(1), 10.3(6) 20,962 -13.9(1), 10.2(1) -13.7(1), 10.3(1)

21,100 -8.3(1), 10.2(1) 20,970 -11.2(1), 12.1(1) -11.2(1), 12.2(1)

21,100 -8.9(1), 10.9(1) -8.6(1), 10.7(1)

Li

21,735 -7.9(1), 9.8(1) 21,735 -8.6(1), 10.3(1) -8.3(1), 10.1(1)

21,750 -8.0(1), 9.8(1) 21,750 -8.7(1), 10.4(1) -8.4(1), 10.3(1)

21,780 -8.3(1), 10.6(1) 21,780 -9.0(1), 11.1(1) -9.0(1), 10.8(1)

21,802 -8.1(1), 11.1(1) 21,802 -8.7(1), 11.5(1) -8.6(1), 11.5(1)

21,840 -7.1(1), 11.3(1) 21,840 -8.0(1), 11.7(1) -7.9(1), 11.4(1)

Influence of charged atomic form factors on the refinement of anomalous dispersion

parameters

For uranium, the International Union for Crystallography (IUCr) has four different sets of atomic form
factor parameters in its Tables'?. These are for the neutral uranium atom used in this study, as well as
adaptations for the charged species U*", U*', and U®". The spherical atomic form factor is conventionally

approximated by four Gaussian functions and a set of nine parameters in the form of
Qo
FUQN = Y a exp(=hi(;0)*) +c
: a7
i=1
Where Q is the scattering vector and a, b, and ¢ are the parameters fitting the Gaussian functions to the

Fourier transform of the calculated atomic electron density. Table S4 shows the different parameters and

Fig S6 shows the atomic form factors with increasing scattering vector.

Table S4: Fitting parameters of the four different uranium species given in reference '2.

Species al b1 a2 b2 a3 b3 a4 b4 c
U 36.0228 0.5293 23.4128 3.3253 14.9491 16.0927 4.188 100.613 13.3966
U3+ 35.5747 0.52048 22.5259 3.12293 12.2165 12.7148 5.37073 26.3394 13.3092
U4+ 35.3715 0.516598 22.5326 3.05053 12.0291 12.5723 4.7984 23.4582 13.2671
U6+ 34.8509 0.507079 22.7584 2.8903 14.0099 13.1767 1.21457 25.2017 13.1665
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Figure S7: Atomic form factors for neutral and charged uranium species.

Fig. S6 shows, that the difference between the charged species in predominately in the low-resolution

region. From about 0.3 A, there is no significant difference between the four species.

To investigate the influence of charged atomic form factors, we took the “most suitable” charged atomic
form factor for each of our ADR experiments at the Ls absorption edge and compared it to the ADR
result using the neutral atomic form factor. Fig. S7 shows the side-by-side comparison of the U*" atomic

form factor for the fluorides and the U®" form factor for the titanate structures.
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Figure S8: Comparison of ADR using neutral and charged atomic form factors. Figure according to Fig. 2

and 3 in the main text.
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Generally, the change of the neutral to the respective charged atomic form factors (using tabulated
anomalous dispersion correction values) did not improve the structural quality in terms of quality

indicators as well as uranium ADPs (see ASM 3).

No significant difference was observed for the uranium fluorides when neutral and charged (U*") atomic
form factors were used in the ADR procedure. However, for the uranyl titanates, a small difference
especially in f* was observed, which is consistent with the higher charge on the metal atom and the direct

correction that the real part of the anomalous dispersion correction has on the atomic form factor.

Residual density improvements of the published structures analogous to Figure 4 in the

main text
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Figure S9: Residual electron density maps at 0.6 e/A? iso-level (blue: positive, red: negative) for the

published structure of NaUyFe (CCDC 1827660)' refined as published using Henke (A) and refined

anomalous dispersion values (B) in crystallographic a, b, and ¢ direction. Light green atoms: fluorine,

dark green atoms: uranium, cyan atoms: sodium.
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Figure S11: Residual electron density maps at 0.6 e/A> iso-level (blue: positive, red: negative) for the
published structure of Cs»(UO»)Ti,Os (CCDC 2033376) refined as published using Henke (A) and refined
anomalous dispersion (B) values in crystallographic a, b, and ¢ direction. Red atoms: oxygen, dark green
atoms: uranium, dark blue atoms: titanium, cyan atoms: cesium. In C, also anharmonicity and the

improved atomic form factors according to Thakkar were used. '

Comparison of literature ADR with a different in-house machine

The same crystals subject to this study were remeasured in the University of Regensburg X-ray
department to compare the reliability of the values obtained from ADR at in-house machines. The
crystals were measured using a Rigaku XtalLAB Synergy-DW rotating anode machine using a HyPix-
Arc 150° photon counting detector.

The results are compared in Tab. S5 to the published structures of different crystals of the same material.
The resulting .cifs can be found in the additional support material 2 (ADM2, “Synergy-DW?”). In general,
values for the uraniumfluorides differed more strongly than for the titanates. In the latter case, the
deviation was much smaller than even between the different tables for tables for anomalous dispersion

correction.

The values for the fluorides differed more significantly in the newly recorded data sets. This could be
attributed to the different crystal specimens, which differed more greatly in size for these highly
absorbing materials. This trend of a general shift towards higher values for f* and f” is in accord with
the main findings of our study, where a whole series of synchrotron data sets show an offset compared

to the theoretical values for isolated atoms.
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Table S5: Results of the comparison experiments using Mo Ka radiation at inhouse devices, quality parameters

determined at a common resolution of 0.75 A.

NaUFs5 NaUzFq

ADR* Mo Ka DW ADR* Mo Ka DW
Ry, 1.26, 1.16, 1.33, 0.83,
wR2/ % 2.50 3.57 2.98 1.98
min., max. -0.97, -1.31, -0.89, -1.09,
peaks / eA? 0.97 1.00 1.03 1.07
weights 0.00, 0.02, 0.01, 0.00,
1.92 2.83 0.53 3.50

f, -11.9(3), -12.7(2), -11.1(3), -13.6(2),
f’le 11.8(6) 14.1(3) 9.9(6) 14.7(3)
CSz(UOz)TiO4 CSz(UOz)TizOs
ADR* Mo Ka DW ADR* Mo Ka DW

Ry, 1.08, 243, 1.08, 1.37,

WR:/ % 2.42 6.70 2.51 2.88

min., max. -1.75, -0.94 -1.66,

peaks / eA? 062,067 2.44 1.53 1.33

weights 0.00, 0.04, 0.01, 0.00,

19.2 15.1 2.39 417

f, -10.2(4), -10.1(2), -10.5(3) / -11.3(4) -10.7(1) / -11.0(1)
f’le 10.5(8) 10.5(2) 10.2(4) / 10.1(5) 11.0(1) / 11.8(1)

* These data sets are re-refined from the published ones'? using olex2.refine’ and Thakkar [AM!*!# in Olex2!°.

Different crystals were used in the published structures. For reference, at the Mo Ka wavelength, the tables of
Brennen & Cowan'® (-9.7, 9.7), Henke et al.'® (£: -10.212 e, £’: 10.405 ¢) and Sasaki'” (f: -11.031 e, £: 9.690 ¢)
also differ strongly.
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Abstract

Radiation damage in small-molecule crystallography has been mostly ignored for several
decades. Today, with new-generation synchrotrons, it is common and must be addressed,
especially for quantum-crystallographic work which requires the highest possible data
quality. However, it is much more complicated compared to protein crystallography be-
cause the variety of compound classes and chemical bonding leads to a large complexity of
different mechanisms of X-radiation interacting with the material. Here, we focus on the
radiation damage of the organo-metallic compound triphenyl bismuth BiPhs, from which
several hundred datasets across 24 crystals at three different X-ray sources were collected:
the Advanced Photon Source, the European Synchrotron Radiation Facility, and a home
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laboratory rotating anode X-ray generator providing Cu radiation. We empirically fol-
lowed numerous correlations of properties, strictly evaluating them against the radiation
dose. We find that the impact of the Bi L3 absorption edge only increases the absorbed
dose, but does not trigger different decay processes as long as the material is still crys-
talline. Simultaneous X-ray diffraction and X-ray absorption spectroscopy measurements
show that the damage mechanism in this compound is an amorphization without covalent
bond breakage or loss of the Bi coordination sphere. Only extremely long exposures (more
than 10 hours) of the already amorphous material leads to oxidation of Bi from Bi(III)
to Bi(V).

8.1 Introduction

In the field of experimental charge-density determination and quantum crystallography
(Grabowsky et al., 2017; Genoni et al., 2018; Krawczuk & Genoni, 2024), accurate X-ray
diffraction data to very high resolution are required to reconstruct small details of the
valence-electron-density redistribution upon chemical bonding (Koritsanszky & Coppens,
2001; Stalke, 2011) or even of the deformation of core electron densities (Fischer et al.,
2011; Bindzus et al., 2014). The breakthrough to achieve such high resolutions that enable
experimental electron-density modeling in reasonable timeframes was the use of modern
synchrotron facilities (Koritsanszky et al., 1998). During the last 25 years, synchrotron
charge-density investigations have become indispensable for the elucidation of electronic
structure (Mallinson et al., 2000; Jorgensen et al., 2014; Iversen et al., 1999; Vosegaard
et al., 2023; Coppens et al., 2005). However, only during the last few years has it become
obvious that there are technical and physical challenges that come with the use of syn-
chrotron radiation that are of great importance for accurate studies. These issues include
saturation of detectors with high primary beam intensities (Krause et al., 2020), insuf-
ficient anomalous dispersion correction for tunable X-ray energies (Meurer et al., 2022,
2024), and radiation damage to small-molecule crystals (Christensen et al., 2019).
Although radiation damage at synchrotron facilities is a well-known and well-studied
phenomenon in macromolecular crystallography (Holton, 2009; Garman, 2010; Garman
& Weik, 2018), it has been widely ignored for small-molecule and charge-density stud-
ies. It is not mentioned once in the overview articles on the use of synchrotron radiation
for charge-density analysis of small-molecule crystals cited in the first paragraph. Nev-
ertheless, from discussions with colleagues in the field and our own experience it has
become clear that the phenomenon has been omnipresent during synchrotron beamtimes
ever since their use for small-molecule crystallography studies. However, the effects have
never been systematically investigated or reported until recently for the following reasons:
i) Compounds where radiation damage was already evident in terms of reduced resolu-
tion of diffraction spots on the measured frames during the experiment were discarded
for follow-up analyses. ii) Data integration and reduction software used with area de-
tectors can mask the effects with empirical corrections, and resulting residual densities
are incorporated into atomic displacement parameters or mistaken for physical effects
such as anharmonic motion. iii) Only with the recent advent of third- and now fourth-
generation synchrotrons (Chapman, 2023) (as well as extremely bright microfocus, met-
aljet, or rotating-anode sources for home lab applications (Graw et al., 2023)) have the
effects become too prominent and obvious to be ignored any longer. It is of crucial impor-
tance to properly correct for or avoid the impact of radiation damage in small-molecule
crystallography if any quantumecrystallographic effects beyond geometric connectivity are
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to be discussed in detail.

In macromolecular crystallography, mitigation strategies and correction procedures have
been worked out over many years accompanied by a rising awareness of the problem
(Owen et al., 2006; Ebrahim et al., 2019). However, in small-molecule and materials crys-
tallography, the large variety of chemical species under investigation leads to a myriad of
possible interaction mechanisms of X-radiation with matter and related damage pathways
which prevent generalizable conclusions. Radiation damage was first reported in 1973 for
"an inorganic mixed oxide, three aromatic molecules, four metal-organic complexes, and
an antibiotic" in the era of point detectors when the stability of the intensity of individ-
ual reflections was monitored over the course of long experiments (Abrahams, 1973). In
the 1980s, it was described for cyclic organic crystals (Seiler & Dunitz, 1985), with the
next records reported over 30 years later in 2018/2019 for brominated organic compounds
(Morgan et al., 2018), Niorganic compounds (Christensen et al., 2019), and metal-organic
frameworks (Widmer et al., 2019).

Recently, it was found that radiation damage (RD) can influence or even prevent phase
transitions (Bogdanov et al., 2021; Poreba et al., 2022; Collings, 2021). The variability in
X-ray induced effects with changing experimental parameters in a rhodium complex was
studied recently (Fernando et al., 2022). Some of us have observed RD effects via residual
electron-density maps in the vicinity of a spherical K™ counter cation in a molecular salt of
pharmaceutical relevance and corrected the intensities with a scaling procedure (Kleemiss
et al., 2021a). We also very recently observed RD in penicillin crystal structures (Metry
et al., 2026).

X-radiation-induced changes in crystal structures do not necessarily need to be seen as
damage, but they can be viewed as a source of information (Boldyreva, 2024). Good-
win et al. observed a "negative Xray expansion", which means a lattice contraction
of the structure of cadmium cyanide, upon irradiation (Coates et al., 2021). The au-
thors point out that there is "potential for exploiting X-ray exposure in the design of
functional materials". Following this idea, some of us have used the heavy-atom molecu-
lar structures of Hg (NOs), (PPh;), , Hg(CN), (PPh;), and BiPhg [PPhs = triphenylphos-
phine, P (C¢Hs),; Ph = phenyl, C¢Hs | to derive a radiation-induced lattice expansivity
tensor which can be seen as a measure of the material’s susceptibility to radiation im-
pact (McMonagle et al., 2024). Further, Hatcher et al. summarized how X-ray induced
processes and chemical transformations can be used to trigger and design spin-crossover,
linkage isomerism, photochromism and more (Lewis et al., 2025). In any case, the impact
of the absorbed radiation dose on the changes in the crystal structure must be understood
and well characterized.

The story behind this article began in 2012 with the ambition to monitor and detect
the effect of relativity experimentally via the outer core contraction of heavy-element
containing molecules, such as triphenyl bismuth BiPhs, using very high-resolution X-ray
diffraction data and thus brilliant synchrotron radiation. During the first experiments,
the overwhelming effect of radiation damage became clear and prevented the modeling
of minute electron-density effects in the heavy element’s outer core region. Nevertheless,
some of us worked out the theoretical background of how to observe relativity in X-ray
diffraction studies (Bucinsky et al., 2016; Podhorsky et al., 2021) and tested it for quan-
tumcrystallographic refinements (Bucinsky et al., 2019; Malaspina et al., 2019). However,
without a deep understanding of the impact of radiation damage on the outer core re-
gion of the heavy element, further experimental quantum-crystallographic investigations
proved to be impossible. Therefore, we turned to the compound with the most clearly
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and reliably re-occurring radiation-damage behavior that we had found, namely triphenyl
bismuth BiPhs(Ph = phenyl-, "[Bi]", Figure 8.1). This paper presents, to the best of our
knowledge, the largest systematic study on small-molecule radiation damage to date. We
measured a total of 24 crystals of [Bi], which yielded 330 single-crystal X-ray diffraction
data sets, and tested innumerable empirical correlations, of which we present and discuss
the most relevant ones here.

8.2 Experiments and methods

The experiments included in this study were performed to analyse the process of decay of
smallmolecule single-crystals using the example of [Bi] (Figure 8.1). The compound BiPh;
was obtained commercially as a crystalline powder and recrystallized from acetonitrile
according to Hawley & Ferguson (1968). Radiation decay was measured as the decrease in
the average intensity of all observed reflections across an entire run (I /o (1)) for a series of
single-crystal X-ray diffraction crystal structure datasets of the same single-crystal relative
to the first achieved /o (I) ("Rellnt"). Following natural decay processes, like radioactive
decay, and following previous macromolecular studies on radiation damage (Garman,
2010), as well as the existing small-molecule studies (Christensen et al., 2019; McMonagle
et al., 2024), the decay was fitted with the expression Rellnt = A % exp(—B % Acc Dose
). A and B are fitting parameters and "AccDose" is the accumulated absorbed dose
as "average dose whole crystal" in MGy (dose=absorbed energy /irradiated sample mass
= J/kg = Gy, gray), calculated by the program RADDOSE-3D (Fernando et al., 2021;
Zeldin et al., 2013; Dickerson et al., 2024) in the smallmolecule mode and using 360°
rotations with varying crystal sizes (see Table 8.1 for crystal dimensions), photon fluxes,
energies, and durations. For this study, the RADDOSE-3D code was adapted to correctly
calculate the dose for energies in fine steps between the unique L3 and L; edges of Bi
(Github: /GarmanGroup). An example input file for these calculations is added to the
Supporting Information, subsection S1.4.

We performed three series of experiments, each with a distinct methodology and goal.
For a comprehensive overview, see Table 8.1. The first series was performed at the Chem-
MatCARS beamline of the Advanced Photon Source (APS) synchrotron facility at the
Argonne National Laboratory, IL, USA. We refer to this series as APS in the following.
In this experiment, data from seven single crystals were collected. Six of these crystals
were measured at temperatures of 15 K and 100 K in pairs at incident beam energies of
16.5keV, 37.5keV, and 50.0 keV , and an additional one was held at 100 K and irradiated
at 70.0 keV . All datasets in this series were collected on a DECTRIS PILATUS3 S 1M
CdTe detector by performing continuous 360°w-scans, starting with a strongly attenuated
beam and then gradually removing filters to increase the intensity of the primary beam.
This ensured that the crystals were always fully embedded in the synchrotron beam and
that no time for relaxation processes was left in between measurements. As a consequence,
some of the APS datasets remain incomplete and suffer from saturation of the detector,
especially those at 15 K and 16.5 keV . Even though the structural

models of these measurements show strong artefacts, such as non-positive definite atomic
displacement parameters, and a characteristically bent and spread Fops vs Feae plot (see
S1.3. in the supporting information) the I/o(I) progression with increased absorbed dose
could be used for decay modelling anyway because of the statistical dominance of unaf-
fected reflections. The flux for the dose calculations in this series was measured in between
experiments by a calibrated photodiode (Keithley 6485 picoamperemeter) (Owen et al.,
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Figure 8.1: (a) Molecular structure of [Bi] after a Hirshfeld Atom Refinement (HAR, for
more information see S1.2 in the supporting information) (Jayatilaka & Dittrich, 2008;
Capelli et al., 2014) with anisotropic displacement parameters (ADPs) of all atoms at a
50% probability level. This HAR model serves as the best-quality reference structure,
which we also deposited with the Cambridge Structural Database under CCDC2557371.
(b) Crystal packing of [Bi] in the crystallographic a, b, and ¢ directions.
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2009).

The second series was performed over three different beamtimes at the Rossendorf Beam-
line (ROBL) (Scheinost et al., 2021) of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. In this series, ten single crystals of | Bi | were measured at
100 K around the BiL3 absorption edge, which lies at 13.42 keV . We changed the method
of measurement to an X-ray pump /X-ray probe approach. The radiation damage was
inflicted in 360° e scans at a given pump energy, shortly above or below the Bi L3 ab-
sorption edge. The full intensities were then collected on a DECTRIS PLATUS3 X 2M
detector with a strongly collimated beam at the probe energy of 13.35 keV - below the Bi
L3 edge. These experiments show the largest variance in decay rates, which we attribute
to the unique experimental setups and the difficult nature of these measurements almost
at bismuth’s absorption edge. The flux was recorded on a per-frame basis by an in-line
calibrated ionisation chamber, filled with 1 atm of Ar gas. The calibration took place on
the same day, just before the start of the measurements.

Also at ROBL, X-ray spectroscopic measurements were performed on single-crystals and
bulk material of [Bi]. X-ray absorption spectra near the Bils absorption edge were
recorded with a single-element Si drift detector (Vortex X90 CUBE), 1000 mm SDD,
active area 50 mm? collimated to 30 mm?, protected with a 25 mm Be window.

The third series of measurements was performed at 100 K on seven single crystals of [Bi]
using the laboratory diffractometer Rigaku Oxford Diffraction XtalLAB Synergy-DW with
a HyPix Arc 150° detector of the University of Regensburg. With the CuKa radiation of
the rotating anode (8.05 keV), we could also see radiation damage in a feasible time frame.
We measured this series to check on the crystals’ individual variance in decay rates with
the most consistent beam settings. There was no calibrated diode, but one that showed
relative intensity. The relative flux was measured before each single measurement, and
it was stable to the 3rd digit at 1.94u A for each dataset. According to instrument
specifications, we estimated a flux of 10°ph/s for these measurements, and then adjusted
the absorbed doses to the mean maximum doses in the ESRF series (14.069/5.315 =
2.647 scaling factor) to have realistic values. The beam had an approximate shape of
200 x 200p m, and all crystals were fully bathed in the beam.

All datasets were processed using CryAalisPro version 43 (Rigaku Oxford Diffraction Ltd,
2025). The datasets were serially refined using the olex2.refine program (Bourhis et al.,
2015) inside the SISYPHOS module (Meurer, et al., 2025) in the Olex2 crystallographic
software suite (Dolomanov et al., 2009). Initial structure solutions were calculated by the
SHELXT software (Sheldrick, 2015).

Al-assisted coding tools (Claude in GitHub Copilot within Microsoft Visual Studio Code)
were used to support data processing and figure generation. All codes and results were
verified by the authors.

Hirshfeld atom refinement (HAR) was performed in the NoSpherA2 variant (Kleemiss et
al., 2021b) in Olex2 using the Orca 6.1 (Neese, 2025) quantum chemical package for the
wavefunction calculation.

Density functional theory (DFT) and restricted open-shell configuration interaction sin-
gles (ROCIS) calculations were performed using ORCA 6.1 on the molecular structure
of the triphenyl bismuth(III) compound (BiPhg, [Bi]). The geometry was taken directly
from the HAR crystal structure without further optimization.

The ground-state wavefunction was computed using the BP86 functional with scalar rel-
ativistic corrections via the second-order Douglas-Kroll-Hess (DKH2) Hamiltonian (Wolf
et al., 2002; Douglas & Kroll, 1974) on the molecular geometry obtained from HAR. Basis
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sets were assigned as follows: SARC-DKH-TZVP (Pantazis & Neese, 2012) for Bi and
def2-SVP (Weigend & Ahlrichs, 2005) for C and H . The auxiliary basis SARC/J was
used for resolution-of-identity (RI) Coulomb fitting. Tight SCF convergence criteria were
applied (TightSCF) with a DefGrid3 integration grid and up to 300 SCF iterations.
X-ray absorption spectra were calculated using the generalized ROCIS (GenROCIS) (Ma-
ganas et al., 2017) module of ORCA with spin-orbit coupling (SOC) (Neese, 2005) en-
abled (DoSOC true, REL). A pair natural orbital (PNO) approximation was applied
(DoPNO true, TCutPNO 1 x 107'!) to reduce computational cost. 120 roots were re-
quested (NRoots 120). The X-ray absorbing element was specified as Bi (XASElems 0).
Overall ROCIS computing time: ~ 130 min(98% of total runtime of 2 h 13 min). The
core hole was restricted to a single occupied molecular orbital using the OrbWin 4,4,0,250
keyword.

8.3 Results and discussion

8.3.1 Decay rates and reproducibility
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Figure 8.2: (a) Combined decay progressions for all datasets, except for 7[Bi] and 07[Bi],
with their exponential fits as line plots. Each point represents a single diffraction experi-
ment. (b—d) Experiments of the APS, ESRF, and DW series presented separately. (e—g)
Distribution of crystal volumes in 10° um? (e), half-life dose (f), and decay rate (g) for
each series. Doses for the DW series are adjusted to the average of ESRF doses by a
factor of 2.647. Horizontal bars give the average and whiskers show the range in terms of
+ standard error of the mean: SEM = \/U_N’ where o is the standard deviation and N is
the number of data points.

Figure 8.2 gives a descriptive overview of the decay progressions for the three series
and how crystal size, half-life dose, and decay rate were distributed. Individual data
fitting (Supplementary Information, Figure S3) demonstrated that each dataset exhibited
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Table 8.1: Measurement details in this study and their experimental details. For the
crystallographic information, see the tables in subsection S1 of the supporting information.
APS: Crystals measured at the Advanced Photon Source, Chicago, IL, in a continuous
360° rotation mode with step-wise decreased attenuation. ESRF: Crystals measured at
the European Synchrotron, Grenoble, France, in a pump-and-probe protocol, inflicting
radiation damage at high flux ("pump"), but collecting structural diffraction reference
data at a reference energy below the absorption edge and a low flux to avoid detector
saturation ("probe"). For the ESRF data, X-ray energies are given for both the probe
and pump. DW: Crystals measured at the University of Regensburg home laboratory with
a Rigaku Oxford Diffraction Synergy DW diffractometer. All datasets were obtained using
CuKa radiation. "No Diff." indicates whether or not the crystal still had a diffraction
pattern at the end of the experiment that could be used in a refinement against the starting
model. "No Diff=yes" means that no diffraction spots could be detected anymore. "No
Diff=no" means that the diffraction pattern was still visible. "Nr. Exp." indicates the
number of unique diffraction experiments per crystal. The "Decay Rate" is given as the
parameter B in the fit of the relative signal-to-noise ratio vs. dose for the exponential fit
f(z) = Aexp(—Bz) with = being the accumulated dose in MGy and A, B being fitting
parameters, and the coefficient of the agreement between the fitted curves and the data
points being R%. A larger decay rate (B) means a more rapid decay. "Crystal dim." are
the crystal dimensions according to the IUCr .cif definitions. "D ," indicates the half-life
dose, i.e., the absorbed dose at which only half of the relative initial intensity is observed.

Name Energy / keV Temp. / K No Diff. Nr. Exp. B / MGy~ ! R? Crystal dim. / mm D;/,,/ MGy

1[Bi] 16.5 15 No 18 0.047 0.950 0.06, 0.06, 0.06 14.849
2[Bi]  16.5 100 No 21 0.086 0.959 0.07, 0.07, 0.04 8.037
3[Bi] 375 15 No 16 0.106 0.998 0.08, 0.07, 0.07 6.555
4[Bi] 375 100 Yes 34 0.066 0.966 0.11, 0.14, 0.15 10.489
5[Bi] 50.0 15 No 30 0.142 0.821 0.10, 0.10, 0.10 4.865%
6[Bi]  50.0 100 No 34 0.040 0.956 0.11, 0.10, 0.10 17.261*
7[Bi] 70.0 15 No 2 nan** nan** (.16, 0.16, 0.15 nan**
ESRF
D1[Bi] 13.35,13.30 100 Yes 8 0.163 0.941 0.04, 0.05, 0.06 4.258
D3[Bi] 13.35,13.35 100 Yes 7 0.200 0.991 0.02, 0.08, 0.10 3.465
D4[Bi] 13.35,13.45 100 Yes 4 0.279 0.967 0.03, 0.07, 0.08 2.481
D5[Bi] 13.35,13.55 100 Yes 4 0.361 0.985 0.04, 0.09, 0.12 1.922
D6[Bi] 13.35,13.45 100 Yes 10 0.111 0.926 0.11, 0.10, 0.03 6.265
D7[Bi] 13.35,13.35 100 Yes 22 0.052 0.956 0.08, 0.08, 0.05 13.338
D20[Bi] 13.35, 13.35 100 Yes 10 0.109 0.945 0.10, 0.10, 0.10 6.337
D31Bi] 13.35,13.35 100 Yes 11 0.505 0.982 0.08, 0.08, 0.05 1.372
D33[Bi] 13.35, 13.45 100 Yes 9 0.066 0.985 0.08, 0.07, 0.06 10.428
D34[Bi] 13.35, 13.35 100 Yes 16 0.081 0.906 0.08, 0.07, 0.06 8.511
DW
01[Bi] 8.04 100 Yes 9 0.434 0.962 0.11, 0.10, 0.04 1.596
02[Bi] 8.04 100 Yes 10 0.534 0.955 0.12, 0.07, 0.04 1.298
03[Bi] 8.04 100 Yes 15 0.359 0.985 0.10, 0.10, 0.06 1.928
04[Bi] 8.04 100 Yes 15 0.357 0.939 0.13, 0.13, 0.06 1.944
05[Bi] 8.04 100 Yes 12 0.398 0.945 0.09, 0.08, 0.05 1.743
06[Bi] 8.04 100 Yes 12 0.437 0.967 0.12, 0.07, 0.07 1.586

Note. * Values extrapolated; ** no damage observed; *** single-run experiment.
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consistent behavior, characterized by a monotonic decrease in intensity as a function of
radiation dose. However, overall, there is a large variance over all decay progressions
with an average rate of 0.153 £ 0.023 Rell MGy ! and an average half-life dose of 6.76 +
4.83MGy. Although we took extreme care within each experiment that the crystals were
fully bathed within an ideally double-Gaussian-shaped beam, and that uni-rotational
measurements perpendicular to the primary beam ensured a consistent bathing of the
crystals, fatal doses cover a large range over almost one order of magnitude. Especially
the ESRF series, which was performed over three different beamtimes and which was
performed close to the Bilig absorption edge, shows the largest variance of the three data
sets. The DW series shows that when the conditions are as similar as possible, there is only
a little variance in the decay progression. This series, however, was collected entirely below
the absorption edge. We can still conclude that the crystal-specific variation (Figure 8.2g)
in radiation decay is small and independent of crystal size. However, the half-life dose has
a weak correlation with crystal-size: the bigger the crystals, the smaller the half-life dose,
which means, in turn, crystals with a smaller volume survive the radiation damage for
a longer time (Figure 8.2f). This could potentially be explained by photoelectric escape
from the surfaces of the smallest crystals before the electron has a chance to lose energy
inside the crystal (Dickerson & Garmer, 2019; Storm et al., 2021). The remaining variance
is due to the varying measurement conditions.

An unexpected trend emerges from the APS datasets, for which the temperature-dependence
was tested (Figure 8.3). Although the number of data points is extremely limited to one
per setting, the trend describing the rate of radiation damage is captured only by the
energy-temperature interaction term. Here, a crossover behavior was observed, showing
a higher decay rate at 16.5 keV for the 100 K than for the 15 K data set, but an inverse
trend at 50 keV , where the 15 K data set decays faster than the 100 K data set. The
intermediate-energy dataset collected at 37.5 keV shows the transition between the two
energies. For protein crystallography, it has been established that cryogenic temperatures
help to slow down radiation damage in general (Nave & Garman, 2005; Meents et al.,
2010), but, to the best of our knowledge, an energy-temperature interaction term has not
been determined.
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Figure 8.3: Crossover trend of the behaviour of decay rate in the APS data sets for 100
K and 15 K at energies of 16.5keV, 37.5keV, and 50keV.

276



Chapter 8. Radiation damage in small-molecule compounds

8.3.2 Structural changes

The change in molecular structure is represented by the Bi — C bond distances and C — C
bond precision in Figure 8.4, where the precision is represented by the estimated standard
uncertainty upon refinement. Figures 4a — c show that the uncertainty in bond lengths
increases with dose for the C — C bonds, and the same trend is true for the Bi-C bonds
(see S3.2 in the supporting information). The trend for the actual bond lengths is much
weaker and only visible for the Bi-C bonds towards the end of the series of D31[Bi] and
slightly for 01[Bi] (Figure 8.4e-f). In contrast, the crystal that was still diffracting towards
the end of the experiment, 2[Bi], shows little to no change in the Bi — C bond lengths
(Figure 8.4d). All three, however, show a consistent decrease in C — C and Bi — C bond
precision with increasing radiation damage. In combination with the increase in unit cell
volume (Figure 8.4g) and increase in lattice parameters (see S3.3), this means that there
is little molecular change with radiation damage, but the molecular arrangements relative
to each other require more space on average. In other words, the crystal periodicity is
progressively lost, the mosaicity increases, but covalent bonds are not broken. This is an
important finding because our hypothesis at the outset of this study was that the weak
polar organometallic Bi-C bonds would be broken, and migrating radicals versus vacancies
(Frenkel pairs) would destroy the crystallinity (Wirth, 2007). This mechanism cannot be
confirmed, instead the average distance between molecules increases and the displacement
of atoms around their resting positions increases, which can be measured as Ug, . The
Ueq values for Bi (Figure 8.4h) show an exponential increase and very similar values for
the same dose between the DW and ESRF dataset. The APS data set seems to have a
much slower increase in the heavy Bi U, . The fact that the unit cell parameters increase
upon radiation exposure is consistent with more unique reflections being measured with
increased dose in the same resolution shell (Figure 8.4i).

8.3.3 Model quality as a function of decay

When the quality descriptors for the three representative datasets, which were already
analysed as shown in Figure 8.4, are compared with each other (Figure 8.5), the results in
the progressions of R1 and Ry,; reflect the stage of radiation damage reliably. Especially
visible in the ultimately completely diffractionless experiment of D31[Bi], both the model
data agreement as per R1, but also the agreement of symmetrically equivalent data as
per Ri,: show a strong increase shortly before the fatal dose is reached. This effect is to
a similar but lesser extent also observable in 01[Bi] and 2[Bi] for the DW and APS series,
respectively.

The residual electron density as a function of the process of radiation damage is visualised
in Figure 8.6. There is only little but pronounced positive residual electron density in
three small regions around the Bi atom and negative residual electron density on the
metal position at the beginning of the experiment. This residual electron density increases
towards three more pronounced regions, which merge to form a sphere of positive electron
density around the Bi core, indicating a failure of the model to reproduce the smeared-out
observed electron density. This might be due to an increase in positional disorder with
radiation damage in [Bi]. The atomic displacement parameters also increase strongly
with growing radiation damage. Shortly before the crystal becomes diffractionless, the
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Figure 8.5: R1 (a) and Rint (b) of 2|Bi| from APS (red), D31|Bi| from ESRF (blue), and
01[Bi] from DW measurements (black).
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model breaks apart and two carbon positions are lost during refinement of this diffraction
dataset compared to the starting model. However, covalent bond cleavage is not observed
before the crystal shows no more diffraction. The steady increase of both positive as well
as negative residual electron density with accumulated dose can also be seen in the values
of the minimum and maximum residual electron density peaks which are given in the
caption of Figure 8.6.

(Rellnt)

© 0.2 — Exponential fit
X DW Bi06 data

-
» ¥

Figure 8.6: Residual electron density maps (Fops minus Feye ) at the 0.7 e/ﬁ‘x3 iso-level
for the DW 06[Bi] data set at several states of decay. An animated version is available
as a separate supporting information document. Min/ max peaks in e/A?’ are: —0.7/0.8,
—1.5/2.0, —0.9/2.9, —1.0/2.7, and —4.7/8.8 for the five models, respectively.

8.3.4 Mechanism of decay

One of the main goals of this study was to determine the dependence of the process of
crystalline radiation decay on absorption edges. For this purpose, the decay rates were
statistically evaluated for three different data subsets: the ESRF data set (Figure 8.7a),
APS combined with the ESRF data sets (Figure 8.7b), and APS combined with ESRF but
only at a temperature of 100 K (Figure 8.7¢). In all three cases, no significant difference
(Welch test; all HO p-values are above 0.56) was found, indicating no difference in decay
rates, whether observed below or above the Bi L3 absorption edge. This means that while
the dose per time is drastically increased above the absorption edge and thus a faster
decay with respect to measurement time is still observed, there is no additional significant
damage or difference in mechanism from the specific Bi 2p electronic excitations accessible
above the L3 absorption edge. Because of the faster dose accumulation and additional
effects such as absorption, secondary fluorescence emission and the inaccuracy of tabulated
anomalous dispersion values in the vicinity of absorption edges (Meurer et al., 2022, 2024),
we would still highly recommend keeping absorption edges in mind when single crystals
are measured either on laboratory devices or even more so at synchrotron facilities.

In order to inspect the local effects of radiation damage and how the process of radiation
damage develops on a molecular basis, X-ray near-edge absorption spectroscopy (XANES)
experiments were conducted at the BiLj absorption edge on a range of different crystals
of |Bi] before (fresh) and after becoming diffractionless (dead) (Figure 8.8a). In XANES,
an energy shift of the rising edge to the right indicates a higher positive charge, e.g.,
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Figure 8.7: Statistical evaluation of the decay rates in dependence on the Bi L3 absorption
edge at 13.42keV. (a) shows only the ESRF data sets (blue), (b) includes all APS data
sets in addition (red), and (c¢) includes only 100 K APS datasets.

oxidation of the metal center. We did observe a strong change in the rising edge for one
data set (Figure 8.8a, marked with *) which was left in the beam for a very long

time (over night), and therefore strong oxidation of the Bi atom (presumably from Bi(III)
to Bi(V)), which correlates with the increased negative residual electron density at the
core region of the Bi atom (Figure 8.6). However, most "dead" single crystals showed
essentially the same edge energy and the same features as fresh single crystals or bulk
material. This confirms that the mechanism of radiation damage in [Bi| consists of an
amorphization of the sample, prior to significant bond cleavage taking place, because the
local coordination sphere seems to be identical to that of fresh [Bi].
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Figure 8.8: (a) Results of the XANES measurements of "fresh" and diffractionless

("dead") [Bi] crystals. * marks a crystal left overnight in the synchrotron beam in-
flicting damage way beyond being diffractionless. (b) The experimental bulk [Bi]| XANES
features compared with the electronic excitations following a DFT/ROCIS calculation.
Excitations into virtual MOs, visualised at a 0.015 a.u. iso-level are numbered from left
to right: 108, 110, 111, 113, and 114.

We computationally simulated the various possible excitations that occur around the
absorption edge (Figure 8.8b). According to these calculations on the isolated molecule
(see section 2 for details), the features in the XANES spectrum can be attributed to
excitations which are mainly based on Bi 2 p into either C 2p-type orbitals (108 and 110),
Bi s-type (111), Bi p-type (113), or phenyl o*-type (114) MOs.
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8.4 Conclusions

In this paper, we present the largest systematic study to date on small-molecule radiation
damage, but only one system with a single heavy-element type was investigated. It is
complicated to draw conclusions because we found that all observed correlations are highly
dependent on the instrumental arrangements and measurement strategies. Moreover,
there are various competing physical mechanisms at the molecular and crystal lattice levels
concerning the interaction of the X-radiation with the sample, some of which we simulated
as excitations from the Bi 2 p orbital into various molecular orbitals. Therefore, no
globally generalizable recommendations can be given to help avoid or correct for radiation
damage in chemical crystallography. However, we made a few important and interesting
observations which are summarized below:

The mechanism of radiation damage in this compound is a loss of crystalline periodicity
that leads to an X-ray induced amorphous phase transition. As long as a structure can
still be determined, there is no evidence for cleavage of the covalent Bi-C bonds, or any
other bond, for that matter. This finding is supported by X-ray absorption spectroscopy
which shows that the coordination sphere of the Bi atom remains intact even in the amor-
phous state. The Bi atom is nevertheless slowly oxidized in the process, which was found
for an extremely long X-ray exposure time of the already amorphous material (about
10 hours). We also found that the energy-temperature interaction term is important as
there is a crossover of the impact of the inflicted damage at different energy /temperature
combinations. The correlation of X-ray energy, temperature and absorbed dose for lattice
contractions and expansions has also been highlighted before (Coates et al., 2021; Mc-
Monagle et al., 2024). The crystal volume has a small influence on the degree of inflicted
damage, whereby there is a weak trend towards smaller crystals (less than 100x m in each
direction) being more radiation stable.

All trends and mechanisms observed in this study are strictly dose dependent. There
is no indication that the Bi 2p electron excitation, the related rearrangement of valence
electrons, or the related fluorescence processes are involved in the damage process. The
impact of the Bil3 absorption edge is only an increased absorption dose beyond the edge.
Nevertheless, because of this faster dose accumulation and additional effects such as flu-
orescence and the inaccuracy of tabulated anomalous dispersion values in the vicinity of
absorption edges, it is advisable to perform quantum-crystallographic experiments away
from relevant absorption edge energies. However, for the understanding of physical phe-
nomena, simultaneous X-ray diffraction and X-ray absorption spectroscopy (XANES or
EXAFS) on the same crystal specimen is a very useful tool. Moreover, the X-ray/X-ray
pump/probe experiment that we employed here for the ESRF measurements was a suc-
cessful way of avoiding saturation of the detector, which made the analysis of the APS
measurement series challenging.
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8.6 Supporting information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.
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Supporting information

$1. Crystallographic details

S$1.1. Crystallographic information tables

In the following, the crystallographic tables of the starting models for each single-crystal decay
experiment are given. The full data can be obtained in the structural folders, containing the .cif, .hkl,

.res, etc. files via zenodo.org (DOI: 10.5281/zen0do0.20036659).
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S$1.1.1. Datasets collected at the APS

Table S1  Crystallographic, measurement and refinement details of the first model for each crystal.
Name APS_Bil_16- APS_Bi2_16- APS_Bi3_37-
5keV_15K 5keV_100K 5keV_15K
Data name 1[Bi] 2[Bi] 3[Bi]
Temperature (K) 15 100 15
Crystal size (mm) 0.06, 0.06, 0.06 0.07,0.07, 0.04 0.08, 0.07, 0.07

Radiation / %
a(A)
b (A)
c(A)
o (deg)
B (deg)
v (deg)
V (An3)
z
7
Rint (%)

Vo(I)

Measured reflections
Independent reflections
Reflections used

Completeness (%)

Redundancy

(Measured/Independent)

dmax (A)
dmin (A)
i (mmA-1)
F(000)
R1 (%)
wR2 (%)

GooF

16.5keV /0.75142 A
20.230(2)
5.7094(4)
26.600(2)

90
109.679(11)
90
2892.8(5)
8
1
3.43
253
8724
2810
8184
79.74

3.105

9.524
0.7559
14.11
1648
3.23
8.99

1.03

16.5keV /0.75142 A
20.2717(9)
5.7226(2)
26.6413(12)
90
109.695(5)
90
2909.8(2)
8
1
5.14
243
14092
2845
13179
80.78

4.953

13.17

0.7561
14.02
1648
3.00
8.28

1.02

37.5keV /0.75142 A
20.2003(3)
5.69690(6)
26.5452(3)

90
109.7242(15)
90
2875.57(7)
8
1
2.28
25.6
48754
16387
47135
74.4

2.975

5.567
0.4097
14.19
1648
2.78
8.82

0.977
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Name

Data name
Temperature (K)
Crystal size (mm)

Radiation / A

a(A)

b (A)
c(A)
a (deg)
P (deg)
Y (deg)
V (A3)
4
7
Rint (%)

I/o(I)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy
(Measured/Independent)

dmax (&)
dmin (A)
u (mm-1)
F(000)
R1 (%)
wR2 (%)

GooF

APS_Bi4_37-
SkeV_100K

4[Bi]
100
0.11,0.14,0.15

37.5keV /0.75142
A

20.2401(6)
5.71469(13)
26.5966(8)
90
109.684(3)
90
2896.57(15)
8
1
5.49
14.3
157451
28396
161983
99.48

5.545

6.295
0.3757
14.09
1648
3.9
11.6

0.897

APS_Bi5_50keV_15K

5[Bi]

15

0.10, 0.10, 0.10

50keV/0.75142 A

20.18335(15)
5.69350(3)
26.5361(2)

90
109.7197(8)
90
2870.53(4)
8
1
3.98
17.3
97362
28093
115339
98.31

3.466

4.764
0.3757
14.21
1648
2.71
8.79

0.753

APS_Bi6_50keV_100K

6[Bi]

100

0.11,0.10,0.10

50 keV /0.75142 A

20.2091(5)
5.70076(7)
26.5508(5)
90
109.659(2)
90
2880.55(10)
8
1
5.17
14.5
160756
28010
180715
98.02

5.739

4.796
0.3757
14.16
1648
4.08
12.4

0.968
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$1.1.2. Datasets collected at the ESRF

Name ESRF_D1_13- ESRF_D20_13- ESRF_D31_13-
3keV_100K 35keV_100K 35keV_100K
Data name D1[Bi] D20[Bi] D31[Bi]
Temperature (K) 100 100 100
Crystal size (mm) 0.04, 0.05, 0.06 0.10,0.10,0.10 0.08, 0.08, 0.05

Radiation / A
a(A)
b (A)
c(A)

a (deg)
P (deg)
Y (deg)
V (A3)
Z
7'
Rint (%)

I/o(I)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy
(Measured/Independent)

dmax (A)
dmin (A)
u (mm”-1)
F(000)
R1 (%)
WR2 (%)

GooF

13.3keV /0.93222 A
20.2587(9)
5.7151(2)
26.6029(15)
90
109.702(5)
90
2899.8(3)
8
1
6.47
16.9
22472
4000
21339
96.48

5.618

13.18
0.7147
6.326
1648
2.82
8.05

0.977

13.35keV /0.92872 A
20.2944(4)
5.7293(1)
26.6488(4)
90
109.649(2)
90
2918.1(1)
8
1
7.68
11.7
10944
3421
10441
87.52

3.199

13.21
0.731
6.281
1648
5.04
15.1

0.945

13.35keV /0.93227 A
20.2539(3)
5.71351(6)
26.6043(7)

90
109.655(2)
90
2899.29(10)
8
1
3.89
42.7
10180
3411
9662
87.87

2.984

13.27
0.7349
10.28
1648
3.52
12.3

1.02
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Name ESRF_D33 13- ESRF_D34 13- ESRF_D3 13-
45keV_100K 35keV_100K 45keV_100K
Data name D33[Bi] D34[Bi] D3[Bi]
Temperature (K) 100 100 100
Crystal size (mm) 0.08, 0.07, 0.06 0.08,0.07, 0.06 0.04, 0.07, 0.06

Radiation / A
a(A)
b (A)
c(A)
a (deg)
P (deg)
Y (deg)
V (A"3)
z
7!
Rint (%)

I/o(I)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy
(Measured/Independent)

dmax (A)
dmin (A)
p (mm~-1)
F(000)
R1 (%)
wR2 (%)

GooF

13.45keV /0.92872 A

20.2648(6)
5.7157(2)
26.6036(9)
90.0
109.655(4)
90.0
2901.88(19)
8
1
10.9
15.9
10317
3583
9480
89.91

2.879

13.19
0.7244
6.316
1648
8.94
28

1.230

13.35keV /093227 A

20.5295(6)
5.78716(8)
26.9557(5)

90
109.670(3)
90
3015.65(12)
8
1
422
937
5928
3109
5581
78.04

1.907

13.27
0.7284
9.883
1648
4.45
12.3

1.000

13.45keV /0.93227 A
20.3770(5)
5.7441(1)
26.7236(7)
90.0
109.618(3)
90.0
2946.37(13)
8
1
5.22
14.8
22545
4093
21151
98.01

5.508

13.27
0.717
10.12
1648
3.34
10.4

0.998
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Crystal size (mm)

Radiation / A

a(A)
b (A)
c(A)
a (deg)
P (deg)
y (deg)
vV (A"3)
Z
7'
Rint (%)

I/o(I)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy

(Measured/Independent)

dmax (A)
dmin (A)
p (mm~-1)
F(000)
R1 (%)
wR2 (%)

GooF

13.45keV /0.93227

20.2846(5)
5.72222(7)

26.6333(4)

90

109.646(2)

90

2911.44(10)

8
1
5.03
16.8
22886
4071
21722
97.91

5.622

13.27

0.718
10.24
1648
2.61
7.21

1.01

13.55keV /0.93227 A

20.1608(11)
5.6817(2)
26.4856(17)
90.0
109.719(7)
90.0
2856.0(3)
8
1
47
18.7
22488
4035
21334

97.94

5.573

18.38
0.7129
6.423
1648
2.53
7.75

0.961
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Name ESRF_D4_13- ESRF_D5 13- ESRF_D6_13-
45keV_100K 55keV_100K 45keV_100K
Data name DA4[Bi] D5[Bi] D6[Bi]
Temperature (K) 100 100 100
0.03,0.07,0.10 0.04, 0.09, 0.12 0.11, 0.10, 0.03

13.45keV /0.93227
A

20.2623(12)
5.71372)
26.614(3)

90.0
109.688(8)
90.0
2901.1(4)
8
1
2.37
36.1
11706
3536
11222
84.86

3.311

13.27
0.7177
10.27
1648
2.06
6.52

0.993
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Name ESRF_D7_13-
35keV_100K
Data name D7[Bi]
Temperature (K) 100
Crystal size (mm) 0.08, 0.08, 0.05

Radiation / A
a(A)
b (A)
c(A)
a (deg)
P (deg)
y (deg)
V (A"3)
4
7'
Rint (%)

I/o(I)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy
(Measured/Independent)

dmax (A)
dmin (A)
p (mm~-1)
F(000)
R1 (%)
wR2 (%)

GooF

13.35keV /0.93227 A
20.2415(7)
5.70885(18)
26.5836(9)

90
109.657(4)
90
2892.86(17)
8
1
2.70
40.0
12025
3990
11295

95.82

3.014

18.56
0.7178
10.3
1648
2.40
14.9

0.965
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$1.1.3. Datasets collected on a Rigaku Oxford Diffraction Synergy DW

Name

Data name
Temperature (K)
Crystal size (mm)
Radiation / %
a(A)
b (A)
c(A)
a (deg)
B (deg)
y (deg)
V (A"3)
z
7
Rint (%)
/o(T)

Measured reflections

Independent reflections

Reflections used
Completeness (%)

Redundancy

(Measured/Independent)

dmax (A)
dmin (A)
p (mm~-1)
F(000)
R1 (%)
wR2 (%)

GooF

DW_Bi01_8-04keV_100K

01[Bi]

100

0.11, 0.10, 0.04

8.04keV /1.5418 A

20.2709(5)
5.71409(14)
26.6167(7)
90
109.630(3)
90
2903.83(13)
8
1
2.16
35.8
8826
2782
8118
95.8

3.173

18.5
0.8066
23.78
1648
2.18
6.2

1.05

DW_Bi02_8-
04keV_100K

02[Bi]

100
0.12,0.07, 0.04
8.04keV /15418 A
20.2506(5)
5.71386(11)
26.6034(6)
90
109.697(2)
90
2898.15(11)
8
1
1.93
443
10938
2771
10008
95.22

3.947

13.23
0.8064
23.82
1648
1.91
6.17

1.02

DW_Bi03_8-
04keV_100K

03[Bi]
100
0.10, 0.10, 0.06
8.04keV /15418 A
20.2436(5)
5.71053(12)
26.5984(6)
90
109.687(3)
90
2895.09(12)
8
1
1.73
51.4
11438
2787
10413
95.77

4.104

18.5
0.8064
23.85
1648
1.97
5.48

1.05
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Name

Data name
Temperature (K)
Crystal size (mm)

Radiation / A
a(A)
b (A)
c (AA

a (deg)
P (deg)
v (deg)
V (A™3)
Z
7'
Rint (%)

I/o(1)
Measured reflections
Independent reflections
Reflections used
Completeness (%)

Redundancy
(Measured/Independent)

dmax (A)
dmin (A)
p (mm~-1)
F(000)
R1 (%)
wR2 (%)

GooF

DW_Bi04_8-
04keV_100K

04[Bi]
100
0.13,0.13, 0.06
8.04keV / 1.5418 A
20.2489(4)
5.70955(10)
26.5858(5)
90
109.635(2)
90
2894.91(10)
8
1
2.02
47.6
8941
2795
8230
96.38

3.199

18.5
0.807
23.85

1648

2.25

6.46

1.07

DW_Bi05_8-
04keV_100K

05[Bi]
100
0.09,0.08, 0.05
8.04 keV / 1.5418 A
20.2559(6)
5.71171(16)
26.6087(8)
90
109.665(3)
90
2898.98(16)
8
1
1.99
31.5
9814
2844
9130
96.67

3.451

18.5
0.804
23.82

1648

1.94

5.15

1.04

DW_Bi06_8-
04keV_100K

06[Bi]
100

0.12,0.07, 0.07

8.04 keV / 1.5418 A

20.2456(5)
5.71546(12)
26.5903(6)
90
109.667(3)
90
2897.35(13)
8
1
1.63
49.7
10847
2784
10031
95.67

3.896

18.5
0.8064
23.83
1648
1.77
4.96

1.03
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$1.2. Hirshfeld Atom Refinement of D7[Bi]

$1.2.1. Crystallographic information table

Name ESRF_D7 1AM ESRF_D7_HAR
Data name D7[Bi]
Temperature (K) 100
Crystal size (mm) 0.08, 0.08, 0.05
Radiation / A 13.35keV /0.93227 A
a(A) 20.2415(7)
b (A) 5.70885(18)
c(A) 26.5836(9)
a (deg) 90
B (deg) 109.657(4)
¥ (deg) 90
V (Ar3) 2892.86(17)
4 8
VA 1
Rint (%) 2.70
I/'o(1) 40.0
Measured reflections 12025
Independent reflections 3990
Reflections used 11295
Completeness (%) 95.82
Redundancy (Measured/Independent) 3.014
dmax (A) 18.56
dmin (A) 0.7178
p (mm”-1) 10.3
F(000) 1648
R1 (%) 2.40 2.14
wR2 (%) 14.9 13.86
GooF 0.965 0.952
Min, max peaks eA-3 -1.28, 1.34 -1.28,1.16
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$1.2.2. HAR procedure description

HAR was performed using NoSpherA2 (Kleemiss ef al., 2021b) via olex2.refine (Bourhis ef al., 2015)
in the Olex2 crystallographic software suite (Dolomanov ef al., 2009). The molecular wavefunction for
[Bi] was calculated using ORCA6.1 (Neese, 2025). The wB97X-V functional (Mardirossian & Head-
Gordon, 2014) and cc-pVQZ basis sets (Dunning, 1989) for C and H, the SARC-DKH2 basis set
(Pantazis & Neese, 2012) for Bi, the zeroth-order relativistic approximation (ZORA) (Moncho &
Autschbach, 2010), a water implicit solvation model (CPCM) (Barone & Cossi, 1998), resolution of
identity coulomb integrals and COSX numerical integration of the Hartree-Fock exchange (RIJCOSX)
(Helmich-Paris et al., 2021) were applied. Standard SCF convergence criteria (“NormalConv’’) were
set. The HAR converged after seven cycles of wavefunction calculation (SCF), partitioning, and

crystallographic refinement of positional, and atomic displacement parameters.
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S$1.3. Detector saturation in the APS measurements

The 15K, 16.5 keV dataset of the APS series (1[Bi]) is affected by oversaturation of the detector. This
resulted in a typical bent bouquet-like shape of the Fobs/Fcalc plot. For the first datasets, the refined
model shows non-positive definite (NPD) atomic displacement parameters for all atoms. For other APS
series, 2[Bi], 3[Bi], and 4[Bi], there is also a visible spread in the Fobs/Fcalc. However, in these cases
improper use of the extinction correction can provide a sensible structural model, while NPDs appear
when EXTI is not used. We also noticed the same phenomenon in a previous study, which was
measuring WYLID and YLID (Meurer ef al., 2025) at ROBL at the ESRF. In contrast to that study and
in contrast to series 2[Bi], 3[Bi], and 4[Bi], the effect of detector saturation cannot be mitigated for

1[Bi] by employing an extinction correction.

a ‘ b
‘ ‘ ‘,\\ ) Fobs vs Feale
‘ ’ \"\\‘ ‘\ )
<
>4
A

Figure S1 Structural model of the first measurement in the 1[Bi] APS series. a Pyramids show unphysical,
negative values for the atomic displacement parameters. b shows the comparison of the calculated (Fcalc) and
measured (Fobs) structure factors. A dent and spread (“bouquet-like””) shape shows the oversaturation of the

detector.

S1.4. Example input file for the RADDOSE-3D calculations

S R L R R g
# Crystal Block #
SR R g e R R

Crystal

Type cuboid # Choices are: Cuboid, Cylinder, Spherical, Polyhedron (would need
wireframe mesh)

Dimensions 100 80 20 # Dimensions of the crystal in X,Y,Z in pm.

PixelsPerMicron 1.0  # The computational resolution

AbsCoefCalc SmallMole # Tells RADDOSE-3D how to calculate the Absorption coefficients
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SmallMoleAtoms C 18 H 15 Bi 1 # Elemental content in the unit cell (needs to be integer numbers)

NumMonomers 4 # Number of this formulas repeated in the unit cell (Z in crystallographic)
AngleP 0.0 # in Degree corresponding to point 2.6
AngleL 0.0 # in Degree corresponding to point 2.7

CalculatePEEscape FALSE # Whether or not Photoelectron escape should be used in the calculation

UnitCell 20.271 5.7251 26.604 # unit cell size: a, b, ¢
90 109.68 90  # alpha, beta and gamma angles

HEHH R R R
# Beam Block #
HIHH R R R

Beam

# Type Experimentalpgm # If we have it we can provide the beam profile in an ASCII File

# File beam.pgm # Name of the file with beam profile

# Pixelsize X Y # Pixelsize of the beamprofile

Type Gaussian # Gaussian profile beam

Flux 1.31E+10 # in photons per second (2e12 =2 * 10"12)

Energy 13.35 keV #in keV

FWHM 250 300 # in micro-m, vertical by horizontal for a Gaussian beam

Collimation Rectangular 250 250 # Vertical/Horizontal collimation of the beam

# For 'uncollimated' Gaussians, 3xFWHM recommended

T R R R R R R R R R R
# Wedge Block #
T R R R R T R R R R

Wedge 0 360 # Start and End rotational angle of the crystal
# Start < End
ExposureTime 719.9 # Total time for entire angular range in seconds

AngularResolution 0.5  # Only change from the defaults when using very

# small wedges, e.g 5 Degree.
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S2. Data plotted in the main section

S$2.1. Figure 2 — Relative Intensity vs. dose in MGy

$2.1.1. APS (1-3)

APS_Bil_16-5keV_15K_fin APS_Bi2_16-5keV_100K_fin APS_Bi3_37-5keV_15K_fin
AccDose Rellnt AccDose Rellnt AccDose Rellnt
0.3428 1.000 0.1401 1.000 0.6208 1.000
0.6856 1.040 0.2801 0.9652 1.242 0.9354
1.028 1.068 0.4202 0.9629 1.862 0.8659
1.371 1.178 0.5603 0.987 2.483 0.8100
1.714 0.9999 0.7003 0.9915 3.104 0.7466
2.057 1.0450 0.8404 0.9738 3.725 0.7137
2.830 0.9999 1.170 0.9562 4.345 0.6623
3.603 0.9550 1.500 0.9725 4.966 0.6184
4376 0.9101 1.829 0.9491 5.587 0.5776
5.148 0.8652 2.159 0.938 6.208 0.5435
5.921 0.8204 2.489 0.9448 6.828 0.5123
6.694 0.7755 2.818 0.8244 7.449 0.4775
8.428 0.7306 3.563 0.7039 8.070 0.4483
10.16 0.6857 4.307 0.6819 8.691 0.4334
11.89 0.6408 5.052 0.6674 9.311 0.4029
13.63 0.5959 5.796 0.604 9.932 0.3827
1536 0.5511 6.54 0.5698

7.285 0.5249

8.952 0.4799

10.62 0.427

12.29 0.3974

S2.1.2. APS (4-6)

APS_Bi4_37-5keV_100K_fin APS_Bi5_50keV_15K_fin APS_Bi6_50keV_100K_fin
AccDose Rellnt AccDose Rellnt AccDose Rellnt
0.1966 1.000 0.05224 1.000 0.126 1.000
0.3931 0.9731 0.1045 0.8664 0.252 1.011
0.5897 0.9506 0.1567 0.8482 0.5039 0.9877
0.7862 0.9745 0.2090 0.8568 0.6299 0.9987
0.9828 0.9630 0.2612 0.8468 0.8819 0.9606
1.179 0.9271 0.3134 0.8585 1.134 0.9620
1.376 0.8566 0.3657 0.8385 1.260 0.9613
1.572 0.9187 0.4179 0.8235 1.386 0.9487
1.769 0.8200 0.4702 0.8245 1.512 0.9537
1.966 0.8904 0.5224 0.8263 1.638 0.9488
2.162 0.8728 0.5746 0.8065 1.764 0.9475
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2.359 0.8792 0.6324 0.7868 1.89 0.9638
2.555 0.8582 0.6902 0.7767 2.016 0.9461
2.752 0.8653 0.748 0.7782 2.142 0.9202
2.948 0.8482 0.8058 0.7732 2.268 0.9354
3.48 0.8745 0.8636 0.7749 2.394 0.9345
4.151 0.7952 0.9214 0.7755 2.520 0.9301
4.487 0.7956 0.9792 0.7682 2.646 0.9238
4.823 0.8123 1.037 0.7648 2.898 0.9149
7.171 0.7243 1.095 0.7475 3.150 0.8852
7.507 0.6999 1.153 0.7415 3.276 0.8985
9.664 0.5716 1.210 0.7552 3.401 0.8961
10.24 0.5097 1.268 0.7519 3.527 0.8888
10.81 0.4965 1.326 0.7331 3.653 0.8935
11.39 0.4793 1.384 0.7318 3.779 0.8898
11.97 0.4524 1.442 0.7407 3.905 0.8812
12.54 0.4465 1.499 0.7364 4.031 0.8836
13.12 0.4200 1.557 0.7291 4.787 0.8517
13.69 0.4059 1.615 0.7215 4913 0.8492
14.27 0.3848 1.673 0.7118 5.039 0.8433
14.84 0.3350 5.165 0.8420
15.42 0.3120 5.417 0.8299
15.99 0.2604 5.543 0.8281

10.83 0.5973

$2.1.3. ESRF (1-3)

ESRF_D1_13-3keV_100K ESRF_D20_13-35keV_100K ESRF_D31_13-35keV_100K
AccDose Rellnt AccDose Rellnt AccDose Rellnt
0.000 1.000 0.000 1.000 0.000 1.000
1.720 0.9499 0.592 0.832 0.5433 0.8573
3.446 0.7579 1.16 0.7427 1.167 0.6742
5.270 0.4808 1.70 0.7748 1.763 0.4424
6.943 0.3638 3.46 0.5396 2.326 0.3572
8.700 0.2174 491 0.5253 2.956 0.2260
10.43 0.1253 6.69 0.4455 3.552 0.1333
12.18 0.07031 8.42 0.4200 4.115 0.09403
10.1 0.3674 4.746 0.05976
11.7 0.2046 5.342 0.03370
5918 0.02248
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S2.1.4. ESRF (4-6)

ESRF_D33 13-45keV_100K ESRF_D34_13-35keV_100K ESRF_D3 13-45keV_100K
AccDose Rellnt AccDose Rellnt AccDose Rellnt
0.000 1.0000 0.000 0.7832 0.000 1.0000
2.489 0.7474 1.193 1.000 1.607 0.7629
5.201 0.6637 2.497 0.8812 3.295 0.5418
7.800 0.5609 3.719 0.8244 4921 0.3580
10.23 0.4651 4.875 0.8307 6.575 0.2220
12.96 0.4099 6.174 0.6322 8.299 0.2272
15.51 0.3441 7.395 0.5297 9.915 0.1495
17.90 0.3073 8.624 0.5145
20.57 0.2570 9.920 0.4435

11.13 0.4022

12.41 0.3555

13.69 0.3248

14.89 0.2569

16.22 0.2409

17.49 0.2173

18.68 0.1259

$2.1.5. ESRF (7-9)

ESRF_D4 13-45keV_100K ESRF_D5_13-55keV_100K ESRF_D6_13-45keV_100K
AccDose Rellnt AccDose Rellnt AccDose Rellnt
0.000 1.000 0.000 1.0000 0.000 1.000
2.991 0.5429 2.679 0.3312 1.132 1.027
6.121 0.1069 5.524 0.2093 2.296 0.9608
8.899 0.02937 8.259 0.02956 3.606 0.8975
5.014 0.6934
6.617 0.4995
8.356 0.3453
10.13 0.3370
11.89 0.3654
13.65 0.1717
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$2.1.6. ESRF (10)

ESRF_D7_13-35keV_100K

AccDose Rellnt
0.000 1.000
1.472 0.9583
2.944 0.7987
4.416 0.7566
5.888 0.7096
7.360 0.6364
8.832 0.5508
10.30 0.6370
11.78 0.6040
13.25 0.5665
14.72 0.5492
16.19 0.5111
17.66 0.3728
19.14 0.3490
20.61 0.2986
22.08 0.3156
23.55 0.3207
25.02 0.2461
26.50 0.2351
27.97 0.2342
29.44 0.1990
3091 0.08264
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S2.1.7. DW (1-3)

DW_Bi01_8-04keV_100K DW_Bi02_8-04keV_100K DW_Bi03_8-04keV_100K
AccDose Rellnt AccDose Rellnt AccDose Rellnt
1.172 1.000 1.349 1.000 1.182 1.000
2.345 0.9208 2.697 0.8958 2.363 09144
3.517 0.8227 4.046 0.8080 3.545 0.8588
4.690 0.6435 5.394 0.5005 4.726 0.6776
5.862 0.5120 6.743 0.3448 5.908 0.5873
7.035 0.4438 8.091 0.2328 7.090 0.4988
8.207 0.3261 9.440 0.1656 8.271 0.4086
9.380 0.2322 10.79 0.1226 9.453 0.3131
10.55 0.1368 12.14 0.09841 10.63 0.2779
13.49 0.05815 11.82 0.2653
13.00 0.2345
14.18 0.1752
15.36 0.1371
16.54 0.08873
17.72 0.06293

$2.1.8. DW (4-6)

DW_Bi04_8-04keV_100K DW_Bi05_8-04keV_100K DW_Bi06_8-04keV_100K
AccDose Rellnt AccDose Rellnt AccDose Rellnt
1.014 1.000 1.181 1.000 1.105 1.000
2.028 0.9218 2.363 0.9327 2.211 0.8948
3.042 0.8630 3.544 0.8497 3.316 0.8366
4.056 0.7655 4.726 0.7495 4.422 0.6759
5.070 0.7199 5.907 0.5811 5.527 0.5490
6.084 0.6170 7.088 0.4945 6.632 0.4536
7.098 0.5675 8.270 0.4600 7.738 0.3894
8.112 0.4764 9.451 0.3084 8.843 0.2986
9.126 0.4135 10.63 0.2204 9.948 0.2666
10.14 0.3092 11.81 0.1777 11.05 0.1299
11.15 0.2836 13.00 0.07879 12.16 0.1013
12.17 0.06806 14.18 0.03172 13.26 0.06183
13.18 0.1652

142 0.1232

15.21 0.03959
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$2.2. Figure 4 — C-C and Bi-C standard uncertainties and bond lengths in A vs. dose in MGy

S2.21.a-c¢
2[Bi] D31[Bi] 01[Bi]

AccDose mean_sigma_cc AccDose mean_sigma_cc AccDose mean_sigma_cc
0.1401 0.0044 0.0000 0.0037 0.4429 0.0046
0.2801 0.0043 0.5433 0.0043 0.8859 0.0058
0.4202 0.0044 1.1669 0.0050 1.3288 0.0069
0.5603 0.0044 1.7632 0.0064 1.7717 0.0083
0.7003 0.0045 2.3258 0.0083 2.2147 0.0097
0.8404 0.0045 2.9564 0.0129 3.1005 0.0165
1.1701 0.0042 3.5517 0.0202 3.5435 0.0215
1.4998 0.0041 4.1146 0.0275 3.9864 0.0281
1.8294 0.0044 4.7463 0.0380
2.1591 0.0044 5.3422 0.0572
2.4888 0.0046
2.8185 0.0047
3.5629 0.0048
4.3072 0.0055
5.0516 0.0057
5.7959 0.0065
6.5403 0.0068
7.2846 0.0077
8.9523 0.0086
10.6200 0.0105
12.2877 0.0141

S2.2.2.d

2[Bi]

AccDose Bi-C1 Bi-C2 Bi-C3
0.1401 2.2644 2.2566 2.2713
0.2801 2.2614 2.2511 2.2715
0.4202 2.2598 2.2547 2.2738
0.5603 2.2633 2.2533 2.2677
0.7003 2.2613 2.2549 2.2721
0.8404 2.2606 2.2501 2.2715
1.1701 2.2625 2.2494 2.2708
1.4998 2.2632 2.2500 2.2707
1.8294 2.2637 2.2529 2.2751
2.1591 2.2600 2.2481 2.2713
2.4888 2.2587 2.2508 2.2746
2.8185 2.2584 2.2544 2.2714
3.5629 2.2605 2.2547 2.2718
4.3072 2.2581 2.2542 2.2738
5.0516 2.2602 2.2529 2.2715
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5.7959
6.5403
7.2846
8.9523
10.6200
12.2877

S2.23.e

D31[Bi]

AccDose
0.0000
0.5433
1.1669
1.7632
2.3258
2.9564
3.5517
4.1146
4.7463
5.3422

S2.24.f

01[Bi]

AccDose
0.4429
0.8859
1.3288
1.7717
2.2147
3.1005
3.5435
3.9864

$2.2.5. g-i

2[Bi]
AccDose
0.140065
0.280130
0.420195
0.560260
0.700325
0.840390

2.2598
2.2642
2.2656
2.2617
2.2609
2.2554

Bi-Cl

2.2585
2.2574
2.2586
2.2521
2.2588
2.2563
2.2578
2.2607
2.1938
1.9969

Bi-Cl1

2.2532
2.2524
2.2528
2.2456
2.2434
2.2318
2.2407
2.2405

2.2550
2.2548
2.2532
2.2545
2.2577
2.2697

Bi-C2
2.2431
2.2501
2.2552
2.2535
2.2528
2.2798
2.2930
2.3013
2.3194
2.4206

Bi-C2
2.2657
2.2680
2.2682
2.2583
2.2748
2.2592
2.2857
2.2056

Cell Volume

2909.8
2906.8
2907.3
2906.4
2915.6
2908.5

2.2709
2.2767
2.2687
2.2698
2.2692
2.2644

Bi-C3
2.2679
2.2694
2.2711
2.2731
2.2772
2.2785
2.2753
2.2688
2.2326
2.1272

Bi-C3
2.2493
2.2496
2.2492
2.2448
2.2524
2.2604
2.2716
2.2902

Bi Ueq
0.00661
0.00703
0.00781
0.00830
0.00839
0.00931

Unique reflections
2845
2840
2851
2848
2851
2851
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1.17007 2909.1 0.01015 2846
1.49976 2911.6 0.01192 2854
1.82944 2919.1 0.01306 2859
2.15913 2915.0 0.01436 2857
2.48882 2926.0 0.01556 2867
2.81850 2922.8 0.01664 2861
3.56286 2927.1 0.01870 2853
4.30722 29354 0.02153 2852
5.05157 2943.2 0.02453 2851
5.79593 2946.9 0.02733 2859
6.54029 2965.9 0.03112 2868
7.28465 2966.1 0.03403 2870
8.95233 2967.9 0.03690 2852
10.6200 2982.6 0.04375 2867
12.2877 2991.6 0.05020 2857
D31[Bi]
AccDose Cell Volume Bi Ueq Unique reflections
0.0000 2899.29 0.01784 3411
0.543346 2920.94 0.02665 3443
1.16691 2944.75 0.03559 3450
1.76315 2959.84 0.04824 3463
2.32583 2977.1 0.05816 3482
2.95644 2997.3 0.0708 3499
3.55175 3014.6 0.0911 3522
4.11457 3025.8 0.1167 3529
4.74630 3033.1 0.1368 3546
5.34224 3039.5 0.1580 3559
5.91798 3042.2 0.2340 3566
01[Bi]
AccDose Cell Volume Bi Ueq Unique reflections
0.442934 2903.83 0.02010 2782
0.885867 2920.4 0.02584 2794
1.32880 2936.6 0.03408 2808
1.77173 2920.4 0.04289 2825
2.21467 2966.2 0.05211 2840
2.65760 2920.4 0.1420 2496
3.10054 2994.0 0.0715 2868
3.54347 3006.2 0.0840 2882
3.98640 3022.4 0.0999 2901
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$2.3. Figure 5 — R1, Rint and Goof vs dose in MGy

2[Bi]

AccDose
0.1401
0.2801
0.4202
0.5603
0.7003
0.8404
1.1700
1.500
1.829
2.159
2.489
2.818
3.563
4.307
5.052
5.796
6.540
7.285
8.952
10.62
12.29

D31[Bi]

AccDose
0.0000
0.5433
1.167
1.763
2.326
2.956
3.552
4.115
4.746
5.342
5918

R1
0.03
0.0296
0.0289
0.0284
0.0290
0.0285
0.0310
0.0291
0.0284
0.0268
0.0264
0.0252
0.0263
0.0278
0.0275
0.0303
0.0314
0.0335
0.0377
0.0427
0.0521

R1

0.0352
0.0408
0.0363
0.0512
0.0699
0.0978
0.1234
0.1384
0.2006
0.2510
0.2964

Rint

0.05143
0.05359
0.05295
0.05314
0.05250
0.05128
0.04583
0.04389
0.04423
0.04425
0.04441
0.04605
0.03968
0.03874
0.03690
0.03621
0.03558
0.03503
0.03924
0.04175
0.04604

Rint
0.03895
0.04204
0.03531
0.04280
0.04326
0.06878
0.05952
0.07319
0.1338
0.2860
0.5675

GooF
1.017
1.014
1.023
1.024
1.018
1.026
1.024
1.028
1.034
1.027
1.028
1.029
1.027
1.028
1.029
1.013
1.023
1.014
1.025
1.004
0.9771

GooF
1.024
1.026
1.023
1.016
0.9973
0.9891
1.060
1.052
1.103
1.052
0.9873
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01[Bi]
AccDose R1 Rint GooF
0.4429 0.0218 0.02156 1.048
0.8859 0.0266 0.02204 1.035
1.329 0.0319 0.02091 1.027
1.772 0.0386 0.02536 1.024
2.215 0.0475 0.02750 1.014
2.658 0.7680 0.03041 18.200
3.101 0.0683 0.03350 0.9912
3.543 0.0794 0.04343 0.9733
3.986 0.0940 0.07355 0.9525
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S3. Additional material

S$3.1. Unique decay plots
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Figure S2 Unique decay progressions and fits for the 22 datasets used in the decay description.
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S$3.2. Bi-C bond precision
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Figure S3 Bi-C bond precision (a-c, grey are unique, blue and red show average and median, respectively)

for representative APS (a, 2[Bi]), ESRF (b, D31[Bi]) and DW (¢, 01[Bi]) series.

S$3.3. Cell parameters
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Figure S4 Lattice parameters a (a), b (b), and ¢ (¢) of 2[Bi] (red), D31[Bi] (blue), and 01[Bi] (black).
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Abstract

A program for serial handling of crystallographic data is presented within Olex2. Espe-
cially for small molecule electron and x-ray diffraction, the handling of several datasets
of the same structure can be tedious and prone to errors, which can affect comparabil-
ity. The program SISYPHOS allows for the individual refinement of a starting model
against several recorded datasets (in ".hkl" format) with adaptation to changes in the
unit cell, wavelength, among other parameters. The program was tested for resonant
diffraction (also known as anomalous dispersion), investigations on radiation damage, the
benchmarking of different configurations for quantum crystallographic modeling, electron
diffraction data, and for testing several datasets from the same measurement using various
settings to identify the most suitable dataset.

9.1 Introduction

With the steady improvement of x-ray diffraction devices, small molecule crystallography
is no longer heavily dependent on measurement time but instead has an abundance of data.
Especially with the latest innovations of rotating and metal-jet anode devices, ! using
photon-counting detectors, 2% as well as the recent introduction of the first commercial
electron diffractometers, *° the time for data collection is significantly reduced. At the
same time, the improved datasets reveal more of the imperfections of the average crystal
structure model. These include disorder, anharmonicity, absorption effects, and others.
Often, several datasets of the same compound are collected-either at different wavelengths
6 or from different crystals to be able to find the best crystallographic model of the
compound at hand.

When complete datasets are collected in minutes rather than formerly days or even weeks,
an automatic procedure becomes feasible and maybe even necessary. Especially for chem-
ical crystallography in synchrotron facilities, it is common to record multiple datasets-
either for obtaining a complete dataset despite angular restrictions, radiation damage,
varying wavelengths (e.g., resonant diffraction), or at different temperatures and pressure
conditions.

This, however, leads to the problem that less time is spent on the modeling and refinement
per structure model, increasing "avoidable" errors in published structures. As recently
described in a review by Raymond and Girolami, 7 who categorize the different origins
of "pathological crystal structures." According to the authors, there are causes intrinsic
to the method of crystallography, such that the time spent per crystal structure has
an impact. Thomson has already reported that the number of publications with multiple
datasets of the same structure has increased significantly since the turn of the millennium,
and has developed CX-ASAP, a high-throughput tool for the serial refinement and analysis
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of crystallography data collected under different conditions. ® However, the program relies
on the ShelXL Y refinement engine and is therefore limited to its functionality regarding
non-spherical atomic form factors, %! the modeling of anharmonic motion, 1% and
anomalous dispersion. 4

In this work, the software module SISYPHOS, as part of the crystallographic software
suite Olex2, 1 is introduced. SISYPHOS aims to make the refinement of different datasets
of the same or very similar crystal structures easily accessible and convenient to a wide
range of crystallographers. An overview of the fields in which the software can be applied
can be found in Figure 9.1. The use cases include crystal checking, multitemperature
and multi-pressure series, quantum crystallographic benchmarking, analysis of radiation
damage, and resonant diffraction experiments. The general principle is to refine the same
crystallographic starting model either against several datasets of the same structure or
with a series of different settings against the same dataset, or both. Direct communication
with the established quantum crystallographic software NoSpherA2 6 enables serial use of
quantum crystallography for a variety of scenarios. SISYPHOS collects resulting data and
model parameters, alongside refinement indicators, and provides the user with a formatted
.csv file for easy comparison of the different models. Each generated model is stored in
a separate location for further investigation. Fully written in Python 3, 17 SISYPHOS
can be adjusted for user-specific applications. Especially with the advent of high-level,
commercial electron diffractometers, the program offers a pathway for a smoother and
optimized structure elucidation process.

9.2 Implementation

9.2.1 Architecture and workflow

In the following, the typical workflow (see the workflow below) within SISYPHOS is
explained. The program searches for all uniquely named .hkl files in the chosen data
directory recursively and creates a new directory in the parent output directory for each
structure, copying any identically named .ins files for later reference, and the template
model .ins along with the.hkl file into it. Differences in unit cells, wavelength, tempera-
ture, etc., are read from the respective .ins file. The program automatically ignores.hkl
files within its output directory and increments output folder names with integer num-
bers to enable multiple runs on the same dataset. SISYPHOS proceeds to refine each
structure in its new directory, leaving all old models unchanged. It checks automatically
if extinction correction is required and compares the extinction factor to its standard
uncertainty, omitting the extinction correction if the value is smaller than 30. During
the refinement, the different modes are applied individually. For anomalous dispersion
refinement, '® the corresponding parameters for all atoms of one or many element types
as selected during the setup are included in the least squares refinement of olex2.refine.
If NoSpherA?2 is used, the settings for the quantum chemical calculation, currently only
supporting ORCA, 722 can either be set from the NoSpherA2 GUI or a benchmark file
("Benchmark Mode").

Once the refinement is complete, the information extraction process begins. This involves
built-in Olex2 functions as well as parsing of the resulting .cif. SISYPHOS to extract
all bond lengths and uncertainty from the model, using the variance-covariance matrix.
Where defined, uncertainties of derived values are collected as well. All results are first ap-
pended to a .txt output file, which is subsequently converted into a .csv file for convenient
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Figure 9.1: Overview of the different areas of application for SISYPHOS.
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9.2.2 User interface

Figure 9.2 shows the graphical user interface of SISYPHOS as implemented in Olex2. The
blue button labeled "DIR" allows the user to select the main directory for the data. The
routine will search through all subfolders for uniquely named .hkl files (including .hk1f4
and .hklf5 files). On the right side of the directory textfield, the .ins button allows the user
to select the starting model against which each dataset is refined. By default, it will open
the current structure folder. The settings in the following rows depend on the selected
mode, which are changeable using the tickboxes in the row labeled "Mode options." By
default, the user can apply corrections to the incoming x-ray energy and restrict the outer
resolution limit for all datasets, which is helpful for comparison purposes, for example,
where datasets show different maximum resolution, but should be refined using the same
cutoff.

In "Use NoSpherA2" mode, a Hirshfeld Atom Refinement %23 will be performed on each
dataset, using the settings as shown in the GUI that is imported from the NoSpherA2
software. In combination with the benchmark mode, the user can select a text file con-
taining a dictionary of each combination of settings for the HAR procedure they want
to perform on the structure. An example of the layout of this benchmark file is given in
the program folder. Finally, the user can perform a refinement of anomalous dispersion
parameters by enabling the mode "DISP refinement." In an additional line of the GUI,
the element (or elements, white space separated) can be entered. Additionally, if there
is more than one position for the selected element, the values for anomalous dispersion
can be constrained to be equal or individual, by the checkbox "Individual DISP." For
comparison, the structures can be refined

9.3 SISYPHOS

Additionally, the user is able to only include CrysalisPro 27 style "struct" folders for the
search of datasets, and, therefore, exclude datasets within the main experiment folder,
or whether the weighting scheme used by the refinement should be updated ("Update
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Figure 9.2: Graphical user interface of SISYPHOS in Olex2 showing settings for a refine-
ment of anomalous dispersion parameters while employing a Hirshfeld Atom Refinement
within NoSpherA2 using ORCA. Using the tabulated values according to Henke et al., 24
Sasaki, 2% or Brennan and Cowan. 26

Weight"). Finally, the user can tell the program where to find the correct energy. By
default, the x-ray energy from the template .ins file is used, but alternatively, an .ins
file corresponding to each dataset can be used to ensure the correct energy matches the
model. Additionally, for synchrotron applications, it is possible to read the energy from
the dataset name if it adheres to the naming scheme of "NAME ENERG.hkL" where
NAME can be anything and ENERG is the energy in integer eV . The gray "Start" button
at the bottom will start the serial refinement, which can be stopped using the red "STOP"
button.

9.4 Applications and discussion

9.4.1 Crystal screening

A possible scenario for crystal screening on different x-ray diffractometers would be to
measure some visually selected crystals on various devices. The aim is to find the best
combination of diffractometer and wavelength for each crystal. To emulate this scenario,
we measured a total of three different sucrose crystals at various x-ray sources: a Rigaku
Oxford Diffraction SuperNova equipped with an Ag Ko source, a Rigaku Oxford Diffrac-
tion SuperNova equipped with CuKa and CuK g sources, and a Rigaku Oxford Diffraction
Synergy DW with CuKa and MoKa rotating anode sources.

Figure 9.5 compares the R1, wR2, Rint, I/o(I), cell volume, and unique reflections for
a total of eleven different measurements of two different sucrose single crystals at the
in-house diffractometers of the University of Regensburg.
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9.4.2 Multitemperature experiments

To demonstrate the application of SISYPHOS for serial measurements, we investigated
the well-known YLID 28 structure at temperatures ranging from 250 to 110 K in 20 K
increments as a small test case. Figure 9.3 displays selected parameters of the crystal
structures as generated by CrysAlisPro automatic data reduction routine. As expected,
quality indicators exhibit a negative correlation with temperature, showing lower residuals
at lower temperatures due to reduced atomic motion.
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Figure 9.3: Selected data for the multi-temperature run of YLID from the SISYPHOS
output.csv file. Plots were created by a simple Python script employing the Pandas 2°
and Matplotlib 3° modules.

For the same reason, the signal-to-noise ratio increases with lower temperatures. All three
cell dimensions increase with rising temperature, also resulting in more unique reflections
based on the larger cell volume at a fixed wavelength. The steady Rj,; statistics indicate
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a low dependency of the agreement of systematically equivalent reflections at different
temperatures.

For this dataset, all data processing and refinement steps, except for the initial model,
were automated using CrysAlisPro (data processing, reduction, and multi-scan absorption
correction) and SISYPHOS (model refinement and information extraction). This way,
the required manual software interaction time for creating this data series was drastically
reduced, allowing the processing to be performed unsupervised. The last refinement shift
in the output.csv file also gives an overview of model convergence.

9.4.3 Anomalous dispersion refinements

Resonant single-crystal diffraction is a powerful technique that allows probing spatially
resolved x-ray absorption spectra of crystalline materials. The chemical applications as
well as the crystallographic implications can be found in a variety of publications by the
Betley and Chen groups, who pioneered this field for the single-crystal community using
data from the APS synchrotron facility. 3'73% We recently reported on the implementation
of ADR in Olex2 and the effect of using tabulated values for AD in the vicinity of absorp-
tion edges, '8 as well as structural improvements by ADR for heavy element structures.
34,35

SISYPHOS can be used to efficiently evaluate resonant diffraction data, e.g., from a serial
synchrotron experiment. For example, see Refs. 18 and 34, where the program was used
to efficiently analyze a large amount of synchrotron datasets measured at the Rossendorf
Beamline at the ESRF. %6

9.4.4 Quantum crystallographic benchmarking

Quantum Crystallography is at the forefront of analyzing and understanding diffraction
data. 3° The independent atom model has been the default model for structural refine-
ment over the last 50 years. 37 With the advance of new x-ray generation and detection
technologies, its inadequacies become more and more obvious. With NoSpherA2, there is
already a powerful tool to make the Hirshfeld Atom Refinement available for daily use,
and, by being able to employ the state-of-the-art quantum chemical program ORCA, 1°~22
it can be performed faster than ever. SISYPHOS fully supports the use of NoSpherA2,
to enable efficient serial quantum crystallographic analyses.

Using the example of the Olex2 shipped structure "SuperSugar," the application of
SISYPHOS for quantum crystallographic benchmarking is evaluated. For this, a single
structure is chosen, alongside the "Benchmark file," which contains the desired settings
for the quantum chemical calculation conducted by NoSpherA2 and the ORCA software
suite. For this assessment, the Hartree-Fock (HF) method was compared to density func-
tionals of various levels of accuracy on Jacobs ladder: PBE, PBEO, B3LYP, and r2SCAN.
38=40 They were applied during an HAR procedure within NoSpherA2, employing ORCA5
for the underlying quantum chemical calculation using either only the split-valence or the
triple-zeta Ahlrichs basis sets def2-SVP or def2-TZVP, respectively. *' For comparison,
SISYPHOS also generates the results from the independent atom model (IAM). This al-
lows for convenient benchmarking of the shown (see Sec. S3 for more details) settings
options for performing a HAR.

Figure 9.4 shows selected model indicators for each of the IAM and HAR models of the
"SuperSugar" sucrose dataset.
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As expected, every HAR model surpassed the quality indicators of the TAM. The dif-
ferences between the HAR models show a clear preference for the triple-zeta basis sets
compared to the split-valence ones. For functionals, the meta-GGA r2SCAN performed
best in terms of R1, wR2, and negative residual density peaks, while, surprisingly, HF,
together with B3LYP, had the lowest positive residual electron density.

A more thorough testing of the various settings for HAR is explored in another paper

within this special issue. 42
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Figure 9.4: Quality indicators of the IAM and HAR models created by SISYPHOS em-
ploying ORCA and NoSpherA2 on the Olex2 internal "SuperSugar" dataset.

In summary, SISYPHOS was used to successively refine several thousand models by vary-
ing the level of theory underlying the quantum chemical calculations. This approach
allowed them to obtain information about the performance of the various NoSpherA2
settings, as illustrated in Figure 9.4. The authors discussed trends regarding the differ-
ent parameters and noted that even DFT methods that do not belong to the highest
class of functionals, such as the aforementioned R2SCAN, can produce decent refinement
outcomes. The refinement results were then evaluated using classical crystallographic
indicators such as R1 and wR2, as well as the position of hydrogen atoms relative to neu-
tron reference structures. A SISYPHOS run provides the necessary parameters for all of
this, enabling the results to be extracted using lightweight Python scripts. As executing
several thousand refinements successively in a reasonable time frame on a single computer
is hardly achievable, a SISYPHOS run can also be parallelized using subprocesses and a
headless version of Olex2.Therefore, an initial generated set of method files from prede-
fined parameter sets can be distributed on independent Olex2 headless executions across
multiple CPU cores. This procedure can also be transferred to the cluster capacities of-
fered by high-performance computing facilities. By distributing the method files across
an array of jobs via a batch script, automated, high throughput exploration of settings
can be enabled with SISYPHOS.

9.4.5 Mixed-position structures

Our final example is the application of SISYPHOS to a crystallization study. The group
VI hexacarbonyls M(CO)g(M = Cr, Mo, W) can be co-crystallized from a stochiometric
solution mixture of two or all three of them. To statistically evaluate the reproducibility
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Figure 9.5: Bar diagrams of eleven datasets and crystallographic model indicators as
average values for each wavelength, and, where applicable, one standard deviation of
two sucrose single crystals measured on different devices of the central analytics x-ray
department of the University of Regensburg. Device configuration and further information
for each wavelength can be found in Sec. S4 of the supplementary material.

of this crystallization method, eight crystals of a 1:1 stoichiometric mixture of Cr(CO)g
and W(CO)g were measured using a MoKa rotating anode and modeled using SISYPHOS
with an EXYZ and EADP constrained central metal position and freely refined occupancy
of the metal position, constrained to add up to 1 . Table 9.1 shows the results of these
datasets, making it easy to spot outliers (such as Nr. 6) and calculate statistical indicators
for larger datasets (such as mean, median, accuracy).

9.5 Conclusion

In this work, we introduced the Olex2 plugin SISYPHOS and demonstrated the appli-
cations it was designed to address. SISYPHOS can be used to refine a structural model
against several datasets of the same structure or refine different modeling approaches for
the same dataset, collecting the model and data information in the .csv format. The
applications for crystal screening, benchmarking quantum crystallography, anomalous
dispersion refinements, multitemperature studies, as well as crystallization studies were

described.
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Table 9.1: Agreement statistic R1 of measured and modeled structure factors and the
refined occupancies [Occu(Cr/W)] for Cr and W at the central metal position. Nr. 9 and
Nr. 8 are data from the same crystal (with 10 and 7, respectively), using different data
processing strategies.

Nr R1 Occu(Cr) Occu(W)
1 0.0135 0.495 0.505
2 0.0195 0.496 0.504
3 0.0124 0.467 0.533
4 0.0192 0.466 0.534
5 0.0231 0.454 0.546
6 0.0697 0.448 0.552
7 0.0128 0.472 0.528
8 0.0127 0.472 0.528
9 0.0161 0.504 0.496
1 0.0166 0.504 0.496

. 0.0216 0.4778 0.5222
0.0164 0.0194 0.0194

® b
S5 °
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9.7 Supporting information

The supporting information of this work is provided as a single .pdf file with original
format and page numbering starting from the next page.
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Supplementary Material

S1 Crystal Screening

Each single crystal chosen for this section were obtained from a package of
commercial sugar (sucrose). All experiments were conducted at 100K temperature.

The following devices were used for this section:

1. Rigaku XTaLAB Synergy-DW with an Arc150° curved hybrid photon counting
detector device and Mo Ka and Cu Ka sources

2. Rigaku Oxford Diffraction SuperNova with an Atlas S2 CCD detector and Cu Ka
and Cu K3 sources

3. Rigaku Oxford Diffraction SuperNova with an Atlas S2 CCD detector and Mo Ka

and Ag Ka sources

Table S1: Overview of the experiments in section “Crystal Screening”

Name Device Nr. Wavelength
F_Zucker_long_GV_Cu_beta_auto 2 CuKp
F_Zucker_long_GV_Cu_alpha_auto 2 Cu Ka

F_Zucker2_MO_Mo_auto 3 Mo Ka
F_Zucker2_DW_Mo_auto 1 Mo Ka
F_Zucker2_DW_Cu_auto 1 Cu Ka
F_Zucker1_MO_Ag_auto 3 Ag Ka
F_Zucker1_GV_Cu_beta_auto 2 Cu KB
F_Zucker1_GV_Cu_alpha_auto 2 Cu Ka
F_Zucker1_DW_Mo_auto 1 Mo Ka
F_Zucker1_DW_Cu_auto 1 Cu Ka
F-Zucker1_MO_Mo_auto 3 Mo Ka
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Table S2: Crystallographic information of F_Zucker_long_GV_Cu_beta_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

F000

Filteredoff

Limdmax

Maxindices

Mind

Orca Damp

Orca Solvation

R1 Al

Redundancy

Systematicabsencesre

moved
Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd

Multiplicity
Tot Reflins

Value

F_Zucker_long_GV_Cu_be
ta_auto

10.81214(8)

90
0.928

0.03021

0.246648
19836
3064

365.267

100
(10, 12, 15)

0.716668

False

Vacuum

0.0297256

(1333, 2035, 1674, 996,
517, 274,123, 32, 9)

27

Normal

0

True
-0.000809596
1

19809

Parameter

a(A)
a(®)
Volume (A3?)

GoF
R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequiva
lents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser

R1 Gt

Reflectionapotmax
Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.72037(6)

90

704.894(11)
1.0951

0.0294

0.0839715

-0.168815
3895
3895
(10, 12, 15)

26

0.69611
10

(-10,-11,0)

NoSpherA2
SCF

0

0.0294294
15

True

False

0.02(6)

Parameter

b (A)

B

Wavelength (A)
z

R_int

RMS  residual
(eA™)
Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd

Meanioversigm
a

Nr. Npd

Orca Scf
Strategy

Omittedreflectio
ns

RAll

Relativistic
Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.66673(
9)

103.0026
(©)

1.39222
2

0.065217
3

0.042766
4

0.965543
0
0.01

(-10, -11,
-15)

10.5349
24.5634

14

NormalC
onv

0

0.0297
False
def2-

TZVP
True
True

-0.0008
r2SCAN
0.6
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Table S3: Crystallographic information of F_Zucker_long_GV_Cu_alpha_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

F000

Filteredoff

Limdmax

Maxindices

Mind

Orca Damp

Orca Solvation

R1 Al

Redundancy

Systematicabsencesre

moved
Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd

Multiplicity

Tot Reflins

Value

F_Zucker_long_GV_Cu_alp
ha_auto

10.80644(8)

90
1.267

0.0157804

0.13743
75437
2298

365.615

100
(8,10, 12)

0.839244

False

Vacuum

0.0201598

(144, 206, 220, 233, 236,
273, 226, 270, 225, 191,
131, 96, 73, 54, 69, 64, 49,
61, 97,109, 138, 146, 171,
136, 102, 94, 80, 74, 69, 57,
88, 78, 98, 92, 82, 88, 65,
40, 28,16, 14, 4,4, 1)

75

Normal

0

True
-0.000609784
1

75362

Parameter

a(A)
a (%)
Volume (A3)

GoF
R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequiv
alents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser

R1 Gt

Reflectionapotma
X

Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.71431(6)

90

703.449(10)
1.1355

0.0201

0.0516963

-0.129516
2495
2495

(9, 10, 12)

26

0.77092
10

(-9, -10, 0)

NoSpherA2
SCF

0

0.0200974
75

True

False

0.06(4)

Parameter

b (A)

B(°)
Wavelength (A)
Z

R _int

RMS
(e-A”)

residual

Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd

Meanioversigm
a

Nr. Npd

Orca Scf
Strategy

Omittedreflectio
ns

RAIl

Relativistic

Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.66023(
9)

103.0004
8)

1.54184
2

0.079694
9

0.030539

0.997202
0
0.01

(-9, 10, -
12)

10.5295
50.8262

2

NormalC
onv

0

0.0202

False

def2-
TZVP

True
True
-0.0006
r2SCAN
0.6
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Table S4: Crystallographic information of F_Zucker2_MO_Mo_auto

Parameter

Dataset

R o
Max peak
(e:A™)

Total
reflections

Friedel
pairs

FO00

Filteredoff

Limdmax

Maxindice
s

Mind

Orca
Damp

Orca
Solvation

R All
Relativisti
c

Basis
Name

Cluster
Grow

H Afix
Last Shift
Method

Pyscf
Damping

Value

F_Zucker2_MO_Mo_au

to

10.81167(8)

90

0.144

1
0.0718686

0.499629

14002

3837

364.337

100
(13, 15, 19)

0.542134

False

Vacuum

0.0706

False

def2-TZVP

True

True
-3.7498
r2SCAN
0.6

Parameter

a(A)

a(®)

Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequivalents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser

Redundancy

Systematicabsencesremov

ed

Becke Accuracy

Cluster Radius

H Aniso
Max Shift Over Esd
Multiplicity

Tot Reflins

Value

7.71854(6)

90

704.076(11)
1.0604
0.0528
0.1109

-0.400873

7381

7381

(14, 15, 19)

0.355365
10

(-14, -8, 0)

NoSpherA2SC
F

0
(9456, 2094,
118, 1)

1

Normal

True
-3.74977
1

13991

Parameter

b (A)

B

Wavelength (A)

A

R_int

RMS residual

(eA”)
Completeness
Friedel merged
Diis

Fileminindices
Idntensitytransforme

Maxd

Meanioversigma

Nr. Npd

Orca Scf Strategy

Omittedreflections
Reflectionapotmax
Weight

Charge

Full Har

Hooft Str
Mem

Ncpus

Value
8.65807(9)

102.9731(8
)

0.71073
2
0.0444445
0.103172

0.798119

0.01
(14, -8, -

19)

7.52152
10.7389

0

NormalCon
v

0

True

False

-0.5(5)
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Table S5: Crystallographic information of F_Zucker2_DW_Mo_auto

Parameter

Dataset

R o
Max peak
(e:A™)

Total
reflections

Friedel
pairs

FO00

Filteredoff

Limdmax

Maxindice
s

Mind

Orca
Damp

Orca
Solvation

RAll

Relativisti
c

Basis
Name

Cluster
Grow

H Afix
Last Shift
Method

Pyscf
Damping

Value

F_Zucker2_DW_Mo_au

to

10.80319(8)

90

0.145

1
0.0493553

0.439959

17477

3461

364.337

100
(12, 13, 18)

0.579527

False

Vacuum

0.0525

False

def2-TZVP

True

True
-7.6322
r2SCAN
0.6

Parameter

a(A)

a(®)

Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequivalents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser

Redundancy

Systematicabsencesremov

ed

Becke Accuracy

Cluster Radius

H Aniso

Max Shift Over Esd
Multiplicity

Tot Reflins

Value

7.71039(6)

90

702.703(10)
1.0199
0.0404
0.0904

-0.273617

6246

6246

(12,13, 16)

0.355365
10

(-13,-14, 0)

NoSpherA2SC
F

0
(3913, 3121,
1434, 472,
188, 32)

28

Normal

True
-7.63221
1

17449

Parameter

b (A)

B ()

Wavelength (A)

VA

R _int

RMS residual

(eA”)
Completeness
Friedel merged
Diis

Fileminindices
Lntensitytransforme

Maxd

Meanioversigma

Nr. Npd

Orca Scf Strategy
Omittedreflections

Reflectionapotmax

Weight
Charge
Full Har

Hooft Str
Mem

Ncpus

Value
8.65700(9)

102.9702(8
)

0.71073

2
0.0373125
0.0789935

0.825754

0.01
(-13,-14, -

18)

8.657
17.243

0

NormalCon
v

0

True

False

0.3(3)
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Table S6: Crystallographic information of F_Zucker2_DW_Cu_auto

Parameter

Dataset

R o

Max peak (e-A™3)
Total reflections
Friedel pairs

FO000
Filteredoff

Limdmax
Maxindices
Mind

Orca Damp
Orca Solvation

R1 Al

Redundancy

Systematicabsencesrem

oved

Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd
Multiplicity

Tot Reflins

Value

F_Zucker2_DW_Cu_
auto

10.81114(8)

90

1.265

1
0.0310863

0.111161
7938
1355

365.615

100
(9, 10, 13)
0.79821

False

Vacuum

0.0230137

(1737, 1100, 581,
346, 110, 37, 10, 4)

18

Normal

0

True
0.0307713
1

7920

Parameter

a(A)

a(’)

Volume (A3)
GoF

R1

wR2

Max hole (e-A-3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequival
ents

Limdmin

Max Har Cycles
Minindices

Orca Scf Conv
Omittedbyuser

R1 Gt

Reflectionapotmax
Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.71638(6)

90

704.433(11)
1.3343
0.0212

0.0467017

-0.127524
2512
2512

(9, 10, 13)

0.77092
10
(-9, -10, 0)

NoSpherA2S
CF

0

0.0211942
12

True

0
False
0.19(9)
8

2

Parameter

b (A)

B ()

Wavelength (A)
z
R_int

RMS
(A7)

residual

Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy
Omittedreflection
s

RAIl

Relativistic

Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.66549(9
)

102.9782(
8)

1.54184

2
0.0291019
0.029822

0.863824
0
0.01

(-9, -10, -
13)

10.535
23.5261
15

NormalCo
nv

0

0.023
False
def2-
TZVP
True
True
0.0308
r2SCAN
0.6
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Table S7: Crystallographic information of F_Zucker1_MO_Ag_auto

Parameter

Dataset

R o
Max peak
(e:A™)

Total
reflections

Friedel
pairs

FO00

Filteredoff

Limdmax

Maxindice
s

Mind

Orca
Damp

Orca
Solvation

R All
Relativisti
c

Basis
Name

Cluster
Grow

H Afix
Last Shift
Method

Pyscf
Damping

Value

F_Zucker1_MO_Ag_aut

(]

10.79200(8)

90

0.087

1
0.0465378

0.394249

14907

2522

364.159

100
(13, 12, 20)

0.515508

False

Vacuum

0.0489

False

def2-TZVP

True

True
-7.8774
r2SCAN
0.6

Parameter

a(A)

a(®)

Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequivalents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser
Redundancy
Systematicabsencesremov
ed

Becke Accuracy

Cluster Radius

H Aniso
Max Shift Over Esd
Multiplicity

Tot Reflins

Value

7.70467(6)

90

700.817(10)
1.053

0.041
0.0967

-0.254217

7938

7938

(12, 12, 20)

0.280435
10

(-14, -16, 0)

NoSpherA2SC
F

0

(6881, 2935,
631, 57, 7)
9

Normal

True
-7.87739
1

14898

Parameter

b (A)

B ()

Wavelength (A)

VA

R _int

RMS residual

(eA”)
Completeness
Friedel merged
Diis

Fileminindices
Lntensitytransforme

Maxd

Meanioversigma

Nr. Npd

Orca Scf Strategy

Omittedreflections

Reflectionapotmax
Weight

Charge

Full Har

Hooft Str
Mem

Ncpus

Value
8.65050(9)

103.0095(8
)

0.56087

2
0.0253828
0.0750581

0.741107

0.01
(-14, -16, -

20)

6.88661
15.8587

0

NormalCon
v

0

True

False

0.2(4)
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Table S8: Crystallographic information of F_Zucker1_GV_Cu_beta_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Solvation

R1 Al

Redundancy

Systematicabsencesre

moved
Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd

Multiplicity

Tot Reflins

Value

F_Zucker1_GV_Cu_beta
_auto

10.80659(8)

90
0.93

0.0607562

0.288072
6783
720

365.267

100
(10, 12, 15)
0.717149

False

Vacuum

0.0478715

(2316, 1263, 362, 127,
44,20, 1)

9

Normal

0

True
0.00228012
1

6774

Parameter

a(A)
a (%)
Volume (A3?)

GoF
R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequival
ents

Limdmin

Max Har Cycles
Minindices

Orca Scf Conv
Omittedbyuser

R1 Gt

Reflectionapotmax
Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.71280(6)

90

703.411(10)
1.0715

0.0472

0.129929

-0.300157
3449
3449

(9, 12, 15)

33

0.69611
10
(-10, -11, 0)

NoSpherA2S
CF

0

0.0472143
7

True

0

False
-0.07(15)
8

2

Parameter

b (A)

B(°)
Wavelength (A)
Z

R _int

RMS
(e-A”)

residual

Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf
Strategy

Omittedreflectio
ns

RAIl

Relativistic

Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.65985(9
)

102.9577(
8)

1.39222
2

0.063928
4

0.0643111

0.860529

10.5314
13.6396
17

NormalCo
nv

0

0.0479
False
def2-

TZVP
True
True
0.0023
r2SCAN
0.6
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Table S9: Crystallographic information of F_Zucker1_GV_Cu_alpha_auto

Parameter Value Parameter Value Parameter Value
Dataset F_Zucker1_GV_Cu_alph a (A) 7.71308(6) b (A) 8.66152(9
a_auto )
c(A) 10.80960(8) a (°) 0 B(") 102.948;§
vy (®) 90 Volume (A3) 703.795(10) Wavelength (A) 1.54184
M (mm™) 1.266 GoF 1.0707 2z 2
z 1 R1 0.0461 R_int 0.082044
6
R o 0.0690598 wR2 0.117085 RMS  residual  0.074043
(e-A?) 5
Max peak (e-A3) 0.25582 Max hole (e:A3) -0.311709 Completeness 0.863818
Total reflections 6227  Unique reflections 2163  Friedel merged 0
Friedel pairs 709 Datacount 2163 Diis 0.01
FO000 365.615 Filemaxindices (9, 10,9) Fileminindices (-9, -1?,2;
Filteredoff 0 Inconsistentequival 9 Intensitytransfor 0
ents med
Limdmax 100 Limdmin 0.77092 Maxd 10.5347
Maxindices (8,10, 12) Max Har Cycles 10 Meanioversigma 11.8971
Mind 0.838884 Minindices (-9,-10,0) Nr. Npd 26
Orca Damp False Orca Scf Conv NoSpherA2S  Orca Scf NormalCo
CF  Strategy nv
Orca Solvation Vacuum  Omittedbyuser 0 Omittedreflectio 0
ns
R1 All 0.0531586 R1 Gt 0.0461385 RAII 0.0531
Redundancy (1408, 796, 343, 150, 99, Reflectionapotmax 10 Relativistic False
65, 37, 35, 16, 3)
Systematicabsencesre 7  Weight True Basis Name def2-
moved TZVP
Becke Accuracy Normal Charge 0 Cluster Grow True
Cluster Radius 0 Full Har False H Afix True
H Aniso True Hooft Str -0.2(2) Last Shift 1.176
Max Shift Over Esd 1.17596 Mem 8 Method r2SCAN
Multiplicity 1  Ncpus 2 Pyscf Damping 0.6
Tot Reflins 6220
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Table $10: Crystallographic information of F_Zucker1_DW_Mo_auto

Parameter

Dataset

R o
Max peak
(e:A™)

Total
reflections

Friedel
pairs

FO00

Filteredoff

Limdmax

Maxindice
s

Mind

Orca
Damp

Orca
Solvation

RAll

Relativisti
c

Basis
Name

Cluster
Grow

H Afix
Last Shift
Method

Pyscf
Damping

Value

F_Zucker1_DW_Mo_au

to

10.80400(8)

90

0.145

1
0.0491644

0.516944

25265

4513

364.337

100
(13, 15, 19)

0.545665

False

Vacuum

0.0521

False

def2-TZVP

True

True
-7.1943
r2SCAN
0.6

Parameter

a(A)

a(®)

Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequivalents

Limdmin

Max Har Cycles

Minindices

Orca Scf Conv
Omittedbyuser

Redundancy

Systematicabsencesremov

ed

Becke Accuracy

Cluster Radius

H Aniso

Max Shift Over Esd
Multiplicity

Tot Reflins

Value

7.70736(6)

90

702.257(10)
1.024
0.0415
0.0936

-0.312835

8393

8393

(13, 15, 16)

0.355365
10

(-13, -15, 0)

NoSpherA2SC
F

0
(5537, 3428,
1814, 1141,
434,102, 12)
26

Normal

True
-7.19434
1

25239

Parameter

b (A)

B ()

Wavelength (A)

VA

R _int

RMS residual

(eA”)
Completeness
Friedel merged
Diis

Fileminindices
Lntensitytransforme

Maxd

Meanioversigma

Nr. Npd

Orca Scf Strategy
Omittedreflections

Reflectionapotmax

Weight
Charge
Full Har

Hooft Str
Mem

Ncpus

Value
8.65458(9)
102.9793(8

)
0.71073

2
0.0344061
0.0791129

0.927301

0.01
(-13, -15, -

19)

8.65458
17.1551

0
NormalCon
v

0

1

True

False

-0.5(2)
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Table S11: Crystallographic information of F_Zucker1_DW_Cu_auto

Parameter

Dataset

R o

Max peak (e-A-3)
Total reflections
Friedel pairs

FO00

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Solvation

R1All

Redundancy

Systematicabsencesrem
oved

Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd
Multiplicity

Tot Reflins

Value

F_Zucker1_DW_Cu_
auto

10.81035(8)

90

1.265

1
0.0141109

0.0792047
7713

855
365.615

100
(9, 10, 13)
0.805724

False

Vacuum

0.012332
(1283, 972, 404, 324,
172, 64, 36, 26, 15, 6,

6,0, 1)

10

Normal

0

True
-0.000477065
1

7703

Parameter

a(A)

a(®)

Volume (A3?)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Filemaxindices
Inconsistentequival
ents

Limdmin

Max Har Cycles
Minindices

Orca Scf Conv
Omittedbyuser

R1 Gt

Reflectionapotmax

Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.71400(6)

90

704.143(11)
0.9811
0.0118

0.0334328

-0.0841425
2449
2449
(9, 10, 10)

0.77092
10
(-9, -10, 0)

NoSpherA2S
CF

0

0.0117607
15

True

0
False
0.21(4)
8

2

Parameter

b (A)

B ()
Wavelength (A)
VA

R _int

RMS
(e-A7)

residual

Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy
Omittedreflection
s

RAIl

Relativistic

Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.66486(9
)

102.9683(
8)

1.54184

2
0.0152184
0.0214273

0.86721
0
0.01

(-9, 10, -
13)

10.5346
55.1956
6

NormalCo
nv

0

0.0123

False

def2-
TZVP

True
True
-0.0005
r2SCAN
0.6

Page 11 of 43



Table $12: Crystallographic information of F-Zucker1_MO_Mo_auto

Parameter

Dataset

R o

Max peak (e-A3)
Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Solvation

R1 Al

Redundancy

Systematicabsencesrem

oved
Becke Accuracy
Cluster Radius

H Aniso

Max Shift Over Esd

Multiplicity

Tot Reflins

Value

F-

Zucker1_MO_Mo_a

uto

10.80648(8)

90

0.144

1
0.0276254

0.159634
7152
1420

364.337

100
(11, 13, 16)
0.659312

False

Vacuum

0.0200219

(4119, 1187, 176,
29, 3)

3

Normal

0

True
-0.000558635
1

7149

Parameter

a(A)

a(®)

Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount

Filemaxindices

Inconsistentequivale

nts

Limdmin

Max Har Cycles
Minindices

Orca Scf Conv

Omittedbyuser

R1 Gt

Reflectionapotmax

Weight

Charge
Full Har
Hooft Str
Mem

Ncpus

Value

7.71651(6)

90

704.108(11)
1.0832
0.019
0.0421848

-0.127868
4109
4109
(11, 13, 15)

0.355365
10
(-11,-11,0)

NoSpherA2S
CF

0

0.0190117
7

True

False

0.4(3)

Parameter

b (A)

B ()

Wavelength (A)
z
R _int

RMS residual
(e:A™)

Completeness
Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy
Omittedreflection
s

RAIl

Relativistic
Basis Name

Cluster Grow
H Afix

Last Shift
Method

Pyscf Damping

Value

8.66456(9)

102.9633(
8)

0.71073

2
0.0160189
0.0323209

0.798484
0
0.01

(-10, -11, -
16)

7.51984
25.4559
7

NormalCo
nv

0

0.02

False

def2-TZVP

True
True
-0.0006
r2SCAN
0.6
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S2 Multitemperature Experiments

Each suitable YLID calibration single crystal was chosen for this section. All
experiments were performed on device Nr. 2 using Cu Ka radiation. The experiment

temperatures are as follows:

Table S$13: Overview of the experiments in section “Crystal Screening”

Name Temperature (K)
ylid_multitepm_8_110_00_auto 110
ylid_multitepm_8_130_00_auto 130
ylid_multitepm_8_150_00_auto 150
ylid_multitepm_8_170_00_auto 170
ylid_multitepm_8_190_00_auto 190
ylid_multitepm_8_210_00_auto 210
ylid_multitepm_8_230_00_auto 230
ylid_multitepm_8_250_00_auto 250
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Table S$14: Crystallographic information of ylid_multitepm_8_110_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_8_110_00_
auto

18.3013(8)
90

2.742

0.0559487

0.25259
5375
772

(6, 9, 20)

0.77092

14.4315

0

0.0381

31

0.0004

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices
Intensitytransform
ed

Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.8678(3)

90
959.15(8)
1.0726

0.0361

0.0933

-0.331993
1667
1667

(-6, -10, -
21)

0

9.15063

0.839588

0

(2163, 971,
286, 84,
14, 1)

True

0.0003639
75

Parameter

b (A)

B ()
Wavelength (A)
z

R _int

RMS residual
(e:A™)
Completeness
Friedel merged
F0O00

Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio
ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

8.9316(4
)

90
1.54184
4

0.063128
6

0.060798
2

0.989318
0
434.643

0

100

6, 10,

21)

(-6, 0, 0)

10

0.022(17
)

5344
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Table $15: Crystallographic information of ylid_multitepm_7_130_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_7_130_00_
auto

18.3113(8)
90

2.734

0.0528091

0.20973
5373
770

(7, 9, 20)

0.77092

14.4624

0

0.0393

32

0.0006

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices
Intensitytransform
ed

Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.8756(3)

90
961.94(8)
1.0492

0.0376

0.0991

-0.367986
1677
1677

(-6, -10, -
21)

0

9.15566

0.83937

0

(2165, 977,
280, 82,
16, 1)

True

0.0005694
33

Parameter

b (A)

B ()
Wavelength (A)
z

R _int

RMS residual
(e:A™)
Completeness
Friedel merged
F0O00

Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio
ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

8.9408(4
)

90
1.54184
4

0.063746
2

0.062911
8

0.990549
0
434.643

0

100

6, 10,

21)

(-6, 0,0)

10

0.018(18
)

5341
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Table $16: Crystallographic information of ylid_multitepm_6_150_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_6_150_00_
auto

18.3208(8)
90

2.726

0.0571131

0.239119
5405
772

(7, 9, 20)

0.77092

13.8153

0

0.0398

32

-0.0002

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices
Intensitytransform
ed

Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.8852(3)

90
964.83(8)
1.0567

0.038

0.0992

-0.34754
1681
1681

(-6, -10, -
21)

0

9.16038

0.839299

0

(2174, 964,
298, 77,
19, 1)

True

0.0001588
52

Parameter

b (A)

B ()
Wavelength (A)
z

R _int

RMS residual
(e:A™)
Completeness
Friedel merged
F0O00

Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio
ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

8.9484(4
)

90
1.54184
4

0.065580
7

0.061267
5

0.986502
0
434.643

0

100

(7, 10,

21)

(-6, 0, 0)

10

0.013(18
)

5373
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Table $17: Crystallographic information of ylid_multitepm_5_170_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs

Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_5_170_00_a
uto

18.3300(8)

90

2.717

0.0557729

0.219788
5395
776

(7,9, 20)

0.77092

13.7268

0.0404

30

0.0001

Parameter

a(A)

a(®)

Volume (A3)

GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount

Fileminindices
Intensitytransform
ed

Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.8941(3
)

90

967.84(8
)

1.0625

0.0386

0.099

-0.28602
1685
1685

(-6, -10,
-21)

0
9.16501
0.84015

9

0

(2199,
964,
293, 77,
15, 1)
True

5.46158
e-05

Parameter

b (A)

B ()

Wavelength (A)

z

R _int

RMS residual
(e-A™)
Completeness
Friedel merged
F000

Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio

ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

8.9582(4)

90

1.54184

4

0.066086
2

0.060364
2

0.990012
0
434.643

0

100

(7, 10,

21)

(-6, 0, 0)

10

0.024(18)

5365
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Table $18: Crystallographic information of ylid_multitepm_4_190_00_auto

Parameter Value Parameter Value Parameter Value
Dataset ylid_multitepm_4_190_00_ a (A) 5.9034(3) b (A) 8.9687(4
auto )
c(A) 18.3412(8) a(°) 0 B(°) 90
vy (°) 90 Volume (A% 971.09(8) Wavelength (A) 1.54184
g (mm™) 2.708 GoF 1.0681 Z 4
z 1 R1 0.0383 R_int 0.065450
6
R_o 0.0569449 wR2 0.1003 RMS residual 0.058441
(eA3) 2
Max peak (e-A3) 0.219842 Max hole (e-A3) -0.256389 Completeness 0.988331
Total reflections 5424  Unique reflections 1694  Friedel merged 0
Friedel pairs 784  Datacount 1694 FO000 434.643
Filemaxindices (7,9,20) Fileminindices (-6, -10, -  Filteredoff 0
21)
Inconsistentequivalents 1 Intensitytransform 0 Limdmax 100
ed
Limdmin 0.77092 Maxd 9.1706 Maxindices (7,10,
21)
Meanioversigma 13.4554 Mind 0.839582  Minindices (-6, 0, 0)
Nr. Npd 0 Omittedbyuser 0  Omittedreflectio 0
ns
R All 0.0406 Redundancy (2210, 959, Reflectionapotm 10
302,76, ax
16, 1)
Systematicabsencesremo 32 Weight True Hooft Str 0.001(18
ved )
Last Shift -0.0001 Max Shift Over - Tot Reflins 5392
Esd 0.0001106
07
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Table $19: Crystallographic information of ylid_multitepm_3_210_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs
Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_3_210_00_
auto

18.3502(8)
90

2.698

0.0545126

0.211432
5469

802
(7,10, 21)

0

0.77092

13.2969

0

0.0428

31

0.0008

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices

Intensitytransform
ed
Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.9143(3)

90
974.93(8)
1.0544

0.0399

0.1049

-0.277484
1705
1705
(-6, -9, -21)

0

9.1751

0.838831

0

(2240, 968,
296, 81,
15, 1)

True

0.0007962
37

Parameter

b (A)

B ()
Wavelength (A)
z

R _int

RMS residual
(e:A™)
Completeness
Friedel merged
F0O00
Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio
ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

8.9831(4
)

90
1.54184
4

0.063873
2

0.058764
5

0.98669
0
434.643
0

100

(7, 10,
21)

(-6, 0, 0)

10

0.005(19
)

5438
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Table S$20: Crystallographic information of ylid_multitepm_2_230_00_auto

Parameter Value Parameter Value Parameter Value
Dataset ylid_multitepm_2 230 00_a a(A) 5.9247( b (A) 8.9960(4)
uto 3)
c(A) 18.3576(8) a (°) 90 B(°) 90
vy (°) 90 Volume (A%) 978.43(  Wavelength (A) 1.54184
8)
M (mm™) 2.688 GoF 1.0256 Z 4
z 1 R1 0.0395 R_int 0.065772
4
R_o 0.0580049 wR2 0.1005 RMS residual 0.059622
(e-A?) 1
Max peak (e-A3) 0.213718 Max hole (e-A3) - Completeness 0.991898
0.22777
4
Total reflections 5502 Unique reflections 1714  Friedel merged 0
Friedel pairs 805 Datacount 1714  FO000 434.643
Filemaxindices (7,10, 21)  Fileminindices (-6, -9, -  Filteredoff 0
21)
Inconsistentequivalents 0 Intensitytransform 0 Limdmax 100
ed
Limdmin 0.77092 Maxd 9.17879 Maxindices (7, 10,
21)
Meanioversigma 12.9335 Mind 0.83923  Minindices (-6, 0, 0)
7
Nr. Npd 0 Omittedbyuser 0 Omittedreflectio 0
ns
R All 0.0428 Redundancy (2252, Reflectionapotm 10
974, ax
305, 74,
17, 1)
Systematicabsencesremo 31  Weight True Hooft Str 0.007(19)
ved
Last Shift -0.0001  Max Shift Over - Tot Reflins 5471
Esd 8.5911e
-05
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Table S$21: Crystallographic information of ylid_multitepm_1_250_00_auto

Parameter

Dataset

Max peak (e-A3)
Total reflections
Friedel pairs
Filemaxindices

Inconsistentequivalents

Limdmin

Meanioversigma

Nr. Npd

RAll

Systematicabsencesremo

ved

Last Shift

Value

ylid_multitepm_1_250_00_
auto

18.3661(8)
90

2.679

0.0535067

0.177669
5511

809
(7,10, 21)

1

0.77092

13.2709

0

0.0409

31

0.0004

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices

Intensitytransform
ed
Maxd

Mind

Omittedbyuser

Redundancy

Weight

Max Shift Over
Esd

Value

5.9340(3)

90
981.57(8)
1.0326

0.0386

0.1012

-0.21546
1720
1720
(-6, -9, -21)

0

9.18304

0.839672

0

(2254, 975,
304, 76,
17, 1)

True

0.0004138
02

Parameter

b (A)

B ()
Wavelength (A)
z

R _int

RMS residual
(e:A™)
Completeness
Friedel merged
F0O00
Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflectio
ns

Reflectionapotm
ax

Hooft Str

Tot Reflins

Value

9.0066(4
)

90
1.54184
4

0.062611
7

0.053017
8

0.992499
0
434.643
0

100

(7, 10,
21)

(-7,0,0)

11

0.014(19
)

5480

Page 21 of 43



S3 Quantum Crystallographic Benchmarking

Table S$22: Crystallographic information of SuperSugar_B3LYP_def2-TZVP

Parameter

Dataset

R o

Max

(e-A™)

peak

Total reflections
Friedel pairs

FO00

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic

Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_B3LYP_d
ef2-TZVP

10.81599(5)

90

0.144

0.5
0.0123296

0.139145

229342
17803
364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0166

False

def2-TZVP

True

True

0.05(3)

75
18

Parameter

a(A)

a(’)

Volume (A?)
GoF

R1

wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius
H Afix
Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.2065
0.0142

0.0241789

-0.221183

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0165634

(9277, 6454, 3961,
3597, 2916, 2248,
1822, 1634, 1515,
1465, 1245, 1123,

1002, 863, 672,
507, 362, 255,

234, 165, 128, 91,
42, 49, 25, 26, 14,
12,7,9,0,7,3,2,

1)

60

Normal

0

True

0.0003

B3LYP
0.6

Parameter

b (A)

B ()

Wavelength (A)
4
R_int

RMS
(eA™)

residual

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity
Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0354195

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0141911

67

True

0

{0 11.0,
'C" 12.0,
'H'": 22.0}
True

0.0003272
37

0
229282
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Table $23: Crystallographic information of SuperSugar_R2SCAN_def2-TZVP

Parameter

Dataset

R o

Max peak
(e:A™)

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflecti
ons

RAll

Relativistic
Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_R2SCAN_d

ef2-TZVP
10.81599(5)

90

0.144

0.5
0.0123296

0.141237

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0165

False

def2-TZVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesrem
oved

Becke Accuracy

Cluster Radius

H Afix

Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.5985
0.0142

0.0172116

-0.210705

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0165372

(9277, 6454,
3961, 3597, 2916,
2248, 1822, 1634,
1515, 1465, 1245,

1123, 1002, 863,
672, 507, 362,
255, 234, 165,

128, 91, 42, 49,
25,26,14,12,7,
9,0,7,3,2,1)

60

Normal

0

True

-0.0004

R2SCAN
0.6

Parameter

b (A)

B ()

Wavelength (A)
A
R _int

RMS residual
(e:A™)

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity

Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0358491

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.014165

67

True

0

{'O": 11.0,
'C': 12.0,
'H'": 22.0}
True
0.0004278
87

0

229282
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Table S$24: Crystallographic information of SuperSugar_PBEOQO_def2-TZVP

Parameter

Dataset

R o

Max
(e-A)

peak

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic

Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_PBEO_d
ef2-TZVP

10.81599(5)

90

0.144

0.5
0.0123296

0.14176

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0166

False

def2-TZVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius
H Afix
Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.5973
0.0142

0.0171985

-0.216359

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0165543

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,
672, 507, 362,
255, 234, 165,

128,91, 42,
49, 25, 26, 14,
12,7,9,0,7,
3,2,1)

60

Normal

0

True

0.0004

PBEO
0.6

Parameter

b (A)

B()
Wavelength (A)
Z

R_int

RMS
(eA™)

residual

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity
Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0360759

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0141818

67

True

0

{'0" 11.0,
'C': 12.0,
'H'": 22.0}
True

0.0003952
06

0
229282
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Table $25: Crystallographic information of SuperSugar_PBE_def2-TZVP

Parameter

Dataset

R o

Max
(e-A)

peak

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic

Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_PBE_de
f2-TZVP

10.81599(5)

90

0.144

0.5
0.0123296

0.141174

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0168

False

def2-TZVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius
H Afix
Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.2273
0.0144

0.0248094

-0.219591

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0167781

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,
672, 507, 362,
255, 234, 165,

128, 91, 42,
49, 25, 26, 14,
12,7,9,0,7,
3,2,1)

60

Normal

0

True

0.0002

PBE
0.6

Parameter

b (A)

B ()
Wavelength (A)
VA

R _int

RMS
(e-A”)

residual

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity
Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0359278

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0144088

67

True

0

{0 11.0,
'C':12.0,
'H': 22.0}
True

0.0001948
82

0
229282
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Table $26: Crystallographic information of SuperSugar_HF_def2-TZVP

Parameter

Dataset

R o

Max peak
(e:A™)

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic
Basis Name
Cluster Grow
Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_HF _def

2-TZVP
10.81599(5)

90

0.144

0.5
0.0123296

0.141108

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0174

False

def2-TZVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius
H Afix
Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.8448
0.015
0.0198625

-0.225396

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0173741

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,

672, 507, 362,

255, 234, 165,
128,91, 42,

49, 25, 26, 14,

12,7,9,0,7,
3,2, 1)

60

Normal

0

True

0.0002

HF
0.6

Parameter

b (A)

B()
Wavelength (A)
Z

R_int

RMS residual
(e:A™)

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over

Esd
Multiplicity
Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.038459

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0150023

67

True

0
{0" 11.0,
'C": 12.0,
'H": 22.0}

True

0.00024928

4
0
229282
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Table S27: Crystallographic information of SuperSugar_B3LYP_def2-SVP

Parameter

Dataset

R o

Max
(e-A)

peak

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic

Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_B3LYP_d
ef2-SVP

10.81599(5)

90

0.144

0.5
0.0123296

0.14096

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0173

False

def2-SVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius
H Afix
Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.2906
0.0149

0.026405

-0.200089

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.017289

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,
672, 507,
362, 255,
234, 165,

128, 91, 42,

49, 25, 26,

14,12,7,9,

0,7,3,2 1)

60

Normal

0

True

0.0004

B3LYP
0.6

Parameter

b (A)

B ()
Wavelength (A)
Z

R_int

RMS
(e-A™)

residual

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity
Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0371716

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0149346

67

True

0

{'0": 11.0,
'C" 12.0,
'H'": 22.0}
True

0.0004297
36

0
229282
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Table $28: Crystallographic information of SuperSugar_ R2SCAN_def2-SVP

Parameter

Dataset

R o

Max peak
(e:A™)

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflecti
ons

RAll

Relativistic
Basis Name

Cluster Grow

Full Har

Hooft Str

Value

SuperSugar_R2SCAN_d

ef2-SVP
10.81599(5)

90
0.144
0.5

0.0123296

0.146596

229342
17803
364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0173

False

def2-SVP

True

True

0.05(3)

Parameter

a(A)

a(’)

Volume (A3)
GoF
R1

wR2

Max hole (e-A-3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesrem

oved
Becke Accuracy

Cluster Radius

H Afix

Last Shift

Value

7.71885(3)

90

705.089(5)
1.3211
0.015

0.0224032

-0.175391

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0173296

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,
672, 507,
362, 255,
234, 165,

128, 91, 42,

49, 25, 26,
14,12, 7, 9,
0,7,3,21)

60

Normal

0

True

-0.0005

Parameter

b (A)

B ()

Wavelength (A)
z
R_int

RMS residual
(e'A?)

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransfor
med

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Value

8.66642(4)

102.9649(4
)

0.71073
1
0.0209291

0.0365722

0.82989

0.01

(-20, 20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.014972

67

True

0

{'O0": 11.0,
'C': 12.0,
'H'": 22.0}
True

0.0005124
92
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Mem 75 Method R2SCAN  Multiplicity 0
Ncpus 18  Pyscf Damping 0.6 Tot Reflins 229282
Table S29: Crystallographic information of SuperSugar_PBEOQ_def2-SVP
Parameter Value Parameter Value Parameter Value
Dataset SuperSugar_PBEO_d a (A) 7.71885(3) b (A) 8.66642(4)
ef2-SVP
c(A) 10.81599(5) «a (°) 90 B(°) 102.9649(4
)
vy (°) 90 Volume (A3) 705.089(5) Wavelength (A) 0.71073
g (mm™) 0.144 GoF 13216 Z 1
z 0.5 R1 0.015 R_int 0.0209291
R o 0.0123296 wR2 0.0225497 RMS residual  0.0367637
(e:A™)
Max peak 0.146842 Max hole (e-A™2) -0.176977 Completeness 0.82989
(eA™)
Total reflections 229342  Unique reflections 23500 Friedel merged 0
Friedel pairs 17803 Datacount 23500 Diis 0.01
FO00 364.337  Filemaxindices (20, 21, 27)  Fileminindices (-20, -20, -
27)
Filteredoff 0 Inconsistentequivalents 14 Intensitytransform 0
ed
Limdmax 100 Limdmin 0.355365 Maxd 8.66642
Maxindices (19, 21, 27) Max Har Cycles 10 Meanioversigma 57.7497
Mind 0.373692 Minindices (-20, -20, 0) Nr. Npd 0
Orca Damp False Orca Scf Conv NoSpherA2S  Orca Scf Strategy ~ NormalCon
CF v
Orca Scnl False Orca Solvation Vacuum  Omittedbyuser 0
Omittedreflectio 0 R1AI 0.0173877 R1Gt 0.0150303
ns
RAIl 0.0174 Redundancy (9277, 6454, Reflectionapotma 67
3961, 3597, «x
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,
1002, 863,
672, 507, 362,
255, 234, 165,
128, 91, 42,
49, 25, 26, 14,
12,7,9,0,7,
3,2,1)
Relativistic False Systematicabsencesremo 60 Weight True
ved
Basis Name def2-SVP  Becke Accuracy Normal Charge 0
Cluster Grow True Cluster Radius 0 Exact Formula {'O0": 11.0,
'C": 12.0,
'H': 22.0}
Full Har True  H Afix True HAniso True
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Hooft Str 0.05(3) Last Shift -0.0006 Max Shift Over -
Esd 0.0005870

1
Mem 75 Method PBEO  Multiplicity 0
Ncpus 18 Pyscf Damping 0.6 Tot Reflins 229282
Table S30: Crystallographic information of SuperSugar_PBE_def2-SVP
Parameter Value Parameter Value Parameter Value
Dataset SuperSugar_PBE_de a (A) 7.71885(3) b (A) 8.66642(4)
f2-SVP
c(A) 10.81599(5) «a (%) 90 B(°) 102.9649(4
)
v (°) 90 Volume (A?) 705.089(5) Wavelength (A) 0.71073
M (mm™) 0.144 GoF 1.3234 2z 1
z 0.5 R1 0.015 R_int 0.0209291
R o 0.0123296 wR2 0.0222635 RMS residual  0.0364393
(e-A™)
Max peak 0.14662 Max hole (e:A3) -0.180271 Completeness 0.82989
(e:A™)
Total reflections 229342  Unique reflections 23500 Friedel merged 0
Friedel pairs 17803 Datacount 23500 Diis 0.01
FO000 364.337 Filemaxindices (20, 21, 27)  Fileminindices (-20, -20, -
27)
Filteredoff 0 Inconsistentequivalents 14 Intensitytransform 0
ed
Limdmax 100 Limdmin 0.355365 Maxd 8.66642
Maxindices (19, 21, 27) Max Har Cycles 10 Meanioversigma 57.7497
Mind 0.373692  Minindices (-20, -20,0) Nr. Npd 0
Orca Damp False Orca Scf Conv NoSpherA2S  Orca Scf Strategy ~ NormalCon
CF v
Orca Scnl False Orca Solvation Vacuum  Omittedbyuser 0
Omittedreflectio 0 R1AI 0.0173162 R1 Gt 0.0149579
ns
R All 0.0173 Redundancy (9277, 6454, Reflectionapotma 67
3961, 3597, «x
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,
1002, 863,
672, 507, 362,
255, 234, 165,
128, 91, 42,
49, 25, 26, 14,
12,7,9,0,7,
3,2,1)
Relativistic False Systematicabsencesremo 60 Weight True
ved
Basis Name def2-SVP  Becke Accuracy Normal Charge 0
Cluster Grow True Cluster Radius 0 Exact Formula {O0" 11.0,
'C": 12.0,
'H': 22.0}
Full Har True H Afix True HAniso True
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Hooft Str 0.05(3) Last Shift 0.0006 Max Shift Over  0.0005936

Esd 08
Mem 75 Method PBE  Multiplicity 0
Ncpus 18  Pyscf Damping 0.6 Tot Reflins 229282
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Table S31: Crystallographic information of SuperSugar_HF_def2-SVP

Parameter

Dataset

R o

Max peak
(e:A™)

Total reflections
Friedel pairs

F000

Filteredoff

Limdmax
Maxindices
Mind

Orca Damp

Orca Scnl

Omittedreflectio
ns

RAll

Relativistic
Basis Name

Cluster Grow

Full Har

Hooft Str

Mem

Ncpus

Value

SuperSugar_HF_def

2-SVP
10.81599(5)

90

0.144

0.5
0.0123296

0.139293

229342
17803

364.337

100
(19, 21, 27)
0.373692

False

False

0

0.0183

False
def2-SVP

True

True

0.05(3)

75
18

Parameter

a(A)
a (%)
Volume (A3)
GoF

R1
wR2

Max hole (e-A3)

Unique reflections
Datacount

Filemaxindices
Inconsistentequivalents

Limdmin
Max Har Cycles
Minindices

Orca Scf Conv

Orca Solvation

R1All

Redundancy

Systematicabsencesremo
ved

Becke Accuracy

Cluster Radius

H Afix

Last Shift

Method

Pyscf Damping

Value

7.71885(3)

90

705.089(5)
1.3478
0.0159

0.0297916

-0.198574

23500
23500
(20, 21, 27)

14

0.355365
10
(-20, -20, 0)

NoSpherA2S
CF

Vacuum

0.0182816

(9277, 6454,
3961, 3597,
2916, 2248,
1822, 1634,
1515, 1465,
1245, 1123,

1002, 863,
672, 507, 362,
255, 234, 165,

128, 91, 42,
49, 25, 26, 14,
12,7,9,0,7,
3,2,1)

60

Normal

0

True

-0.0007

HF
0.6

Parameter

b (A)

B ()

Wavelength (A)
VA
R _int

RMS residual
(e:A™)

Completeness

Friedel merged
Diis
Fileminindices
Intensitytransform
ed

Maxd
Meanioversigma
Nr. Npd

Orca Scf Strategy

Omittedbyuser
R1 Gt

Reflectionapotma
X

Weight

Charge

Exact Formula

H Aniso

Max Shift Over
Esd

Multiplicity

Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0390636

0.82989

0.01

(-20, -20, -
27)

8.66642
57.7497
0

NormalCon
v

0
0.0159374

67

True

0

{'0" 11.0,
'C': 12.0,
'H'": 22.0}
True
0.00071194
3

0

229282
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Table S32: Crystallographic information of SuperSugar_IAM

Parameter

Dataset

R o

Max peak (e-A™3)
Total reflections
Friedel pairs
Filemaxindices
Inconsistentequivalent
s

Limdmin

Meanioversigma

Nr. Npd
R1All

Redundancy

Weight

Last Shift

Value

SuperSugar_IA
M
10.81599(5)

90

0.144

0.5
0.0123296
0.345036
229342
17803
(20, 21, 27)

14

0.355365

57.7497

0
0.0248877

(9277, 6454,
3961, 3597
2916, 2248
1822, 1634
1515, 1465
1245, 1123

1002, 863, 672

507, 362, 255
234, 165, 128
91, 42, 49, 25
26,14,12,7,9

0,7,3,21)

True

0.0048

Parameter

a(A)

a(®)

Volume (A3)

GoF

R1

wR2

Max hole (e-A3)
Unique reflections
Datacount
Fileminindices
Intensitytransforme
d

Maxd

Mind

Omittedbyuser
R1 Gt

Reflectionapotmax

Exact Formula

Max Shift Over Esd

Value

7.71885(3)

90

705.089(5)
1.1724
0.0226

0.0649717

-0.236503
23500
23500

(-20, 20, -
27)

0

8.66642

0.373692

0
0.0225674
67

{0 11.0
'C": 12.0,
'H': 22.0}

0.0048421
8

Parameter

b (A)

B ()

Wavelength (A)

z

R _int

RMS residual (e-A-3)
Completeness
Friedel merged

FO00
Filteredoff

Limdmax

Maxindices

Minindices

Omittedreflections
R All

Systematicabsencesremov
ed

Hooft Str

Tot Reflins

Value

8.66642(4)

102.9649(4
)

0.71073

1
0.0209291
0.0590861
0.82989

0

364.337

0

100

(19, 21, 27)

(-20, -20
0)

0
0.0249
60

0.05(3)

229282
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S4 Mixed Metal Position

Table S33: Crystallographic information of ACK001_Kristmeth_evap_08_ auto_fin

Parameter

Dataset

Max peak (e-A-3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_0
8 auto_fin

6.2802(3)
9
7.445

0.5

0.0154927

0.697988

8595

1415
(18, 18, 10)

0

0.355365

45.7133
0
0.017157

(5681, 1457)

True

-0.000291254

Parameter

a(A)

a(®)
Volume (A?)
GoF

R1

wR2
Max hole
(e:A?)

Unique
reflections

Datacount
Fileminindices

Intensitytransf
ormed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6160(3)

9%
808.49(5)
1.029

0.0135

0.0290486

-0.776371

1931

1931
(-17, -18, -9)

0

8.01854

0.590981

0

0.013505

10

W
0.252602749610
01694, 'O": 3.0,
'C 3.0,'Cr":
0.247397250389
98303}

8032

Parameter

b (A)

B ()
Wavelength (A)
4

R_int

RMS residual (e-A2)

Completeness

Friedel merged

F000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0826
)

90
0.71073
4

0.01702
28

0.11325
7

0.90402
6

1

510.334
0
100

(18, 18,
10)

(0,0,0)

0.0172

563

-0.0003
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Table S34: Crystallographic information of ACK001_Kristmeth_evap_07_auto_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_0

7_auto_fin
6.2790(3)
90

7.448

0.5

0.0243487

0.855029

4961

287
(17, 18, 10)

10

0.355365

30.6865
0
0.0230432

(3911, 525)

True

-0.000396424

Parameter

Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6121(3)

90
808.14(5)
1.0377

0.0195

0.0504723

-0.823403

1908

1908
(-19, -18, -9)

0

8.01761

0.592139

0

0.0194771

8

W
0.252114230277
8679, '0": 3.0,
'C" 3.0,'Cr:
0.247885769722
1321}

4624

Parameter

b (A)

B ()
Wavelength (A)
A

R_int

RMS residual (e-A3)

Completeness

Friedel merged

FO000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0836
@)

90
0.71073
4

0.02241
45

0.15536
4

0.89788
2

1

510.334
0

100

(19, 18,
10)

0,0,0)

0.023

337

-0.0004
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Table S35: Crystallographic information of ACK001_Kristmeth_evap_06_auto_fin

Parameter

Dataset

Max peak (e-A-3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_0

6_auto_fin
6.2851(3)
90

7.431

0.5

0.0139599

0.559944

8610

1396
(19, 14, 10)

0

0.355365

49.0468
0
0.0159951

(5679, 1464, 1)

True

-0.000354231

Parameter

Volume (A3)
GoF

R1

wR2

Max hole

(eA™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6218(3)

90
809.99(5)
1.0502

0.0124

0.0255277

-0.556311

1837

1837
(-19, -15, -9)

0

8.02289

0.591085

0

0.0123873

10

W
0.266266369203
4129,'0": 3.0,
'C: 3.0,'Cr":
0.233733630796
5871}

8142

Parameter

b (A)

B ()
Wavelength (A)
A

R_int

RMS residual (e-A3)

Completeness

Friedel merged

F000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0891
@)

90
0.71073
4

0.01734
56

0.11038

0.85961
6

1

510.334
0

100

(19, 15,
10)

(0,0,0)

0.016

468

-0.0004
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Table S36: Crystallographic information of ACK001_Kristmeth_evap_05_auto_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_05

_auto_fin
6.2803(3)
90

7.446

0.5

0.0293595

0.94637

8559

1401
(18, 18, 8)

0

0.355365

25.1457
0
0.0311174

(5732, 1412, 1)

True

-0.000120221

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6119(3)

90
808.40(5)
0.9741

0.0192

0.0363416

-0.93273

1983

1983
(-18, -18, -10)

0

8.01813

0.593184

0

0.0192434

9

{'w"
0.26711209754
9075, '0" 3.0,
'C" 3.0,'Cr:
0.23288790245
0925}

8059

Parameter

b (A)

B ()
Wavelength (A)
Z

R _int

RMS residual (e-A-3)

Completeness

Friedel merged

FO00
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0852
@)

90
0.71073
4

0.03474
86

0.22845
3

0.93758
9

1

510.334
0

100
(18, 18,
10)

0,0,0)

0.0311

500

-0.0001
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Table S37: Crystallographic information of ACK001_Kristmeth_evap_04_auto_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_0

4_auto_fin
6.2858(3)
90

7.425

0.5

0.021087

1.64606

8353

1343
(17, 17, 10)

1

0.355365

32.7914
0
0.0290456

(5680, 1335, 1)

True

-0.00057569

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransf
ormed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6265(3)

90
810.62(5)
1.0011

0.0231

0.0583464

-1.16953

2001

2001
(-18, -18, -10)

0

8.02551

0.593558

0

0.0230673

9

{w"
0.273006016609
9097, '0" 3.0, 'C":
3.0, 'Cr":
0.226993983390
09025}

7821

Parameter

b (A)

B ()
Wavelength (A)
A

R_int

RMS residual (e-A3)

Completeness

Friedel merged

F000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0919
@)

90
0.71073
4

0.02497
91

0.19154
9

0.94520
5

1

510.334
0

100
(18, 18,
10)

0,0,0)

0.029

532

-0.0006
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Table S38: Crystallographic information of ACK001_Kristmeth_evap_03_auto_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap_0

3_auto_fin
6.2755(3)
90

7.472

0.5

0.0855416

4.53851

8132

1267
(18, 16, 10)

1

0.355365

9.28808
0
0.101084

(5532, 1300)

True

-0.000458973

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2

Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6067(3)

90
805.56(5)
1.0354

0.0697

0.190482

-6.7946

1949

1949
(-18, -17, -9)

0

8.00673

0.59197

0

0.0696621

10

{wW"
0.276045032333
81034, '0": 3.0,
'C" 3.0, 'Cr":
0.223954967666
1897}

7683

Parameter

b (A)

B ()
Wavelength (A)
Z

R_int

RMS residual (e-A3)

Completeness

Friedel merged

F000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesr
emoved

Last Shift

Value

11.0596
@)

90
0.71073
4

0.10121
3

0.68495
2

0.92020
8

1

510.334
0

100

(18, 17,
10)

(0,0,0)

0.1011

449

-0.0005
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Table S39: Crystallographic information of ACK001_Kristmeth_evap_02_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap
_02 fin

6.2829(3)
90
7.432

0.5

0.0137749

0.938666

8492

1393
(17, 18, 10)

0

0.355365

51.548
0
0.0167202

(5694, 1399)

True

-0.000681463

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6239(3)

90
809.92(5)
1.0528

0.0128

0.0260739

-0.66507

2015

2015
(-19, -18, -10)

0

8.0239

0.591441

0

0.0127606

11

{w"
0.2640351109854
3186, '0": 3.0, 'C":
3.0, 'Cr"
0.2359648890145
681}

7901

Parameter

b (A)

B ()
Wavelength (A)
Z

R_int

RMS residual (e-A3)

Completeness

Friedel merged

FO000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesre
moved

Last Shift

Value

11.0900
&)

90
0.71073
4

0.01488
81

0.11820
2

0.94379
4

1

510.334
0

100

(19, 18,
10)

0,0,0)

0.0167

591

-0.0007
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Table S40: Crystallographic information of ACK001_Kristmeth_evap_02

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiva
lents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_ev
ap_02

6.2829(3)
90
7.432

0.5

0.0136014

0.9199

8484

1392
(17, 18, 10)

0

0.355365

52.3227
0
0.0166941

(5700, 1392)

True

0.000111056

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfor
med

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapotm
ax

Exact Formula

Tot Reflins

Value

11.6239(3)

90
809.92(5)
1.0555

0.0127

0.025921

-0.650735

2015

2015
(-19, -18, -10)

0

8.0239

0.591441

0

0.0127204

11

{'w"
0.2640014807031
015,'0": 3.0, 'C":
3.0, 'Cr":
0.2359985192968
9847}

7892

Parameter

b (A)

B ()
Wavelength (A)
Z

R _int

RMS residual (e-A3)

Completeness

Friedel merged

FO000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesre
moved

Last Shift

Value

11.0900
@)

90
0.71073
4

0.01461
26

0.11884
4

0.94379
4

1

510.334
0

100

(19, 18,
10)

(0,0,0)

0.0167

592

0.0001
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Table S41: Crystallographic information of ACK001_Kristmeth_evap_01_fin

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiv
alents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_evap
_01_fin

6.2811(3)
90
7.44

0.5

0.0198157

0.658942

8492

1391
(19, 18, 10)

0

0.355365

35.4217
0
0.0233196

(5711, 1389, 1)

True

-3.88e-05

Parameter

Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfo
rmed

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapot
max

Exact Formula

Tot Reflins

Value

11.6198(3)

90
808.99(5)
0.9958

0.0161

0.0342919

-0.760222

2012

2012
(-19, -17, -9)

0

8.02042

0.592623

0

0.0161208

10

{wW"
0.2480391321831
1716, '0": 3.0, 'C":
3.0, 'Cr"
0.2519608678168
8287}

7919

Parameter

b (A)

B ()
Wavelength (A)
Z

R_int

RMS residual (e-A3)

Completeness

Friedel merged

F000
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesre
moved

Last Shift

Value

11.0843
&)

90
0.71073
4

0.02227
12

0.15616
4

0.94905
7

1

510.334
0

100

(19, 18,
10)

0,0,0)

0.0233

573
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Table S42: Crystallographic information of ACK001_Kristmeth_evap_01

Parameter

Dataset

Max peak (e-A™3)

Total reflections

Friedel pairs
Filemaxindices

Inconsistentequiva
lents

Limdmin

Meanioversigma
Nr. Npd
R1 All

Redundancy

Weight

Max Shift Over
Esd

Value

ACKO001_Kristmeth_ev
ap_01

6.2811(3)
90
7.441

0.5

0.0214542

0.695541

8477

1383
(19, 18, 9)

0

0.355365

34.0591
0
0.0238137

(5712, 1381, 1)

True

-9.97e-05

Parameter

a(A)

a(®)
Volume (A3)
GoF

R1

wR2
Max hole
(e:A™)

Unique
reflections

Datacount
Fileminindices

Intensitytransfor
med

Maxd

Mind
Omittedbyuser
R1 Gt

Reflectionapotm
ax

Exact Formula

Tot Reflins

Value

11.6198(3)

90
808.99(5)
0.9904

0.0166

0.0359331

-0.791667

2012

2012
(-19, -17, -10)

0

8.02042

0.592624

0

0.0165932

10

{w"
0.2479769224638
2244,'0" 3.0, 'C":
3.0, 'Cr":
0.2520230775361
776}

7905

Parameter

b (A)

B(°)
Wavelength (A)
zZ

R_int

RMS residual (e-A-3)

Completeness

Friedel merged

FO00
Filteredoff

Limdmax

Maxindices

Minindices
Omittedreflections
R All

Systematicabsencesre
moved

Last Shift

Value

11.0843
@)

90
0.71073
4

0.02510
08

0.16557
1

0.94905
7

1

510.334
0

100

(19, 18,
10)

0,0,0)

0.0238

572

-0.0001
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10 Conclusion

This dissertation examined how modern single-crystal X-ray diffraction can progress from
rapid structure determination towards reliable and chemically informative modelling of
electron density. The individual studies addressed different stages of the crystallographic
process, ranging from the statistical quality of deposited structures and the reproducibility
of serial refinement to heavy-element specific effects, radiation dose induced changes, and
direct analyses of chemical bonding. Taken together, these studies demonstrate that the
current limitations of crystallography are no longer dominated solely by the quality of
measured data. They arise increasingly from the relationship between the data and the
model. Whether the physical experiment has been described correctly, whether systematic
changes have been recognised, whether the chosen electron-density model is appropriate,
and whether the chemical interpretation is supported by independent methods.

10.1 Structural quality in crystal structures

The analysis of the Cambridge Structural Database (Figure 10.1) provided a broad per-
spective on the development of small-molecule crystallography. The conventional agree-
ment factor R1 improved strongly during the early decades but reached an approximately
constant level around 1980. In contrast, wR2 showed a small but statistically significant
increase over time, and the magnitudes of the minimum and maximum residual electron-
density peaks did not show a corresponding general decrease. These observations do not
imply that modern crystallography has become less capable. When unit-cell volume was
included as a coarse measure of structural complexity, both normalised R1 and normalised
wR2 indicated improvement. Modern experiments therefore solve and refine increasingly
complex structures without a proportional deterioration of the principal agreement indi-
cators.

The database analysis also exposed two complementary limitations of routine structural
models. Relative agreement factors tend to improve with increasing atomic number
because heavy atoms dominate the total scattering and define positions and displace-
ment parameters strongly. Absolute residual electron densities, however, increased with
atomic number, reflecting the greater sensitivity of heavy-element structures to absorp-
tion, anomalous dispersion, relativistic density changes, and other systematic effects. At
the light-element end of the periodic table, bonding density represents a larger fraction
of the total scattering which is not described by the independent atom model. Conse-
quently, the same statistical trends that document the success of modern crystallography
also identify where improved physical corrections and non-spherical atomic models are
most urgently required.

10.2 Serial refinement

The SISYPHOS program addresses the practical consequences of the growing abundance
of data. By refining a common model against multiple data sets, or multiple models
against a common data set, the program establishes a consistent basis for comparison
and records model parameters and quality indicators in machine-readable form. Its
applications to crystal screening, temperature series, anomalous dispersion, quantum-
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Chapter 10. Conclusion
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Figure 10.1: Key results from the CSD study in Chapter 3. The top figures show the
temporal progression of the agreement factor R1 (left) and the cell volume normalized
R1 (right). The bottom figures show the periodic table of the elements highlighting the
maximum residual density (left) and R1 as a function of atomic number Z (right).

crystallographic benchmarking, electron diffraction, and mixed occupancies demonstrate
that many repetitive refinement tasks can be automated without restricting the underly-
ing functionality of Olex2, olex2.refine, or NoSpherA2. This reduces manual transcription,
inconsistent refinement decisions, and the risk that apparent trends originate from differ-
ences in model setup rather than from the experiment.

Automation, however, does not make a model correct. SISYPHOS is most useful when
the scientific question and the relevant comparison criteria have been defined in advance.
The serial output can reveal outliers, parameter correlations, or systematic trends, but
these observations still require chemical and crystallographic interpretation. The broader
methodological conclusion is therefore that high-throughput crystallography should com-
bine automation with explicit model validation rather than treating refinement as an
unsupervised optimisation of a single residual factor.

10.3 Anomalous dispersion refinement

The uranium study demonstrated that anomalous dispersion parameters can be refined
robustly even in the pronounced and rapidly varying region of heavy-element L absorp-
tion edges. The refined f” values followed the independently measured X-ray absorption
spectra, while f’ followed their Kramers—Kronig transforms. Agreement was obtained not
only at the intense L3 edge but also at the weaker L, and L; edges. Chemically equiv-
alent uranium sites produced closely similar parameters, whereas the comparison among
different compounds showed the expected sensitivity to the chemical environment.

These results demonstrate that anomalous dispersion is not merely a tabulated correction.
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Figure 10.2: Key results from the uranium ADR study in Chapter 7. The top figures show
results obtained from anomalous dispersion refinement of the compounds NaUF5 (left)
and Cs2(UO2)TiaOg (right). The bottom figures show the the temperature independence
of ADR for NaUF; (left) and the residual electron density around the asymmetric unit
of NaUF; and NaU,Fy at the 1.0 e - A=3 (top) and the 0.9 e - A=3 iso-level between for
using tabulated and refined values for anomalous dispersion paramters (right).

It is rather a compound-specific contribution to the crystallographic scattering model
and contains spatially resolved spectroscopic information. Tabulated values may differ
substantially from the values appropriate to a particular chemical environment, especially
where the absorption spectrum contains sharp near-edge structure. Inaccurate values can
influence atomic positions, displacement parameters, occupancies, disorder models, or
weighting parameters and can therefore propagate beyond the immediate environment of
the resonating atom.

Application of anomalous dispersion refinement to previously published Mo Ka data
improved the four uranium structures, despite the laboratory wavelength being fixed
and the original models already being of high quality. The reductions in residual electron
density and refinement weights show that the benefit is not restricted to synchrotron
experiments. This is especially relevant for uranium because Mo Ka radiation lies just
above the uranium L3 edge. At the same time, the study established an important
limitation: refinement of additional dispersion parameters should not be used to absorb
unresolved disorder, twinning, anharmonic motion, or inadequate absorption correction.
The method is most defensible for high-quality data and when changes in f’ and f” can
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be evaluated against physical expectations or independent spectroscopy.

10.4 Radiation damage

The systematic study of BiPhs, summarised in Figure 10.3, established radiation damage
as a significant limitation not only for macromolecular crystallography but also for small-
molecule and quantum-crystallographic experiments. Across 24 crystals and 330 diffrac-
tion data sets, the decay of diffraction intensity could be described as a dose-dependent
process, but the fitted rates varied substantially among experimental arrangements. This
variation shows why a universal exposure-time limit is not meaningful: photon energy,
flux, beam profile, detector strategy, temperature, crystal mounting, and dose calculation
all affect the measured progression.

The structural evolution of BiPhs indicated that the decrease of diffraction power with
radiation dose primarily resulted from a gradual loss of long-range periodicity. Unit-cell
dimensions and atomic displacement parameters increased, bond-length precision dete-
riorated, and the residual density around bismuth became progressively larger. The co-
valent molecular framework, however, remained largely intact while the crystal was still
structurally refinable. Stable bond distances also indicate that chemical bonding is not
influenced in the process. X-ray absorption spectra of diffractionless crystals retained
a local bismuth environment similar to that of fresh material. These observations sup-
port an X-ray-induced transition towards an amorphous or highly disordered state before
extensive cleavage of the Bi-C bonds. Only exceptionally prolonged exposure produced
clear spectroscopic evidence for substantial oxidation.

When the damage progression was considered as a function of absorbed dose, no sta-
tistically significant change in decay mechanism was found on crossing the Bi L3 edge.
The edge nevertheless remains experimentally important because absorption, fluorescence,
and dose accumulation increase above it, while anomalous dispersion and absorption cor-
rections become more uncertain. The apparent interaction between photon energy and
temperature further indicates that cooling cannot be assumed to affect all experiments
in an energy-independent manner. This observation requires confirmation with a larger,
deliberately balanced data set before it can be generalised.

The main conclusion from the radiation-damage study is therefore not a single universal
correction or safe dose. Instead, radiation damage must be treated as an experiment-
specific and dose-dependent source of model error. Serial measurements, continuous mon-
itoring of intensity statistics and displacement parameters, and dose-aware data-collection
strategies are essential, especially when minute electron-density features are the target of
the experiment. The study also shows the value of simultaneous or sequential diffraction
and spectroscopy: diffraction reports the loss of periodic order, whereas X-ray absorption
spectroscopy tests whether the local chemical environment has changed.
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Figure 10.3: Key results from the radiation damage study in Chapter 8. The top figures
show X-ray absorption spectra of fresh and diffractionless single-crystals of BiPhs (left)
and the comparison with the calculalted transitions obtained from ROCIS-DFT (right).
The middle figure shows the residual electron density around the asymmetric unit in
BiPhs at the 0.7 e - A—3 iso-level as a function of radiation decay, given by the decrease
of signal-to-noise-ratio as a function of dose. The bottom pictures show the decay rates
for the ESRF (blue) and APS (red) datasets which are recorded below and above the Bi
L3 absorption edge at 13.42 keV (left), as well as C-C bond precision (middle) and C-C
bond distance (right) as a function of dose in MGy.
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10.5 Quantum crystallography

The analysis of Cp”NiP; demonstrated how complementary quantum-crystallographic
methods can convert a crystal structure into a chemically interpretable electronic struc-
ture. Multipolar modelling and X-ray restrained wavefunction fitting gave consistent
descriptions of the Ni-P and P—P interactions and supported the isolobal relationship be-
tween the Cp"”'Ni fragment and a phosphorus vertex of P,. The Ni-P bonds are polarised
and covalent in origin. Together with the topology and orbital interactions, this supports
the description of the NiP3 unit as a metallatetrahedrane rather than m-coordination by
a planar cyclo-P3 ligand.

The P-P bonds in Cp”/NiP3 are shorter and have comparable or somewhat higher bond
orders than those in white phosphorus, although the electronic delocalisation between
phosphorus atoms is lower. This distinction reconciles geometric strength with electronic
localisation and helps explain why the nickel complex is markedly more air-stable than
pyrophoric P4 while retaining useful reactivity. The experimentally restrained frontier
orbitals also identify chemically accessible regions consistent with both nucleophilic at-
tack and electrophilic insertion into P-P bonds. Solid-state 3P NMR spectroscopy and
calculations further showed that the cyclo-P3 unit undergoes dynamic exchange, with a
calculated rotational barrier of only 8.9 kJmol~!. The work also established the first Cu
K multipolar model and X-ray restrained wavefunction fitted model. Anomalous dis-
persion refinement in these models significantly improved the model quality and realistic
charges were only obtained after ADR was applied. This shows that even for laboratory
data, ADR can have a significant effect on the derived electron density and bonding anal-
ysis. Chemically similar conclusions were obtained from Mo Ka and lower-resolution Cu
K5 data, despite the strong absorption associated with nickel at the latter energy. High-
resolution data remain preferable for freely parameterised charge-density models, but the
comparison indicates that meaningful wavefunction-based and topological information is
not necessarily restricted to a single ideal experimental configuration. More important
than any individual bonding index was the agreement among geometry, QTAIM, orbital
analyses, localisation measures, NMR spectroscopy, and the known reactivity of the com-
pound.

The WYLID study extended the complementary approach to a highly delocalised organic
system with competing Lewis and resonance descriptions. WYLID was identified as the
red condensation product associated with conventional YLID synthesis and was obtained
selectively from Bindandione. The combination of multi-wavelength diffraction, HAR,
multipolar modelling, X-ray restrained wavefunction fitting, and conventional quantum-
chemical calculations consistently favoured an ylide-type S—C interaction over an ylene
description.

For the C-O groups, the analyses favoured carbonyl bonding over the enolate alterna-
tive. The C-O group adjacent to the SMe, fragment did not differ from the two more
remote carbonyl groups, and comparison with Bindandione showed that introduction of
a SMey group did not significantly shift the local carbonyl/enolate equilibrium. Refer-
ence profiles of the Laplacian along the C—O bond path and the agreement of multiple
bond indices provided a practical way to distinguish the two limiting descriptions. The
natural resonance analysis nevertheless found a large number of contributing structures,
with no individual Lewis structure carrying a dominant weight. The appropriate conclu-
sion is therefore not that delocalisation is absent, but that the dominant local bonding
characteristics are ylidic and carbonyl-like within a strongly delocalised 7 system.
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The WYLID and Cp”NiP3 studies illustrate why a chemically meaningful reference is
essential. Electron-density values or bond critical points have limited interpretative power
in isolation. Their significance becomes clearer when equivalent quantities are compared
among related bonds, alternative models, known reference compounds, and independently
observed reactivity. This comparative principle was also decisive in the most demanding
study of the dissertation.

The trithorium clusters provided an extreme test of whether experimentally informed
electron-density analysis can resolve a weak interaction between several very heavy atoms.
HAR models based on routine Mo Ka and Cu Ka diffraction data reproduced the main
features of independent relativistic quantum-chemical calculations. Both the three-centre
two-electron and three-centre one-electron clusters exhibited three Th—Th bond paths,
a central ring critical point, valence-shell charge concentration in the Ths region, and
corresponding ELI-D and deformation-density features. The two-electron species consis-
tently showed stronger and more concentrated interaction density than the one-electron
analogue, in agreement with its shorter Th—Th distances and electronic formulation.
The combined evidence experimentally visualised cooperative Ths ¢ bonding arising
from constructive contributions of the three thorium centres. The result validates ear-
lier quantum-chemical descriptions while also demonstrating that HAR can be extended
from conventional light-element applications to systems containing three adjacent Z = 90
atoms. Importantly, the decisive advantage was not an attempt to derive a completely
theory-free density. HAR used the experimentally determined geometry and diffraction
data to constrain a quantum-chemical description, and this experiment—theory combina-
tion produced substantially better agreement than calculations based solely on an opti-
mised geometry.

The actinide study does not eliminate the intrinsic challenges of heavy-atom charge-
density work. Residual features remain near thorium, and the derived density depends on
the quantum-chemical method, relativistic treatment, partitioning scheme, and quality
of the diffraction data. Nevertheless, the close agreement of independent experimen-
tal wavelengths, HAR and purely quantum-mechanical topologies, deformation densities,
localisation indicators, and prior spectroscopic evidence makes the bonding assignment
substantially more robust than any single method alone. The study therefore expands
the realistic scope of routine quantum crystallography and suggests that chemically rele-
vant bonding information can be obtained for fragile, radioactive, and synthetically scarce
compounds without requiring an idealised high-resolution synchrotron experiment in ev-
ery case.
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Figure 10.4: Key results from the quantum crystallographic studies in Chapters 4, 5, and
6. The top figures show the comparison of the Ni-P bond 2D Laplacian profiles obtained
from XRD and MM (left), and the obtained HOMO/LUMO orbital plots of the Cp”'NiP;
XRW model and the DFT P, orbitals. The middle figures show C-O Laplacian profiles
in WYLID (left), Bader charges between the HAR, MM, and XRW models of WYLID
(middle), and the comparison HAR bader charges of WYLID, Bindandione, and YLID
(right). The bottom figures show the 2D (left) and 3D (center-left) dynamic deformation
electron density, the ELI-D (center-right), and the Laplacian (right) of the [Ths]?>~ (top)
and [Ths]~ clusters.
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10.6 General conclusions

Several general conclusions emerge from the combined work.

First, a small crystallographic residual is necessary but not sufficient for a reliable chemical
model. Agreement factors can remain acceptable while anomalous dispersion, absorption,
radiation damage, disorder, or an inadequate spherical density is compensated by other
parameters. Residual-density distributions, parameter stability, independent wavelengths,
serial measurements, spectroscopy, and chemically reasonable trends are therefore indis-
pensable parts of validation.

Second, the independent atom model remains highly effective for routine connectivity and
geometry, but it is not neutral with respect to advanced chemical questions. Its neglect of
bonding density is most evident in light-element structures, whereas heavy-element struc-
tures are dominated by imperfect descriptions of core scattering and experimental effects.
The appropriate advance is not to replace the independent atom model indiscriminately,
but to use aspherical and wavefunction-based models when the scientific question requires
them and when the data support the additional information.

Third, experimental and theoretical methods are most powerful when they are combined
rather than placed in competition. Multipolar modelling offers a flexible experimental
density, HAR provides an accessible experiment-based geometry and aspherical scattering
model, and X-ray restrained wavefunction fitting tests how the measured data modify a
wavefunction. Quantum-chemical calculations, spectroscopy, and reference compounds
then provide independent constraints on interpretation. The strongest conclusions in this
dissertation arose where these descriptions converged.

Fourth, reproducibility becomes increasingly important as crystallography moves towards
serial and high-throughput experiments. Tools such as SISYPHOS make it possible to
apply identical refinement logic to hundreds or thousands of models and to preserve the
resulting parameters for statistical analysis. This is essential for resonant diffraction,
radiation-damage series, model benchmarking, and database-scale studies, but it must be
accompanied by transparent settings, physically motivated constraints, and inspection of
outliers.

Finally, the work demonstrates that diffraction can provide substantially more than atomic
coordinates. It can measure the consequences of resonant electronic transitions, follow
the loss of crystalline order under irradiation, distinguish competing local bonding de-
scriptions, connect an isolobal analogy to reactivity, and visualise one- and two-electron
metal-metal bonding between actinides. Achieving this level of chemical information re-
quires the experiment, correction procedure, structural model, and bonding analysis to
be designed as a single workflow.

10.7 Outlook

The immediate methodological priority is a more coherent approach of experimental cor-
rections and electron-density models. For resonant heavy-element diffraction, anomalous
dispersion and absorption should be refined or iterated self-consistently and validated
against X-ray absorption spectra where possible. Radiation-dose calculations should be-
come a standard part of high-flux small-molecule experiments, and diffraction metadata
should record flux, beam size, exposure, crystal dimensions, and temperature sufficiently
well for later dose reconstruction. Systematic studies across chemically diverse compounds
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are required before transferable small-molecule dose limits or damage classifications can
be proposed.

Serial refinement should be extended from model execution to automated diagnostics.
Future versions of SISYPHOS will detect parameter correlations, detector saturation,
abrupt changes in unit-cell or intensity statistics, and physically implausible dispersion
parameters.

For quantum crystallography, the next step is to define practical uncertainty estimates for
derived bonding descriptors. Crystallographic standard uncertainties do not directly rep-
resent the sensitivity of QTAIM, NBO, ELI-D, or deformation-density properties to the
choice of functional, basis set, relativistic Hamiltonian, cluster environment, resolution
cutoff, weighting scheme, or treatment of thermal motion. Ensembles of serial refine-
ments in which these choices are varied systematically will provide confidence intervals
for chemically important conclusions.

The results for the trithorium clusters indicate that HAR can be applied to other f-
element systems in which covalency, oxidation state, or metal-metal interactions remain
controversial. Combining HAR with energy-dependent diffraction, XANES, EPR, vibra-
tional spectroscopy, and magnetic measurements should allow geometric, electronic, and
oxidation-state effects to be separated more rigorously. Likewise, the comparative pro-
tocols developed for Cp”’NiP3 and WYLID can be transferred to reactive main-group
compounds, transition-metal clusters, and delocalised organic systems in which conven-
tional Lewis structures provide incomplete or conflicting descriptions.

At the database level, future quality assessment should move beyond global averages and
incorporate resolution, completeness, disorder, diffraction technique, radiation source,
temperature, structural complexity, refinement model, and data availability. The long-
term objective should be a fit-for-purpose assessment of a crystal structure rather than
a universal ranking by one residual factor. Such developments would connect the central
themes of this dissertation: reliable experiments, physically correct models, reproducible
computation, and the extraction of chemical information from electron density.
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Abbreviations

AD anomalous dispersion

ADP atomic displacement parameter

ADR anomalous dispersion refinement

Al artificial intelligence

ANL Argonne National Laboratory

API application programming interface

APS Advanced Photon Source

B3LYP Becke three-parameter Lee—Yang—Parr density functional

BCP bond critical point

BM20-CRG BM20 Collaborative Research Group beamline at the European
Synchrotron Radiation Facility; the Rossendorf Beamline

BP8&6 Becke 1988 exchange and Perdew 1986 correlation density
functional

CCD charge-coupled device

CCDC Cambridge Crystallographic Data Centre

COD 1,5-cyclooctadiene

CPCM conductor-like polarizable continuum model

Cp” 1,2,4-tri-tert-butylcyclopentadienyl

CPU central processing unit

CSD Cambridge Structural Database

CSVv comma-separated values

DFT density functional theory

DI delocalization index

DKH2 second-order Douglas—Kroll-Hess Hamiltonian

DME 1,2-dimethoxyethane

DMSO dimethyl sulfoxide

DOI digital object identifier

ELI-D electron localizability indicator in the ELI-D representation

EPR electron paramagnetic resonance

ESD estimated standard deviation

ESP electrostatic potential

ESRF European Synchrotron Radiation Facility

GGA generalized gradient approximation

GUI graphical user interface
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HAR
HF
HOMO
HZDR

IAM
KKT
LUMO
Mo06-2X

meta-GGA
MM
MO

NBO
NIR
NLMO
NMR
NPA
NPD
NRT

PBE
PBEO
Ph
PNO
QM
QTAIM
QZVP

r?’SCAN

RCP
RI
RIJCOSX

ROBL
ROCIS
RT

SARC
SCF
SC-XRD
SEM

Hirshfeld atom refinement

Hartree—Fock

highest occupied molecular orbital

Helmholtz-Zentrum Dresden-Rossendorf

independent atom model

Kramers—Kronig transformation

lowest unoccupied molecular orbital

Minnesota 2006 hybrid meta-GGA density functional with a high
fraction of exact exchange

meta-generalized gradient approximation

multipolar model or multipolar modelling
molecular orbital

natural bond orbital

near-infrared

natural localized molecular orbital
nuclear magnetic resonance
natural population analysis
non-positive definite

natural resonance theory

Perdew-Burke-Ernzerhof density functional

hybrid Perdew—Burke—Ernzerhof density functional
phenyl

pair natural orbital

quantum mechanics or quantum-mechanical
quantum theory of atoms in molecules
quadruple-zeta valence polarized

revised regularized strongly constrained and appropriately
normed density functional

ring critical point

resolution of the identity

resolution-of-the-identity treatment of Coulomb integrals com-
bined with the chain-of-spheres exchange approximation

Rossendorf Beamline
restricted open-shell configuration interaction singles

room temperature

segmented all-electron relativistically contracted basis-set family
self-consistent field
single-crystal X-ray diffraction

standard error of the mean
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SI
SOC
SVP

THF
TZVP

uv
UV-Vis—NIR
VSCC

VSCD

WBI
WYLID

XANES
XAS
XRD
XRW

YLID
ZORA
wB97X-D

wB97X-V

Supporting Information
spin—orbit coupling
split-valence polarized
tetrahydrofuran

triple-zeta valence polarized

ultraviolet

ultraviolet—visible—near-infrared

valence-shell charge concentration

valence-shell charge depletion

Wiberg bond index

red condensation product formed from YLID and 1,3-
indandione; compound name introduced in the corresponding
study

X-ray absorption near-edge structure

X-ray absorption spectroscopy or X-ray absorption spectrum
X-ray diffraction

X-ray restrained wavefunction
2-dimethylsulfuranylidene-1,3-indanedione
zeroth-order regular approximation

range-separated hybrid density functional including an empirical
dispersion correction

range-separated hybrid density functional including nonlocal
VV10 correlation

Selected Crystallographic Symbols and Data Descriptors

Fos observed structure-factor amplitude
F... calculated structure-factor amplitude
ispersive part of the anomalous scattering correction
' di i t of th 1 ttering ti
absorptive part of the anomalous scattering correction
v bsorpti t of th 1 ttering ti

I/o(I) intensity-to-standard-uncertainty ratio; a measure of signal-to-

noise
R1 conventional crystallographic residual factor based on structure-
factor amplitudes
R internal agreement factor of symmetry-equivalent reflections
Ueq equivalent isotropic displacement parameter
wR2 weighted crystallographic residual factor based on squared

structure-factor amplitudes
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Statement for the use of generative artificial intelligence

In different sections of this thesis, generative artificial intelligence (AI) tools were used to
assist in the writing process, data analysis, and programming. The following statement
provides an overview of the extent and nature of Al usage in this thesis.

Generative Al tools were employed to assist in the writing process, particularly for im-
proving the clarity, coherence, and overall readability of the text. Al was used to suggest
alternative phrasings, correct grammatical errors, and enhance the flow of sentences. How-
ever, all scientific content, interpretations, and conclusions presented in this thesis are the
original work of the author and were not generated by Al. The use of Al in writing was
limited to language enhancement and did not contribute to the scientific substance of the
thesis.

In particular, generative Al was used in chapters 1, 2, 3, 7, 8 and 10. Generative Al
helped to generate the code for the data analysis and visualisation in chapters 2, and 8.
All text, code, plots, and results the AT generated were critically evaluated and edited by
the author to ensure accuracy and relevance to the research presented in this thesis. The
author takes full responsibility for the content of this thesis, including any sections where
AT tools were used for writing assistance or data analysis.
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