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1 General introduction

1.1 Preface

Starting from the time of the ancient Indians and Greeks we know about the
concept that the microscopic world around us is built of smallest units. Two and
a half millenia later there is no doubt that the matter around us is composed of
distinct molecules and macromolecular structures which themselves are consisting
of nuclei and electrons. This gluing of the atoms to extended structures is due
to the formation of chemical bonds, i.e. a stable equilibrium of the electrons and
nuclei in their mutual electric fields.

However, regarding the macroscopic behavior of gases and liquids, even our daily
experiences tell us that also attractive and repulsive forces between the molecules
have to be present, since the world around us can neither be arbitrarily compressed
nor evaporated. Starting from the nineteenth century this topic has been addressed
by science. Whereas the ideal gas law assumes non interacting and non colliding
molecules, starting with van der Waals and his famous corrections to this equation,
the field of intermolecular interactions has been founded.

Figure 1.1: Exemplary intermolecular potential function.
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A typical intermolecular potential curve can be estimated as seen in figure 1.1.
The steep incline at small distances shows that the volumes of the interacting
molecules refuse to penetrate each other. At very large distances, the interaction
is zero, being conform with the good applicability of the ideal gas law on describing
gases of low density. At intermediate distances, attractive forces and a minimum
can be assumed, reflecting the observation that a gas can condense into a liquid,
because the molecules tend to glue to each other. Usually the depth of the mini-
mum is shallower than that of a chemical bond, since a phase transition can take
place without altering the bonding patterns in the molecules. Whereas the bind-
ing energy of the weakest covalent bonds start at approximately 50 kcal/mol, the
intermolecular binding energies lie in the range of a few kcal/mol only.

Interestingly, the presence of intermolecular forces eminently influences our view
on our environment. They are not only crucial for the description of the fluids, but
also influence chemical reactions in solvents. The vast field of biochemistry mainly
describes systems and reactions in aqueous solution. The macroscopic properties
of elastic polymers and the folding of proteins are all governed by intermolecular
forces. Furthermore the biological phenomena such as the climbing abilities of the
Tokay geckos rely on weak intermolecular interactions [1]. There are numerous
further examples.

From the physical point of view, the intermolecular interactions can be divided
into meaningful parts [2-4]. This can be seen when we try to apply Rayleigh-
Schrédinger perturbation theory on two non interacting subsystems. The per-
turbation in this case is the electron repulsion between the subsystems and the
Hamiltonian is the sum of the Hamiltonians of the two subsystems. This is known
as the polarization theory. Consequently the wavefunction (in the zeroth order of
perturbation) is the product of the wavefunctions of the subsystems. In the first or-
der, one obtains the electrostatic energy. This can be interpreted as the interaction
energy of static charge distributions of the subsystems. In the second order, the
polarization energy and the dispersion energy are obtained. The polarization in-
teraction means the influence of the field of one subsystem on the other subsystem.
This type of interaction always is attractive. The term dispersion describes the
electron correlation between the subsystems, which leads to mutually induced den-
sity fluctuations in each subsystem. All these contributions can be approximated
at large separations as power laws of distance with negative exponents.

It turns out that the polarization theory suffers from severe drawbacks. Not
only the perturbation series diverges in higher orders, also the theory is qualita-
tively wrong at intermediate and short distances. The reason for this is, that the
wavefunction of the system is antisymmetric under the exchange of two electron
belonging only to the same subsystem. The approach however assumes a product
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wavefunction, so that the electron exchange between the subsystems is symmetri-
cal, which is incorrect for fermions such as electrons. To remedy this problem, the
antisymmetry between the subsystems needs to be enforced. Among other theo-
ries formulated, the field of the symmetry-adapted perturbation theories (SAPT)
is rather successful. Here the antisymmetry between the subsystems is corrected a
posteriori [2, 5-8]. A plethora of different approaches exist, but generally a set of
additional correction terms to terms already known from the polarization theory
are obtained. In the first order the exchange-repulsion energy describes on the
one hand the attractive tunneling of electrons between the subsystems, but on the
other hand the repulsive situation due to the Pauli principle, when the electrons of
the same spin but from different subsystems attempt to occupy the same space. In
the second order the corrections differ from theory to theory, but can generally be
seen as the exchange corrections to polarization and dispersion. These short-range
contributions to the energy vanish exponentially, and thus can be neglected at
large distances. Still, the convergence problem remains unsolved. The SAPT can
be implemented as a double perturbation theory, using inter- and intramonomer
perturbations [9]. Modern implementations up to second order, such as DF-DFT-
SAPT [10] or local EOM-CCSD [11] offer an accuracy for the interaction energy
similar to the "golden standard” of quantum chemistry, CCSD(T), or beyond.

Also noteworthy is the fact, that the interaction energy cannot only be written
as a sum of two-body interactions in terms of atoms or molecules, but also involves
higher-body contributions. Thus it is commonly expanded in the many-body ex-
pansion [12, 13],

Bu=) Eyj+ > Eg+ > Eja+- (1.1)

i>j i>5>k i>j>k>l
NS

~~ g

Eopboady Esbody Eypoay

Three-body and higher terms often cannot be neglected, thus the induction energy
inherently is a many-body effect and also the dispersion energy contains many-body
effects. An example for that is the well-known Axilrod-Teller-Muto tripole-dipole
dispersion [14, 15].

1.2 Experiment

From a molecular point of view, molecular clusters, i. e. isolated aggregates of
one to many molecules (monomers) play a prominent role as test systems in the
experimental investigation of intermolecular interactions [16-18]. In the absence of
perturbations arising from environmental influences, solvent effects and collisions,
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structure and binding of the clusters is solely determined by their intermolecular
behavior.

Experimentally, molecular clusters are produced in supersonic beam expansions.
Here the monomer substances are mixed with a seed gas and are expanded under
pressure (continuously or pulsed) through a tiny nozzle into high vacuum. The
evaporating seed gas cools the produced clusters down to very low temperatures
of approximately 15 to 30 Kelvin (vibrational temperature). By varying the ex-
perimental parameters, such as pulse length, mixing ratios or pressure, the cluster
formation can be influenced.

The beam can then be characterized by various spectroscopic methods [19]. Di-
rect indicators for intermolecular forces within the clusters are the intermolecular
vibrational modes, which lie in the far infrared region. With far infrared vibra-
tional rotational-tunneling spectroscopy (FIR-VRT) [20, 21] it is possible to mea~
sure these transitions directly and with a high resolution. But transitions in the far
infrared region are generally not easily accessible. Their measurement is possible
indirectly via electronically excited states, or via the intramolecular vibrational
modes of the monomers. By using resonant two-photon ionization (R2PI) it is pos-
sible to measure intermolecular modes size selectively. This can also be combined
with laser induced dispersed fluorescence emission and hole burning techniques.
Via mass analyzed threshold ionization (MATI) spectroscopy it is in some cases
also possible to determine binding energies with high precision [22]. All these
methods have in common, that an ultraviolet chromophore has to be contained in
the cluster system, which acts as an antenna and makes the electronically excited
states due to its high transition strength accessible. Therefore these methods are
limited to clusters with at least one aromatic molecule.

Another way of characterization is the infrared cluster spectroscopy. Here the
intramolecular modes are regarded as indicators for the acting intermolecular forces
in the clusters [23-25]. Especially for H bonded clusters the OH or NH stretch
modes are meaningful, because the spectral shift of these bands with respect to
the signal in the lone monomer directly allows conclusions on the cluster topology
[26-28] and structure. Since no chromophore is needed, these measurements can
be applied to a larger variety of systems, e.g. homogenous solvent clusters.

In many cases the obtained spectra are complicated, so that without a comple-
mentary analysis by theoretical methods their interpretation can only be done on
a speculative footing. Fortunately the clusters are not extended systems and thus
in the scope of high-level ab initio methods.
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1.3 Theory

1.3.1 Synopsis

Ab initio electronic structure theory describes chemical systems by solving the
stationary form of the Schrédinger’s equation "from the beginning”, i.e. without
the usage of empirical data.

Hiy = Ei (1.2)
A hierarchical system of approximations allows accuracy up to the limit of available
computational resources (also see figure 1.2). Therefore, the ongoing development
of computational resources and algorithms gradually lifts the limitations on accu-
racy and system size, hence enabling the application of these methods to a wider
range of systems. In contrast to the empirical description of chemistry, theory
offers a systematic and insightful access to interprete existing data, but also the
ability to generate interesting challenges for experimental investigations.

The Born-Oppenheimer approximation [29] is the most basic and almost univer-
sally used simplification. It practically defines the chemists’ picture of a molecule
and enables drawing structural formulae. It adiabatically decouples the motion of
the electrons from the movements of the nuclei. The electronic wavefunction then
depends parametrically on the spatial coordinates of the nuclei. Then, solving the
electronic Schrodinger equation gives the electronic energy for a certain molecular
geometry. The electronic energies of all geometries possible are represented by the
potential energy surface (PES), which is a function of that space. Using the PES
as the potential energy, the remaining nuclear Schrodinger equation can be solved
to investigate e.g. vibrations or reactions. At near-degeneracies or crossings of elec-
tronic states the approximation fails, because the non-adiabatic coupling becomes
non zero.

Relativistic effects are of importance for heavy elements mainly. For light ele-
ments up to the second period they are very small and usually neglected. These
effects can be partially accounted for by substituting the heavy nuclei and their in-
ner electrons by pseudopotentials [30]. Nevertheless, to describe relativistic effects
directly, different theoretical approaches need to be employed [31].

For solving the electronic Schrodinger equation numerically, a finite basis set is
used for representing the wavefunction. Usually, this basis consists of Gaussian
type functions, which offer computational advantages by virtue of the Gaussian
product theorem. Gaussian functions as a basis have the drawback, that a linear
combination of many functions is required to properly describe the Coulomb hole,
i.e. the situation when two electrons of opposite spins come spatially close. Hence,
the truncation of the full infinite basis is an approximation. Since the computa-
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Figure 1.2: Schematic overview of the three axes of hierarchical approximations
in the ab initio electron structure theory. Since the computational re-
sources are limited, an appropriate level of accuracy has to be chosen.
The choices are the truncation of the basis set, treating the electron cor-
relation approximately and accounting for relativistic effects by using
different hamilton operators.

tional problem sizes of the methods used scale with a power law to the basis set size,
the selection of the actual basis set is therefore a compromise. There are hierarchi-
cal series of basis sets, such as the correlation-consistent sets of Dunning [32-34],
which allow systematic convergency towards the basis set limit and furthermore
allow the usage of extrapolation techniques [35].

The basic step in solving the Schrodinger equation for the electrons, alias their
many-body problem, is the self-consistent field procedure. Here the approximation
is that the electrons are treated as if they move in the average field of themselves
(excluding their own respective field), i.e. they are uncorrelated. The wavefunction
is a product of molecular orbitals (MOs), antisymmetrized by the Slater deter-
minant approach. MOs are a linear combination of atomic orbitals (AOs) with
variationally determined coefficients. Usually a single Slater determinant is used
in the first place, which is known as Hartree-Fock (HF) [36, 37]. To treat the
correlation of the electrons on top of the HF wavefunction, a linear combination
of the obtained non excited determinant and all possible excited determinant is
required. This is known as full configuration interaction (Full CI), and practically
only solvable for the smallest systems. In order to approximatively treat the miss-
ing correlation a wide range of methods exist which truncate this expansion. The
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restriction to certain determinants in terms of excitation classes is known as CI
with single excitations (CIS), single and double excitations (CISD), ... A more
clever way of addressing the expansion coefficients by an exponential approach
is known as coupled cluster (vide infra) [38]. Also perturbation theoretical ap-
proaches exist. A prominent example is the Mgller-Plesset perturbation theory in
second order (MP2) [39]. All methods have in common that the computational
complexity increases by their accuracy, so again here a tradeoff has to be done. A
remedy to this problem is to use local methods, which exploit the spatially short-
ranged nature of the correlation and try to achieve low-order scaling behavior with
respect to the system size (vide infra).

1.3.2 Supermolecule method

Besides the perturbative approach by means of the above discussed SAPT, another
prominent way to calculate the interaction between molecules is the so-called su-
permolecule ansatz. Basically, the interaction energy is calculated as the difference
between the total energies of the complete cluster and the single monomers,

By = [cluster Z E;nonomer. (13)

i

The so obtained interaction energy can be further decomposed into the many-
body terms by a gradual, systematic subtraction of the interaction energies of
the contained subclusters [13]. So the three-body interaction energy of a trimer
is obtained by subtracting the interaction energies of the three possible dimer
subclusters from the total interaction energy.

This approach is problematic, in the sense that the interaction energies are usu-
ally very small as compared to the total energies. Therefore, the accuracy of the
calculations needs to be high. Sufficiently sized basis sets as well as post-HF meth-
ods to describe the dispersion are hence mandatory. Furthermore each calculation
has to be done not only with the same basis set quality but also in exactly the same
basis set size. Thus, dummy functions on ghost atoms which substitute the lacking
other monomers, are used in the monomer or subcluster calculations. The reason
for this is the correction of the basis set superposition error (BSSE). If no ghost
centers were used, the tails of the lacking basis set functions positioned on these
centers could not improve the wavefunction of monomers, as they do in the full
cluster calculation. This procedure is known as the counterpoise correction (CPC)
[40]. The usage of local correlation methods is beneficial in this context, since they
avoid a large fraction of the BSSE of the correlation energy by construction [41].
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The interaction energy is just a theoretical concept. The binding energy, ob-
tained as the energy difference of the cluster and the monomers in infinite distance,
also includes relaxational effects as well as the vibrational zero-point energy dif-
ference. The relaxation energy is calculated as the difference of the monomer in
the cluster geometry and its relaxed geometry. Usually only the monomer basis
without ghost functions is used, to avoid linear dependency problems of the basis.
Obtaining the zero-point energy within the harmonic approximation is problematic
in clusters, because the important intermolecular vibrational modes typically con-
tain strong anharmonicity. The usage of methods to correct of the anharmonicity,
such as multi-dimensional vibrational SCF (VSCF) or CI (VCI) [42-45], are often
computationally too costly.

For the calculations of the single-point energies in this thesis the Mgller-Plesset
perturbation theory in second order and the time-dependent coupled cluster linear
response theory based on the CC2 model [46, 47] and their spin component scaled
(SCS) [48, 49] versions are prominently used. A brief overview is given in the
following sections.

1.3.3 Coupled cluster model

In contrast to to the CI expansion, which is a linear combination of the reference
wavefunction |0) and its i-fold excited configuration state functions (CSFs), |u;),
the coupled cluster wavefunction is based on an exponential ansatz [38],

1CC) = exp(T)[0) = exp(> t,7,)10). (14)

"

Here the cluster amplitudes ¢, are the equivalents of CI coefficients. The operator
7, is the plain excitation operator, which generates the excited configurations.
Similar to CI, the coupled cluster expansion can be truncated in terms of excitation
classes. This is done by truncating the cluster operator T=T+T+... (after
Ty for CCS, after 15 for CCSD, ... ). The advantage of this ansatz is twofold: On
one hand, the exponential ansatz guarantees a multiplicative separability, which
leads to size-consistent energies. On the other hand, it can be seen by expressing
the exponential cluster operator in a Taylor expansion, that not only the sole Tu
describes the excitation p, but also product terms of the same total excitation class
1 contribute. In other words, coupled cluster achieves a more efficient mapping of
the information with the same amount of numbers.

10
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The CC problem is then to solve the amplitude equation system 1.6 and the
energy equation 1.5,

(0] exp(—T)H exp(T)|0) = (0| H exp(T)|0) = Ecc, (1.5)
(] exp(—T)H exp(T)|0) = 0. (1.6)

The use of the projected equations is beneficial, because the variational approach
to the amplitudes requires the solution of a nonlinear equation system with the
full set of full CI determinants and high-order products of the amplitudes. The
formulae above are the linked coupled cluster equations, which use the similarity-
transformed Hamiltonian H = exp(—T)H exp(T). It can be shown that these
are equivalent to the unlinked equations, which omit the exp(—7"). By using the
Baker-Campbell-Hausdorff expansion,

exp(-T)Hexp(T)=H + [H,T] + %[[H, T,T] + %[[[H,T],T],T] +..., (1.7)
polynomial commutator expressions are obtained. These can be written in terms
of amplitudes and integrals by using diagrammatic techniques [50, 51|, which can
be then evaluated numerically.

1.3.4 MP2 and CC2

The Moller-Plesset perturbation theory [39] bases on the Fock operator F' and
fluctuation potential as the perturbation. The sum of the energies zeroth and
first order energy are equivalent to the Hartree-Fock energy. In coupled cluster
formulation the amplitudes of the second order (MP2) can be obtained by equation
1.9 and the energy from equation 1.8.

(O|H + [H,T5]|0) = Erps (1.8)

(ua| [F', To) + H|0) = 0, (1.9)
The CC2 method [46, 47] is very similar to MP2. Yet it treats the single exci-

tations in zeroth order. With the Tj-similarity-transformed Hamilton operator,
H = exp(—T1)H exp(T1), the energy equation,

(01H + [H,T2]|0) = Ecca (1.10)

and the amplitude equations,

11
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can be derived. It can be shown that the MP2 case is obtained by setting the
singles amplitudes to zero. The accuracy of CC2 is comparable to MP2, since the
inclusion of the singles has only little effect on the ground state energy.

The real advantage of including the singles in zeroth order is, that they de-
scribe an approximal orbital relaxation, which is particularly important when
ground and excited state properties are treated via the response theory. Thus,
the excitation energies and transition moments can be identified as the poles and
residuals of the CC2 linear response function. This function is based on the time-
dependent CC2 Lagrangian, which is the time-dependent quasi energy with the
time-dependent CC2 amplitude equations in the presence of external perturbations
as additional constraints and therefore includes corrections for the non-fulfillment
of the Hellmann-Feynman theorem. The poles are correct up to second order.

1.3.5 Spin component scaled methods

The spin component scaling introduces two empirical determined scaling factors.
So the spin component scaled methods can be considered as semiempirical methods.
These scaling factors p,, are 3 for even spin combinations, and g for uneven spin
combinations. They are mtroduced in the respective energy equations of MP2 (see
equation 1.8, H = H) and CC2 (see equation 1.10, H = H),

0]H+pr 157110y = Escs, (1.13)

and additionally in the singles amplitude equation in the case of CC2 (see equation
1.11),

(| H +Y " poor[H, T571]0) = 0. (1.14)

oo’

This numerical trick is attractive, since with virtually no higher computational
costs, the systematic errors of the underlying methods are partially damped [48, 49].
SCS-MP2 describes, in contrast to MP2, 7 stacking interactions sufficiently well.
In the case of H bonds the situation is inverse and MP2 is superior to SCS-MP2
[52]. Also other choices of the scaling factors are used, so employs e.g. the scaled
opposite spin (SOS) approach [53] the value 1.3 for uneven spin combinations,
but sets the other scaling factor to zero. This leads to improved scaling in the
algorithm under usage of the Laplace transform [54] in the implementation.

12
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1.3.6 Local approximation

The correlation is a short-range effect. E.g. the dispersion, which is a pure corre-
lation effect, decays by the distance to the minus sixth. Since canonical orbitals
tend to be delocalized over the whole system, their usage is not beneficial from a
computational point of view. A solution to this problem is an unitary transform
of the canonical orbitals into spatially localized orbitals. The effect is, that the
integral and amplitude matrices in MO basis become sparse in the local basis. This
can be exploited numerically [55-61].

There are multiple ways to obtain localized orbitals from canonical ones. Promi-
nently used is the procedure by Pipek and Mezey [62]. Here the Mulliken charge is
tried to be maximized on an atom by a localized MO. According to the approach
of Pulay [56], the occupied local orbitals (LMOs) still have to be orthogonal with
respect to each other. The virtual space then is spanned by projected AOs (PAOs),
which are obtained by projecting out the LMOs from the AO space.

Based on spatial criteria, e.g. atomar distances in the system, the correlation
problem can be truncated. So restricted LMO tuple lists can be specified, from
which distinct excitation subspaces of PAOs (domains) are defined. The space of
the problem which is not included in these lists and domains either is completely
neglected or treated computationally cheaper. This so-called local approximation
allows up to a linear scaling behavior of the computational costs with respect to
the system size.

However, the price to pay are more difficult algorithms to be implemented. The
Fock matrix is not diagonal anymore in case of local orbitals, the PAOs are no
longer orthogonal and the virtual space is overcomplete.

1.3.7 Density fitting approximation

The integrals can be seen as a four dimensional object. By using the density fitting
(DF) approximation [63—67] it is decomposed to objects of smaller dimensionality.
This is done in expressing the orbital product in the integral as an orbital density,

(ailb) :/¢a(r1)¢¢(r1)¢b(r2)¢j(rz) dTldTQZ/MdTldTQ' (1.15)

T12 12

Then, the orbital density is fitted to an auxiliary basis set =4,

Pailr) = pai(r) =) d4 Ea(r). (1.16)

A

13



1 General introduction

The fitting coefficients d% can be determined by minimizing for instance the given
error functional,

7 = [ () = pur )i (ug(r) = pura))dmdrs, (147
which is equivalent of solving the set of linear equations,

> (A|B)d} = (ailA). (1.18)

B

Then, the integrals can be approximated as

(ailbj) ~ Y " d%(Albj) + ) (ail B)dg + > d%(A|B)dy, (1.19)
A B AB

which is known as robust fitting. By selecting the error functional based on the
coulomb metric as it is shown above in equation 1.17, the fitting is correct up to
second order and the integrals can be approximated to two and three dimensional
quantities,

(ai]bj) Zd (Albj) => (ai| A)(A|B) ™" (B|bj). (1.20)

AB

The use of the DF approximation does not reduce the scaling in MP2 and CC2,
but significantly reduces the prefactor of the scaling law. On the other hand the
loss in accuracy almost is negligible.

1.4 Overview

This thesis is structured in the following way: In chapter 2 the phenol-water;<,<3
clusters are investigated in their ground and lower excited states, and are compared
to the existing experimental data. Subsequently in chapter 3 the related 2-napthol-
watery systems are explored in a similar way. Then, in chapter 4, the low lying
minima of the aniline di- and trimer cluster potential energy surfaces are located,
in order to set up the stage for the investigation of the important structures in the
excited states within chapter 5. Finally, the subject of chapter 6 is the structure
and binding of adduct compounds of tantalum chlorides and phosphorus sulfide
cage molecules.
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2 Phenol-water| <, <3 clusters

2.1 Introduction

Phenol (Ph) as the simplest aryl alcohol serves as a prototype molecule for struc-
turally related subunits of larger aromatic biomolecules (e.g., tyrosine residues in
proteins). Therefore the photophysics of this molecule is of particular interest. Fur-
thermore, clusters of phenol with simple solvent molecules, especially with water,
can be used to study hydrogen bonding, solvation effects, and their influence on the
photophysical behavior of the solute, with the phenol again mimicking structurally
related chromophores of larger biomolecules. Phenol-water clusters therefore have
been extensively investigated by many groups during the last two decades, both
experimentally and theoretically. In the context of this work we want to focus
on the Ph(H20),, clusters with 1 < n < 3. Mass-selective absorption spectra ob-
tained by one or two-color resonance enhanced multiphoton ionization have been
measured by several groups [68-78] in the vicinity of the electronic origin of Ph. It
turns out that the absorption spectrum of the n = 2 cluster is strikingly different
from those obtained for the n = 1, n = 3, and n = 4 clusters. While on the one
hand for all the latter rather narrow line spectra with intense origins have been
obtained, the n = 2 cluster, on the other hand, exhibits only a weak, broad, and
congested band structure (see Fig. 2.1). Whereas for n = 1 and n = 3 it was read-
ily possible to measure well resolved dispersed fluorescence emission [74, 76, 77] or
ion dip spectra [73], this has not been possible for n = 2 due to the low quantum
yield and anomalously short lifetime of the S; state. Jacoby et al. postulated in
Ref. 77 that a linear geometry might become more stable in the excited state than
the cyclic structure corresponding to the ground state wvide infra. Due to the high
vibrational mode density provided by this linear geometry at the Franck-Condon
point, strong vibrational coupling between the modes of the cyclic and the linear
structure might occur, explaining the broadening of the band structure. In the
same work the authors also stated that the n = 2 cluster may be less stable in
the excited state than in the ground state. Yet since the n = 2 features are red-
shifted with respect to the Ph origin, this statement appears to be in conflict with
experimental evidence.
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Intensity (arb. units)

I ILJ.

35900 36000 36100 36200 36300 36400 36500
Excitation Energy /cm-1

Figure 2.1: Mass specific absorption spectra of the Ph(H50),, 1 < n < 3, clusters
in the vicinity of the electronic origin of Ph, obtained with two-color
resonant two photon ionization spectroscopy in a molecular beam ex-
periment. For details see Refs. 74 and 76.

Ab initio electronic structure calculations on these clusters in the electronic
ground state Sy (primarily at the level of Hartree-Fock or second-order Mgller-
Plesset perturbation theory) have been performed by several groups [74, 76, 77, 79—
85], in order to elucidate low-energy geometries and corresponding (harmonic) vi-
brational frequencies. Furthermore, diffusion quantum Monte Carlo studies inves-
tigating the vibrational ground states on the Sj surfaces of these clusters are also
available in the literature [86, 87]. The equilibrium geometry of the binary complex
corresponds to a translinear hydrogen bonding arrangement reminiscent of water
dimer, with the HoO plane perpendicular to the phenol plane. For the Ph(H,0),
cluster three cyclic low-energy geometries exist, usually denoted as (Udu), (Uud),
and (Udd), indicating, e.g., for the first minimum that the phenyl ring is in the
Up, the first free hydrogen in the down, and the second free hydrogen again in the
up position with respect to the plane given by the two hydrogen bonds involved
(donor-acceptor indicates the direction). The (Udu) is the most stable conformer
of Ph(H50), on the Sy surface. The equilibrium geometry of the Ph(H20)3 cluster
is also cyclic and can be described according to the notation above as (Udud).

Only a few calculations on the excited states of these clusters have been pub-
lished so far. Energies, geometries, and (harmonic) vibrations of the Si(7* « )
state have been computed by Fang and Liu using the configuration interaction
singles (CIS) and complete active space self-consistent field (CASSCF) methods
[83, 84]. The equilibrium geometries on the S;(7* « 7) surface turned out to be
quite similar to those on the Sy surface, i.e., a translinear (TL) hydrogen bond
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2.1 Introduction

and cyclic geometries were obtained for Ph(H20O) and Ph(H20),, respectively. In
particular, the linear Ph(H30)s geometry postulated by Jacoby et al. turned out
to lie 5.3 kcal/mol (CASSCF) and 9.2 kcal/mol (single-point CASPT?2) above the
cyclic minimum-energy geometry on the S;(7* «— 7) surface. It has to be stressed
at this point that neither CIS nor CASSCF (without subsequent treatment of dy-
namic correlation) is a reliable method for excited-state calculations, yet analytic
energy gradients have not been available for other methods at that time. Re-
cently, Sobolewski et al. explored the S;(7* «— 7) and Ss(c* « 7) surfaces of
Ph, Ph(H,0), and Ph(H,0); (enforcing Cy symmetry) in order to elucidate the
mechanism of photoinduced electron and proton transfer in these systems [88, 89].
Geometry optimizations were performed again at the level of CASSCF with ad-
ditional single-point energy calculations at the CASPT2 (perturbation theory of
second order using a CASSCF reference wave function) level. A conical intersection
(CI) between these two surfaces was found, which is responsible for predissociation
of the S;(7* « m) and subsequent concerted electron- and protontransfer reactions
from the chromophore to the solvent molecules. More recently, the authors also
performed quantum-wave-packet dynamics for the case of phenol in order to get a
more detailed picture of this predissociation of the Sy (7* « m) state. In the light
of these results a connection between the observed congested band structure of the
absorption spectrum and the anomalously short lifetime of Ph(H0)s, on the one
hand, and the S;(7* < 7) / Sa(0* < 7) conical intersection, on the other hand,
appears to be plausible.

In this work we have explored the Sy (7* « 7) surface and its conical intersection
with So(0* < ) at the level of coupled cluster response theory employing the CC2
model [46]. To the best of our knowledge these are the first excited-state geometry
optimizations for these systems performed at a theoretical level which includes
dynamical electron correlation effects. The Ph(H3O)y minimum-energy geometries
so obtained are qualitatively different from those reported by Fang and Liu at the
CASSCEF level: Only one stable cyclic ring structure (similar to the one in the Sy
state) could be located, which lies about 3 kcal/mol above the global S;(7* « )
minimum. Instead, two distinct conformers were found with the second water
molecule acting as a H donor to the aromatic ring system (one of these geometries
constitutes the global minimum). Apparently, the oxygen atom and the 7-ring
system of phenol switch role in acting as H acceptors on going from the Sy to the
Sq(m* « 7) state. For n = 3 a stable cycle geometry similar to the one obtained for
the Sy state was found, yet energetically lower-lying minima featuring bonding to
the 7-ring system were also located. Additional CASPT2 geometry optimizations,
performed for n = 2, confirm the existence of these global minimum structures.
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2 Phenol-water;<,<3 clusters
2.2 Computational Methods

The minimum-energy geometries on the Sy and the S;(7* « ) surfaces of Ph and
the Ph(H20),, 1 < n < 3, clusters were optimized by applying time-dependent
coupled cluster response theory at the level of the CC2 model. The analytic
CC2 energy gradient implemented by Héttig and Kohn in the TURBOMOLE program
package [90, 91] was used for that purpose. The minimum-energy geometries on
the conical intersection seam between the S;(7* «— 7) and the Sy(c* « 7) states
were calculated by adopting the scheme proposed by Ragazos et al. [92]: The
gradient g used in the optimization is defined as

2|Ey — F|
‘321’

where Fy and F; are the energies of the Sy(0* < 7 and the Si(7* « 7) states,
respectively, go1 is the difference gradient vector goy = VE; — VE, and P is a
projection operator projecting out the one-dimensional vector space given by the
direction of g21, i.e., P = (1 —|g21)(g21|). Here, P deviates from the projector of
Ref. 92 insofar that the interstate coupling vector, which presently is not available
for CC2, has been neglected, assuming that it is small for the present two states,
which are rather different in their character.

g = PVEQ + g21, (21)

One should mention at this point that due to the non-Hermitian character of
the coupled cluster ansatz, calculations on points on the conical intersection seam
are in general not unproblematic (for a recent discussion see Ref. 93). However, in
the particular case of the Si(7* « m) and Sy(c* < 7) intersection of phenol and
its water clusters these problems turned out to be rather small. The maximum
imaginary component (right at the conical intersection) was less than 0.0004 eV,
i.e., much less than in the examples presented in Ref. 93.

Additional single-point energies at the stationary points of the ground- and
excited-state surfaces have been calculated within bigger atomic orbital (AQO) basis
sets (vide infra) by using both canonical and local CC2 linear response theory [94,
95]. The local calculations, which by construction avoid the basis set superposition
error (BSSE) to a large extent [41], were performed with our local CC2 response
program [94, 95] recently implemented in the MOLPRO [96] program package to
have a means of comparison to the counterpoise (CP) corrected [40] canonical
excitation energies and interaction energies in the excited state. For the local
calculations, the Pipek-Mezey orbital localization was employed. The pair lists
remained untruncated. For the ground state amplitudes, the pair domains were
constructed from full monomer orbital domains. Redundancies in the pair domains
were specified at large intermonomer distances, which is the proper prescription
to avoid BSSE, as discussed in Ref. 41. Domains for the amplitude responses
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were determined according to the scheme proposed in Ref. 94, using a criterion of
ke = 0.995 to determine orbitals important for the related excited state.

In order to verify the stability of the new S;(7* «— 7) minimum-energy geome-
tries of the Ph(HO)y cluster predicted by the CC2 response theory, which are
markedly different from related geometries on the Sy surface and from minimum-
energy geometries predicted previously at the level of CASSCF for the Sq(7* « )
state (vide infra), additional geometry optimizations have been performed at the
level of CASPT2. The analytic energy gradient by Celani and Werner [97], im-
plemented recently in the MOLPRO package [96], has been used for that purpose.
An active space of six electrons in the six valence 7 orbitals of the phenyl ring
was chosen for the underlying CASSCF reference wave function. A level shift of
0.25 was used in the subsequent CASPT?2 calculation due to the presence of an
intruder state. Test calculations without and with level shift performed within
the same active space for the clusters in the electronic ground state show that
the level shift causes an underestimation of the interaction energy by 10%—15%.
Since the CASPT2 gradient so far uses internal contraction only for the doubly
external configuration space, these geometry optimizations turned out to be very
time consuming.

As AO basis sets, the aug-cc-pVDZ sets [34, 98] together with the related fit-
ting basis sets optimized for DF-MP2 (Ref. 99) were employed in all geometry
optimizations. For the canonical and local CC2 single-point energy calculations at
the stationary points, the bigger aug-cc-pVTZ AOs with related fitting sets were
utilized.

2.3 Results and Discussion

Figure 2.1 shows the mass specific absorption spectra of the Ph(H;0),,, 1 <n < 3,
clusters in the vicinity of the electronic origin of Ph, measured by one of us 15
years ago (for experimental details, see Refs. 74 and 76). Evidently, both the n = 1
and n = 3 clusters exhibit narrow line spectra with the individual intermolecular
modes being clearly visible (for an interpretation of the spectra, again see Refs.
74 and 76). The spectrum of n = 3 shows apart from a very weak band at 186.9
em™! (intermolecular stretching mode) no further features higher 90 cm™! above
the origin. Similar observations were made also for the deuterated species which
all indicates that efficient intramolecular vibrational redistribution (for the stretch
mode) and vibrational predissociation at rather small excess energies play a role
in the n = 3 cluster (see also discussion in Ref. 76).
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2 Phenol-water;<,<3 clusters

In contrast to n = 1 and n = 3, merely a broad, weak, and congested band
structure is observed for n = 2. This indicates, together with the short lifetime
and the low quantum yield, that no stable minimum, able to support the lowest
vibrationally excited modes or even the vibrational ground state, does exist on the
Sq(m* < m) potential energy surface in the vicinity of the Franck-Condon point and
that efficient nonradiative channels are available at virtually no excess energies.

2.3.1 Minimum energy geometries

In Figs. 2.2-2.5 the CC2 minimum-energy geometries of the clusters on the Sy
and the S;(7* < 7) surfaces are displayed. A compilation of the counterpoise
corrected [40] interaction energies for the individual minima and other stationary
points on the Sy and the S;(7* « 7) surfaces is given in Tables 2.1 and 2.2. For
n = 1 and n = 3 the global minima in the Sy state are represented by a translinear
and a cyclic (Udud) configuration, respectively. The lowest Sy energy minimum of
the n = 2 cluster corresponds to the (Udu) conformer with an interaction energy
of -16.59 kcal/mol (aug-cc-pVTZ basis), followed by the (Udd) and the (Uud)
conformers, 0.42 and 0.58 kcal/mol above (Udu), respectively. Such an energy
separation appears to be sufficient that at typical temperatures of a molecular
beam experiment (vibrational temperature around 50 K) the absorption spectrum
is dominated by the (Udu) conformer. This is also in agreement with the results
obtained by hole-burning experiments reported by Lipert and Colson in Ref. 72.

7

Ph(H,0) TL Ph(H,0) ortho Ph(H,0) meta

N

Ph(H,0) hat Ph(H,0) hat

Figure 2.2: Ph(H,0) structure minima on the S; surface.

Table 2.3 compiles the S; < Sy oscillator strength f (length gauge) and the
relative size of the component of the transition dipole vector p perpendicular to the
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DF-CC2 CASPT?2 DF-CC2* DF-CC2 DF-LCC2*
aug-cc-pVDZ aug-cc-pVTZ
So S1 So S1 So S1 So S1 So S1
n=1
TL,Sg -6.34 -3.61 -5.50 -2.64 -7.51 -6.97 -6.75 -6.20 -6.67 -6.13
TL,S: -7.57 -6.33 -8.92 -8.10 -8.03
CI -3.10 -6.65 -5.57 -5.50
n =2
(Udu),Sp  -15.45 -11.59 -13.68 -9.93 -18.57 -16.99 -16.59 -15.00 -16.44 -14.81
hat -16.81 @ -20.66 -18.30 -18.06
CI -11.03 -16.46 -14.34 -14.06
(Udd),S¢g  -15.03 -10.91 -13.38 -9.60 -18.00 -16.14 -16.17 -14.31 -16.01 -14.06
ortho(Udu) -17.85 -14.23 -21.69 -19.39 -19.32
ortho(Udd) -18.00 -14.45 -21.85 -19.55 -19.46
(Uud),Sog  -14.85 -11.00 -13.17 -9.53 -17.79 -16.20 -16.01 -14.40 -15.86 -14.18
(Uud),S; -15.35 -13.39 -18.37 -16.57 -16.35
n=23
(Udud),Sy -25.98 -21.74 -31.02 -29.07 -28.01 -26.05 -27.68 -25.61
(Udud),S; -26.16 -31.23 -28.25 -27.85
(Udud) CI -19.86 -26.84 -23.52 -23.12

a) Ph(H20)2 hat collapses to ortho(Udd) on the CASPT2 S; potential energy surface.

corrected values.

Table 2.1: Interaction energies in kcal/mol. All columns except those denoted by an asterisk contain counterpoise
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2 Phenol-water;<,<3 clusters

DF-CC2, S;
aug-cc-pVDZ aug-cc-pVTZ
n=1

TL -7.57 -8.10
meta -2.67 -3.20
ortho -2.62 -3.11
hat -3.86 -4.43
hat’ -3.82 -4.38
n=>2
hat -16.81 -18.30
TS hat—ortho(Udu) -16.36 -17.78
ortho(Udu) -17.85 -19.39
ortho(Udd) -18.00 -19.55
ortho(Uuu) -17.17 -18.71
ortho(Uud) -17.86 -19.40
TS ortho(Udu) -17.52 -19.08
—ortho(Udd)
(Uud) -15.35 -16.57
n=3
(Udud) -26.16 -98.25
hat -28.59 -31.13
meta(Uddu) -26.92 -29.19
meta(Uudu) -26.76 -29.08
ortho(Udud) -27.81 -30.22
ortho(Uudu) -27.07 -29.40

Table 2.2: Counterpoise corrected interaction energies in kcal/mol for different sta-

tionary points on the S; surface.
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/.5

\o cee
Ph(H,0),

Ph(H,0), hat " ortho (Udy  Ph(HO), (Uud).s,

S
Y

Ph(H,0), (Udu) Ph(H,0), (Udd)  Ph(H,0), (Uud).S,

Figure 2.3: Ph(H30)y S; (first row) and Sy (second row) minimum-energy
geometries.

phenyl-ring plane (with respect to the norm of y for the individual Sy minimum-
energy geometries of n = 1, n = 2, and n = 3. FEvidently, the perpendicular
component of u increases from 0 to about 30% on going from n = 1 to n = 2
and n = 3, implying that also out-of-plane modes can couple with the S; «— Sy
excitation for n > 2. In Table 2.4 the local and CP corrected canonical adiabatic
and 0-0 excitation energies are given for the excitations from the global Sy minima
to the relevant minima on the S; surface (vide infra). The 0-0 excitation energies
are based on the harmonic zero-point energy correction calculated within the aug-
cc-pVDZ basis. The resulting CC2 values for the 0-0 excitations agree quite well
with the experiment with discrepancies of less than 0.1 eV. The CASPT2 results,
on the other hand, do not agree so well. Already the adiabatic excitation energies
are lower than the experimental values by about 0.3 eV, which presumably is being
caused by the level shift (see Section 2.2). Furthermore, we note in passing that
the local and the CP corrected canonical excitation energies deviate by less than
0.005 eV.

From Table 2.4 it is evident that the error in the excitation energies is very
systematic (the CC2/aug-cc-pVTZ 0-0 excitation energies are blueshifted by 0.06—
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Ph(H0), Ph(H0), Ph(H,0), TS
ortho (Uuu) ortho (Uud) ortho(Udu)/(Udd)

Ph(H;0), ° Ph(H0), Ph(H,0), TS
ortho (Udu) ortho (Udd) hat/ortho(Udu)

Figure 2.4: Manifold of Ph(H0), ortho conformers with transition state structures
ortho(Udd)«(Udu) and hat« ortho(Udu).

0.07 eV relative to the experiment [73]). This implies that for the interaction
energies of the individual clusters, and even more so for the relative energies of
individual conformers of a given cluster size, the errors in the excitation energies
are virtually identical and cancel. For CC2 we expect a methodical error similar
to MP2 for ground state calculations, for which it is known that for hydrogen
bonded systems close to equilibrium geometries, interaction energies very similar
to CCSD(T) are obtained (see Ref. 100 and references therein). Of more concern
than the methodical error is the error related to the basis set size. For that
reason single-point calculations within the aug-cc-pV'TZ basis set were performed
at the individual CC2/aug-cc-pVDZ stationary points. The remaining error in the
CC2/aug-cc-pVTZ interaction energies can be expected to be considerably smaller
than the difference between CC2/aug-cc-pVTZ and CC2/aug-cc-pVDZ interaction
energies.

Let us now turn to the stationary points on the S;(7* « ) surface. The global
minimum of the binary complex again is translinear, structures with the water
subunit acting as a donor to the 7-ring system (see Fig. 2.2 and Table Table 2.2)
are much less stable. The structural discrepancy between the two translinear Sy
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o
Ph(H,0);
Ph(H,0); (Udud) ° Ph(H0); hat meta (Uddu)

cecoceo
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r’
Ph(H,0O ¥ Ph(H,0)3
ortho((L}w)fu) Ph(H,0); ortho(Udud) meta (Uudu)

Figure 2.5: Ph(H20); (Udud) Sy and S; geometries (superimposed) and several
other minimum-energy geometries such as hat, meta, and ortho of

Ph(H,0)s.

and S; geometries of n = 1 is small, the root-mean-square (rms) deviation in the
atomic positions (see Eq. (64) in Ref. 101) is only 0.06 A. The primary effect of the
S1 <S¢ excitation on the n = 1 geometry manifests in an elongation of the C-C
distances within the phenyl ring (by about 0.03 A, see Table 2.5), a shortening of
the C-O distance (=~ 0.02 A), and a substantial shortening of the hydrogen bond
(=~ 0.08 A), reflecting the enhanced acidity of Ph in the S;(n* < ) state. The
interaction energy increases by 1.35 kcal/mol due to excitation to the S; state,
which corresponds to a shift of the origin relative to that of bare phenol by 472
em ™! (experimentally observed: 354 cm™!)

For n = 3 a cyclic (Udud) structure, very similar to the global minimum of the
ground state, represents also a minimum on the ; (7* < m) surface (not the global
minimum though, vide infra). The rms deviations in the atomic positions between
the Sp and S; (Udud) geometries are again small, i.e., 0.09 A, with similar changes
in the phenyl ring, the C-O distance, and contractions of the hydrogen bonds as
obtained for n = 1. The interaction energy increases only slightly by 0.25 kcal /mol
on excitation to the S; state.
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2 Phenol-water;<,<3 clusters

foopd/lul f o pa/lu
aug-cc-pVDZ  aug-cc-pVTZ

Ph(H,0) TL 0.0305 0.21% 0.0287 0.21%
Ph(H,0)s (Udu) 0.0240 27.17% 0.0226 27.20%
Ph(H,0), (Udd) 0.0236 33.79% 0.0222 33.76%
Ph(H,0), (Uud) 0.0253 27.50% 0.0238 27.46%
Ph(H,0)3 (Udud) 0.0225 31.65% 0.0212 31.76%

Table 2.3: CC2 oscillator strengths f (length gauge) and ratios of the components
perpendicular to the plane of the phenyl ring of u, p) /|p|, for the S;
«— Sg excitations of the individual clusters.

For the n = 2 cluster, on the other hand, the situation turned out to be different:
while for the cyclic (Uud) Sy conformer a corresponding stable S; geometry with
a rms deviation of 0.09 A could be located, no corresponding cyclic S; geometries
were found for the more stable Sy conformers (Udu) and (Udd). In the Sy state
the oxygen atom and the phenyl ring switch roles in acting as H acceptors for the
second water molecule. Starting from the cyclic (Udu) geometry, i.e., the global
minimum on the Sy surface, in a geometry optimization on the S; surface, an S;
conformer was found with the second water subunit acting as a double H donor to
a m system (see Fig. 2.3). This hat conformer is 1.73 kcal /mol more stable than the
cyclic (Uud) Sy conformer. Similarly, starting from the (Udd) geometry another
even more stable S; conformer was found with the second water subunit acting
as a H donor to a C atom in ortho position. The rms deviations of the hat and
ortho(Udu) conformers with respect to the related parental starting geometries
are much larger and amount to 0.63 and 0.88 A, respectively. The increase in
the interaction energies on going from the cyclic (Udu) geometry in the Sy state
to the hat or ortho(Udu) conformers in the S; state is rather large and amount
to 1.71 and 2.96 kcal/mol, respectively, implying that the related origins in the
absorption spectrum would appear on the red side of the origin of the n = 1 cluster.
Furthermore, the shortenings of the C-O distance and the first (phenolic) hydrogen
bond on going from the cyclic (Udu) Sy to ortho(Udu) S; geometry are substantially
larger than for n = 1 and n = 3, i.e., 0.04 and 0.17 A, respectively (see Table 2.5).
This again reflects the much increased stabilization of the cluster due to the S; «
So excitation compared to n = 1 and n = 3. As a particular feature of both the
hat and ortho(Udu) geometries, a distinct puckering of the phenyl ring is noticed.
hat and ortho geometries are separated by a transition state (TS) structure 0.52
kcal /mol above the hat minimum. For the ortho geometry four different conformers
do exist, which (similar to the cyclic ground state) differ in the positions of the free
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DF-CC2 CASPT2 DF-CC2 DF-LCC2

Experiment
aug-cc-pVDZ aug-cc-pVTZ
Ph 37700.38 (36361.12) 33992.15 38280.68 (36941.42) 38280.69 36352 (-589)
Ph(H,0O) TL 37269.79 (35963.43) 33733.03 37808.51 (36502.15) 37804.93 35998 (-504)
Ph(H20)2 hat—(Udu) 37226.20 (36029.80) @ 37682.94 (36486.54) 37715.26 36931
Ph(H20)2 ortho(Udu)«(Udu) 36863.27 (35615.38) 33829.79 37300.83 (36052.94) 37276.06
Ph(H20)3 (Udud) 37483.30 (36039.40) 38197.60 (36753.70) 38222.16 36261 (-493)

a) Not available since Ph(H20)2 hat is no minimum geometry on the CASPT2 S; surface.

Table 2.4: Adiabatic excitation energies in cm™' calculated with DF-CC2, CASPT2 and DF-LCC2. 0-0 excitation
energies are also given (in parentheses). All energies are counterpoise corrected, except those of DF-LCC2.
Harmonic zero-point energy corrections were calculated within the aug-cc-pVDZ basis set. Experimental
values (Ref. 73) are given in the right column, together with the difference to the DF-CC2 0-0 excitation
energies within aug-cc-pV'TZ basis-set (in parentheses).
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TL,SO TL,Sl CI (Udu),So O’/’thO,Sl CI (Udud),So (Udud),81 CI
d(C——-0) 1.366 1.358 1.323 1.384 1.349 1.327 1.387 1.363  1.330
d(O——H) 0.980 0.990 1.031 0.987 1.010 1.051 0.996 1.010 1.031
d(H---OH)® 1.851 1.775 1.554 1.824 1.655 1.468 1.708 1.634  1.537
d(H---OH) 1.883 1.783  1.680 1.740 1.725  1.669
d(H---OH)* 1.767 1.779  1.792

a) H-bond length between Ph and 1st HoO
b) H-bond length between 1st and 2nd HoO
¢) H-bond length between 2nd and 3rd HyO

Table 2.5: Distances (in A) for some key parameters of the stationary point geometries of the Ph(H50), clusters
with 1 < n < 3. All geometries were optimized with the CC2 (response) method and the aug-cc-pVDZ

AO basis set.
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hydrogen atoms relative to the planes defined by the related two hydrogen bonds
and which, ordered from most to least stable conformer, can be denoted according
to our notation introduced above as ortho(Udd), ortho(Uud), ortho(Udu), and
ortho(Uuu) (see Fig. 2.4 and Table 2.2). The TS structure between ortho(Udd)
and ortho(Udu) was also located (see Fig. 2.4) and a barrier of 0.47 kcal/ mol for
isomerization was obtained. For the less stable hat form, only one geometry was
found. Any optimization starting from an alternative geometry with flipped free
hydrogen atoms collapsed to one of the ortho geometries.

In order to verify these findings, additional geometry optimizations by a method
complementary to CC2, i.e., CASPT2, were performed. The related interaction
energies, compiled in Table 2.1, are smaller than the related CC2 values, yet one
should again keep in mind that for the CASPT2 calculations, due to an intruder
state problem, a level shift had to be used, which leads to an underestimation of the
interaction energies by 10%-15% (see Sec. 2.2). In any case, the CASPT2 results
provide more or less the same picture as those of CC2, in particular, they confirm
(i) that no stable cyclic structure exists on the S;(7* < 7) surface in the vicinity
of the (Udu) Franck-Condon point and (ii) that the ortho geometries are indeed
the most stable structures for the n = 2 cluster. In contrast to the CC2 results,
the hat geometry was not stable and collapsed to the ortho(Udd) configuration.

Table 2.1 furthermore compares local CC2 interaction energies for ground and
excited states with the corresponding canonical CC2 values without and with CP
correction (aug-cc-pVTZ basis only). It is evident that (i) the BSSE of the aug-cc-
pVTZ basis still amounts to more than 10% of the interaction energy and (ii) that
uncorrected local and CP corrected canonical interaction energies closely agree,
notably, also for the excited states.

Accepting the fact that for n = 2 the oxygen atom and the phenyl-ring switch
roles in acting as H acceptors, the immediate next question is if this also applies for
n = 3 with the less strained cyclic structure including three water units. Indeed,
also for n = 3, analogous ortho, meta, and hat geometries could be located on
the Sy(m* « ) surface, which are more stable than the cyclic (Udud) with the
phenol-oxygen acting as the H acceptor (see Table 2.2). However, in contrast to
n = 2, the latter still constitutes a stable local minimum close to the Franck-
Condon point. Several transition structures between the metastable cyclic (Udud)
conformer and the energetically lower-lying structures were located with the lowest
one corresponding to a barrier of 0.18 kcal/mol (63 cm™*, CP corrected CC2/aug-
cc-pVDZ result). We can conclude that the H acceptor switching in phenol from
the oxygen atom to the 7 system of the ring in the S;(7* « =) state already
explains qualitatively the different absorption spectra measured for the n = 1,
n = 2, and n = 3 clusters.
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For n = 1 the minima in the Sy and the S;(7* < 7) state both correspond to a
translinear hydrogen bond arrangement with a rms deviation in the atomic posi-
tions of 0.06 A. Reasonably large Franck-Condon factors therefore can be expected,
leading to absorption spectra featuring bands related to the relevant intermolecular
modes as observed experimentally. For n = 3, which has a stable cyclic (Udud) S,
minimum close to the Franck-Condon point (0.09 A rms), the situation is similar.
However, this minimum is metastable and can only support intermolecular modes
up to a certain energy. Beyond that, predissociation occurs. The redshift of the
origin of the cyclic (Udud) local minimum is, according to the calculations (see
Table 2.4), considerably smaller than for n = 1, which is in agreement with the
experiment.

For n = 2 on the other hand, due to the large deviation between the cyclic (Udu)
Sy and the S; ortho geometries (0.75 A rms), only a very small Franck-Condon
factor for the 0 transition of this most stable conformer of the n = 2 cluster
and therefore a very weak electronic origin with a larger redshift than n = 1 are
expected. The observed n = 2 band structure in Fig. 2.1 on the blue side of the
n = 1 origin may then correspond to some intramolecular mode of phenol and
not to the origin. This intramolecular mode of phenol could possibly be of out-
of-plane type considering the puckered ring in the S;(7* « m) ortho conformers.
Note that the component of the oscillator strength vector perpendicular to the
phenyl ring plane increases from 0 to 25%-30% of its norm on going from n = 1
ton =2 orn =3 (see Table 2.3). Alternatively, the existence of a very shallow
minimum close to the Franck-Condon point corresponding to the cyclic Sy (Udu)
conformer also cannot entirely be ruled out, even though it is not found in the
present calculations. Coupling between low-frequency intermolecular modes of
this minimum and vibrational states of the more stable ortho/hat minima (with
high density of modes at that energy) may give rise to the extremely low-frequency
progression and the broad shape of the band. In both cases, the n = 2 cluster,
either being vibrationally excited in an intramolecular out-of-plane mode of Ph or
due to vibrational coupling between modes of the cyclic local minimum and the
ortho/hat conformers, may carry enough energy in the relevant degrees of freedom
to cross the conical intersection seam and to access the energetically much lower-
lying configuration space of S; with ¢* < 7 character, where the proton has been
transferred from Ph to the solute molecules.

2.3.2 Conical Intersection and Proton Transfer

As just mentioned, there exists a conical intersection seam between the Sy (7% « 7)
and the Sy(0* « 7) surfaces. Beyond the conical intersection seam, proton trans-
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fer from Ph to the solvent molecules takes place. The corresponding dissociated
structures are energetically more favorable than the minima on the S;(7* «— )
surface discussed so far. In order to investigate if the conical intersection seam is
of any relevance for the low-energy configuration space considered in the present
work, geometry optimizations on the seams of the individual clusters have been
performed employing the scheme outlined in Sec. 2.2. The resulting geometries are
displayed in Fig. 2.6 and the related interaction energies are compiled in Table 2.1.
For n = 1 again a translinear geometry is found featuring even larger contractions
of the C-O distance and the hydrogen bond relative to the ground state minimum
than the S; minimum-energy geometry, i.e., by ~0.05 and 0.30 A, respectively (see
Table 2.5). The CI geometries of both the n = 2 and n = 3 clusters feature open
chain conformers with the last water subunit no longer acting as a H donor (see
Fig. 2.6).

°
0@
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L

Ph(H,0) CI Ph(H,0), CI Ph(H,0); CI

Figure 2.6: Conical intersection seam geometries of the lowest energy of Ph(H50),,
1<n<3.

For n = 2 the C-O distance and the first H bond again contract dramatically
by 0.06 and 0.36 A, respectively, compared to the cyclic Sg (Udu) conformer. Also
the second H bond contracts by 0.20 A. For n = 3 the C-O distance shortens by a
similar amount (0.06 A) relative to the cyclic Sy (Udud) conformer, however, the
H-bond contractions are less pronounced, i.e., by 0.17 and 0.06 A for the first and
second H bonds, respectively. These strong H-bond contractions are forestalling
the H transfer from Ph to the solvent cluster beyond the conical intersection. The
CI geometries lie energetically 0.63, 0.66, and 2.53 kcal /mol above the correspond-
ing Franck-Condon points on the S;(7* « ) surface for n = 1, n = 2, and n = 3,
respectively (see Table 2.1), which corresponds to 8%, 3%, and 9% of the corre-
sponding interaction energy of the clusters in the S; state. Since the n = 2 cluster
has the highest excess energy for the reasons discussed above, we anticipate that
n = 2 more easily reaches the seam and undergoes proton transfer to the solvent
than n = 1 or n = 3. This would then explain the much shorter lifetime and the
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low quantum yield of n = 2 in comparison to n = 1 and n = 3 as observed in the
experiments.

2.4 Conclusions

In this work the S;(7* « ) state surfaces of the phenol-water;<, <3 clusters were
reexplored at the level of coupled cluster (CC2) response theory, aiming at a better
understanding of the anomalous behavior of n = 2 (broad congested absorption
band structure, low quantum yield, short lifetime) in comparison to n = 1 and
n = 3. Minima and other stationary points were located — to our knowledge for
the first time — at a level of theory which includes dynamical electron correlation.
As a consequence, global minimum structures were found for n = 2 and n = 3,
which are qualitatively different from those obtained so far using methods such
as CIS or CASSCF. Evidently, the oxygen atom and the 7-ring system of phenol
switch roles as H acceptors on going from the Sy to the S; state. The global minima
on the S; surface for n = 2 and n = 3 correspond to cyclic structures where the
second (third) water subunit acts as a donor to the 7 ring. These structures
deviate substantially from those corresponding to the global Sy minima. The
Franck-Condon factors related to the corresponding 0-0 transitions therefore are
expected to be very small. For n = 2 no local minimum close to the Franck-Condon
point could be located, while for n = 3 such a minimum exists. Furthermore, the
n = 2 cluster, having a rather high excess energy possibly in an out-of-plane
mode driving it toward the conical intersection seam, is more likely to cross the
conical intersection and to undergo proton transfer to the solvent molecules than
the n = 1 and n = 3 clusters. These results now offer a qualitative explanation
of the anomalous behavior of n = 2 and the predissociation of n = 3 at excess
energies beyond ~100 cm ™! apparent in the absorption spectrum. We can conclude
that the interpretation given almost a decade ago by Jacoby et al. in Ref. 77 for
the broad congested absorption band structure observed for n = 2 is basically
correct, provided that the anticipated linear hydrogen arrangement is replaced by
a cyclic structure where the 7-ring system acts as H acceptor for the second water
subunit.
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3.1 Introduction

The photophysics of hydrogen-bonded clusters formed between aryl alcohols and
water or ammonia have been investigated extensively within the last two decades.
They mimic intermolecular interactions ubiquitous in biochemical systems, but are
also interesting by themselves. Experimentally, such clusters can be synthesized
in molecular beam expansions at very low (vibrational) temperatures. Further-
more, due to the aromatic chromophore they are spectroscopically easily acces-
sible by various laser spectroscopic techniques, including the mass-selective res-
onant two-photon ionization (R2PI) spectroscopy. Theoretically, the description
of the relevant excited states and, in particular, the determination of the related
minimum-energy geometries still is a challenging task, since long-range dynamical
correlation effects, i.e., van der Waals forces, play a nonnegligible role in these
systems. Analytical gradients of energy functionals fulfilling these requirements
still are scarce.

Recently, we re-explored the S;(7* <« 7) state surfaces of the phenol-water,,
n € {1,2,3} clusters at the level of time-dependent coupled cluster (CC2) re-
sponse theory [102]. Based on these calculations it became possible to elucidate
the photophysics of these systems and, in particular, to resolve the anomalous be-
havior of the n = 2 cluster featuring a broad congested absorption band structure,
low quantum yield, and a short lifetime, in stark contrast to the other n = 1 and
n = 3 clusters. A disturbing disagreement between experiment and theory per-
sisting for almost a decade so was finally settled. In the present work we applied
the same methodology in a study on the Sy and S;(7* « 7) state surfaces of the
2-naphthol-water,,, n € {1,2} clusters. 2-naphthol (2-NpOH) exists in a cis and
a trans isomeric form due to the two possible rotational orientations of the OH
group relative to the naphthyl ring system. There is experimental evidence that
the cis isomer is more stable in the Sy state, whereas the trans isomer becomes
more stable in the Sy state [103-105]. Different experiments have been carried out
by Ebata et al. to photoinduce the isomerization in the S; state with the result
that (i) the isomerization yield is only high for cis — trans isomerization and
(i) hydrogen-bonding strongly enhances the isomerization yield [106, 107]. Mass-
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selective R2PI absorption and fluorescence emission spectra of 2-NpOH clustered
with water, ammonia, and other solvent molecules were measured by several groups
[75, 108, 109], especially also in the context of photoinduced proton transfer for
bigger clusters [108] (2-NpOH is known to be a weak acid in the Sy state but a
strong acid in the S; state with pK, values of 9.8 and 2.8, respectively [110]). Ex-
perimental information on the geometries of some of the binary complexes, based
on rotationally resolved fluorescence excitation spectra, is also available in the lit-
erature [111]. Furthermore, geometrical assignments were deduced by Matsumoto
et al. [112] for the 2-NpOH(H20),, clusters up to n = 5 in the Sj state, based
on comparisons of experimental OH stretch vibrational frequencies [measured by
infrared (IR)-ultraviolet double-resonance spectroscopy| with corresponding har-
monic Hartree-Fock values obtained at the related minimum-energy geometries.
The proposed geometries coincide closely to those of phenol(H20),, or (HyO),41
with a translinear (TL) C; arrangement for n = 1, cyclic structures for n € {2, 3},
and a cage structure for n = 5. By applying photofragment-detected IR spec-
troscopy the same group also provided an upper bound of 7.6 kcal/mol for the S
binding energy of 2-NpOH-H,O [113].

Theoretically, the 2-NpOH(H50),, clusters were not yet studied with more so-
phisticated ab initio electronic structure methods. So far, the Sy potential energy
surfaces (PESs) were investigated at the level of Hartree-Fock theory with rather
modest atomic orbital (AO) basis sets, focusing mainly on the relevant, i.e., en-
ergetically low-lying minimum-energy structures, and calculating the related nor-
mal modes and (harmonic) vibrational frequencies [109, 112]. The S; PES of
these clusters, to our knowledge, remained unexplored so far. The S; state of
the 2-NpOH-NHj3 complex was recently studied by using the (semiempirical) time-
dependent density functional tight binding method [114].

The R2PI spectrum of 2-NpOH(H50),, similarly to the phenol(H50), case, fea-
tures some peculiarities distinguishing it from those of the n = 1 and n = 3 clusters.
The two band structures assigned to the cis and trans isomers are broad and con-
gested for n = 2, whereas sharp progressions are observed for n = 1 and n = 3
(cf. Fig. 3.1). This is in close analogy to the situation encountered for the phenol-
water clusters. However, the R2PI spectrum of 2-NpOH(H,0), features also a
third band structure, namely, two rather long progressions of sharp lines shifted
quite far to the red. No analogous band shape is seen, neither in the spectrum of
phenol(H,0), nor in the spectra of 2-NpOH(H50); 3. Also in the spectrum of
the deuterated 2-NpOD(D20), such a feature is absent (cf. Fig. 6 in Ref. 75).
This implies that for the 2-NpOH(H20), cluster at least a third stable conformer,
responsible for these line progressions, has to exist in the Sy state, which, on the
other hand, is not stable for the deuterated cluster.
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Figure 3.1: Mass-selective resonant two-photon ionization (R2PI) spectra of 2-

NpOH(H,0),, n € {1,2,3}.

In this work we have explored the relevant regions of the So and S; state PESs
of the 2-NpOH(H,0)1 2y clusters at the level of coupled cluster response theory
employing the CC2 model [46]. Various low-energy stationary points were located
and harmonic vibrational frequencies were calculated at these points in order to get
an estimate for the corresponding zero-point energy (ZPE) corrections. The main
impetus for the present work was again to obtain at least a qualitative explanation
for the anomalous behavior of the n = 2 cluster and, in particular, to identify
the third stable conformer responsible for the sharp line progressions in its R2PI
spectrum.

3.2 Computational methods

The minimum-energy and first-order saddle point geometries on the Sp and Sy (7% «—
7) PES of the two 2-NpOH isomers and their water clusters 2-NpOH(H50),,
n € {1,2} were optimized by applying time-dependent coupled cluster response
theory at the level of the CC2 model. The analytic CC2 energy gradient program
implemented by Héttig and Koéhn in the TURBOMOLE program package [90, 91],
which employs the density fitting (DF) approximation to factorize the electron re-
pulsion integrals, was used for that purpose. For the individual stationary points
the harmonic ZPE corrections were computed based on the nuclear Hessians ob-
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tained by numerical differentiation of the analytic CC2 gradients. Furthermore,
for the individual minima on the Sy surface the one-photon transition strength
vectors were calculated from the residues of the CC2 linear response functions.
These calculations were carried out by using both canonical [115] and local [94, 95]
CC2 response theory, the later being implemented in the MOLPRO program package
[96]. In the present context the local method has the major advantage of avoiding
basis set superposition error (BSSE) effects to large extent [41, 102]. For the local
calculations Pipek-Mezey orbital localization was used. The pair list remained un-
truncated. Domains were constructed by natural population analysis (NPA) [116]
and extended by all next nearest neighbor atoms (relative to those of the NPA
core domains). Redundancies in the pair domains were determined at large inter-
monomer distances and kept fixed. The domains for the amplitude responses were
obtained via NPA analysis of density matrices calculated from semilocal CC2 re-
sponse singles eigenvectors of the excited state and also extended by all next nearest
neighbor atoms. Important orbitals (for the excitation) were determined according
to the scheme discussed in Ref. 94, using the default criterion of k., = 0.995.

As AO basis sets the aug-cc-pVXZ sets [34, 98] together with the related fitting
basis sets optimized for DF-MP2 (Ref. 99) were employed in all calculations.
For the geometry optimizations and the calculations of the geometric relaxation
energies, transition strengths, and ZPE corrections, X=D was used. In order to
obtain better converged (with respect to the AO basis) interaction and excitation
energies additional single-point calculations within the X=T basis were performed
at the stationary points of the Sy and S; state surfaces corresponding to the X=D
basis (vide infra). Interaction energies obtained from canonical calculations were
counterpoise corrected [40] to correct for BSSE effects. The transition strength
vectors were also computed with the X=T basis (with the local method only).

3.3 Results and discussion

Figure 3.1 displays the mass-selective absorption spectra of the 2-NpOH(H,0),,
n € {1,2,3} clusters in the vicinity of the two electronic origins (related to the
cis and trans isomers) of 2-NpOH. These two-color R2PI spectra were measured
by one of us about 15 years ago, for experimental details, we refer to Ref. 109.
The two origins of n = 1 appearing at 30256 and 30535 cm™!, which belong
to the trans and cis isomers, respectively, are clearly visible. The absorption
spectrum of n = 1 features a set of sharp bands corresponding to intermolecular
modes of the complex, for example, the short progressions of the intermolecular
stretch modes (=150 cm™!) are clearly recognizable for both isomers. There are
also bands corresponding to intramolecular modes present in the spectrum, for a
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detailed assignment, we again refer to Ref. 109. Also for the n = 3 cluster the two
systems of bands corresponding to the two isomers are easily identified. Again, the
spectrum consists of sharp bands. The two origins of n = 3 are much less redshifted
(relative to the corresponding origins of the bare 2-NpOH monomer) than those
of n = 1, ie., 372 ecm™ (n = 1) versus 226 cm™' (n = 3) for the cis isomer
and 334 cm™! (n = 1) versus 7 cm™! for trans. The corresponding redshifts for
phenol-H,O and phenol(H,0)3 amount to 350 and 92 cm™!, respectively [74, 76].
The redshifts of the electronic origins of the clusters relative to those of the bare
monomer directly indicate the increase of their binding energies upon electronic
excitation.

The R2PI spectrum of the 2-NpOH(H50), cluster, on the other hand, is quite
different. It exhibits two congested broad band structures, quite similar to the one
observed for phenol(Hy0),. These two band structures at 30536 and 30676 cm™*
were assigned to the trans and cis isomers of a cyclic hydrogen-bonding arrange-
ment, respectively [75]. Surprisingly, there is an additional third band structure
consisting of two rather long progressions of sharp lines with the same fundamental
frequency of 20 em ™!, starting at 30376 and 30381 cm~!. Such band shapes are
entirely absent in the R2PI spectrum of the deuterated 2-NpOD(D,0), species, as
well as in the spectra of phenol(H50), or its deuterated subspecies. In Ref. 75
these band shapes were assigned to open-chain hydrogen-bonding arrangements.
Based on these experimental facts and on the results of our theoretical study on
the phenol-water clusters [102] we conjecture that (i) the two broad band shapes
of 2-NpOH(H50) indeed correspond to cyclic hydrogen-bonding arrangements of
the trans and cis forms of 2-NpOH, (ii) the cyclic hydrogen-bonding arrangements
are either unstable (or metastable with very low barriers) in the excited S; state,
(iii) at least a third, energetically competitive conformer coexists in the Sy state,
corresponding to a hydrogen-bonding arrangement where the 7 system of the naph-
thyl ring rather than the oxygen atom acts as the H acceptor of 2-NpOH, (iv) the
corresponding geometries, in analogy to the phenol(H,O), case, are stable in the
Sy state (which is a prerequisite for the observed line progressions), and (v) the
lower ZPE of the deuterated species preferentially stabilizes the cyclic hydrogen-
bonding arrangements.In the following we want to test this hypothesis at the level
of time-dependent CC2 response theory.

3.3.1 S; minimum-energy geometries

The energy relevant Sy minimum-energy geometries of the cis- and trans-2-NpOH-
(Hy0),, n € {1,2} clusters are displayed in Figs. 3.2 and 3.3, respectively, and
the related binding energies are compiled in Table 3.1. The final binding energies
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in Table 3.1 are BSSE corrected and include the geometric relaxation energies of
the related monomers. Supplementary binding energies including harmonic ZPE
corrections of the undeuterated or the deuterated species are also given, even
though the harmonic approximation is bound to fail for some of the intermolecular
modes. This is especially true for the low-energy isomerization coordinates of the
n = 2 cluster vide infra. Therefore, the ZPE uncorrected binding energies are used
in the discussion of the relative stability of the individual n = 2 conformers. A
further problem is the BSSE, which can deviate by more than a kcal/mol between
different conformers of the same cluster (cf. Table 3.1). Since BSSE free geometry
optimizations are too expensive with canonical methods and analytical local CC2
nuclear energy gradients not yet available, we have to rely on the assumption
that the effect of BSSE on geometries is much less severe than on the interaction
energies.

The binary n = 1 complexes show the usual TL hydrogen-bonding arrangement
as known from the water dimer and from phenol-H,O. The binding energies are
slightly larger than those obtained for phenol-H,O, i.e., -4.79/-4.82 versus -4.59
and -5.24/-5.27 versus -5.04 kcal/mol for the X=D and the X=T bases, respec-
tively (relaxation energies and ZPE corrections always are calculated with the
X=D basis).

For the n = 2 clusters, evidently, there are two groups of relevant Sy minimum-
energy geometries, namely, those forming a cyclic hydrogen-bonding arrangement
involving the 2-NpOH OH group as H donor and acceptor and those forming
a hydrogen-bonding network where the NpOH 7 system acts as the H acceptor
instead. For the cyclic cis and trans geometries the usual three conformers exist,
denoted as (Udu), (Uud), and (Udd), respectively. This nomenclature, introduced
originally in Ref. 117 in the context of the water timer, indicates, e.g., for the first
minimum, that the aromatic ring is in Up, the first free hydrogen atom in down,
and the second free hydrogen again in up position relative to the plane defined
by the two hydrogen bonds involved (donor-acceptor indicates the direction of the
axial vector of the plane). Analogous cyclic geometries were found for the water
trimer and phenol(H,0)s. The most stable cyclic conformer for both isomers again
is (Udu), the others are 0.4-0.7 kcal/mol above (Udu).

For the second group with the naphthyl 7 system acting as the H acceptor of
2-NpOH also numerous conformers coexist. The two ortho C atoms, either in
syn- or anti-position relative to the hydrogen atom of the OH group, act as H
acceptors of the naphthyl 7 system, again with several sub-conformers differing in
the relative positions of the dangling H atoms. The notations ortho and ortho,
respectively, are used to distinguish these geometries from the cyclic ones, e.g.,
(orthoUdu) for the corresponding conformer. No geometries of that kind were
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Figure 3.2: cis-2-naphthol(H0),,, n € {0, 1,2} geometries of the electronic ground
state.
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Figure 3.3: trans-2-naphthol(H20),, n € {0,1,2} geometries of the electronic
ground state.
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m-2-NpOH(H20),, X=D X=T

m n Conformer Opsse 01 AE AEM AEP  $gssp AE AEY AEP
cis 1 TL 1.60 -0.11 -6.55 -4.79 -5.15 0.78 -6.99 -5.24 -5.60
cis 2 Udd 3.77 -0.48 -15.08 -10.80 -11.73 1.86 -16.40 -12.13 -13.05
cis 2 Udu 4.16 -0.44 -15.54 -11.13 -12.08 2.05 -16.90 -12.50 -13.45
cis 2 Uud 3.63 -0.50 -14.86 -10.59 -11.54 1.81 -16.19 -11.92 -12.87
cis 2 orthoUdd 4.76 -0.93 -15.60 -11.33 -12.22 2.26 -17.08 -12.81 -13.70
cis 2 orthoUdu 4.81 -1.09 -15.60 -11.35 -12.24  2.28 -17.09 -12.84 -13.72
cis 2 orthoUud 4.62 -1.07 -15.23 -11.15 -12.01 2.21 -16.72 -12.63 -13.49
cis 2 orthoUuu 4.60 -1.13 -14.68 -10.91 -11.70 2.20 -16.14 -12.37 -13.16
cis 2 ortho’Udu 5.15 -2.19 -14.68 -10.58 -11.42 2.43 -16.13 -12.03 -12.87
trans 1 TL 1.58 -0.11 -6.62 -4.82 -5.19 0.77 -7.07 -5.27 -5.64
trans 2 Udd 3.76 -0.49 -15.34 -10.99 -11.93 1.84 -16.90 -12.33 -13.26
trans 2 Udu 4.05 -0.44 -15.75 -11.25 -12.22  1.99 -17.12 -12.61 -13.59
trans 2 Uud 3.63 -0.50 -15.03 -10.70 -11.66 1.80 -16.37 -12.04 -13.00
trans 2 orthoUdd 4.71 -1.21 -15.42 -11.19 -12.06 2.25 -16.92 -12.68 -13.56
trans 2 orthoUud 4.64 -1.43 -14.94 -10.97 -11.80 2.22 -16.44 -12.47 -13.30
trans 2 orthoUdu 5.05 -1.80 -15.15 -10.89 -11.76  2.38 -16.67 -12.41 -13.28
trans 2 orthoUuu 491 -1.86 -14.13 -10.25 -11.03 2.33 -15.64 -11.76 -12.54
cis 2 [UduSorthoUdd]t  4.31 -0.49 -15.37 2.09 -16.75

cis 2 [UduSorthoUdult  4.43 -0.65 -15.12 2.12 -16.50

cis 2 orthoUd[dsul* 4.66 -0.99 -15.33 2.19 -16.79

cis 2 [USD]dut 3.30 -0.52 -14.90 1.68 -16.24

trans 2 [UduSorthoUdd)t  4.44 -0.70 -15.27 2.11 -16.66

Table 3.1: Counterpoise corrected binding energies AFE in kcal/mol of the individual low-energy minima and first-
order saddle points on the Sq PES, calculated with the aug-cc-pVXZ AO basis and corresponding fitting
sets. Odpssg and O, are the incremental BSSE and geometric relaxation energies, respectively. The
harmonic ZPE corrected binding energies for both the undeuterated and the deuterated (H atoms on
hydroxy group and water molecules) cluster are also given.
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found for the phenol(HyO), cluster in the Sy state. For the cis isomer the three
conformers (orthoUdu), (orthoUdd), and (Udu) differ by the tiny amount of less
than 0.06 kcal/mol (local CC2 single-point calculation without counterpoise cor-
rection yields 0.03 kcal/mol or 10 cm™!). This difference certainly is below the
accuracy of the present method. These three conformers hence are expected to be
significantly populated at typical vibrational temperatures of a molecular beam
expansion, confirming conjecture (iii) of our initial hypothesis. Interestingly, the
barrier separating the cyclic (Udu) conformer from (orthoUdd) is very low (50-60
cm™1). Only a slight tilting movement of the second water molecule is required to
go from (Udu) to (orthoUdd) and vice versa. Its free and its H bonded hydrogen
atoms change role in a concerted way along the interconversion pathway, in the
transition state (TS) structure it acts as a double donor to both the hydroxy group
and the 7 system of 2-NpOH. The barrier separating (Udu) from (orthoUdu), on
the other hand, is almost three times as high. Here, the H bond of the second wa-
ter molecule is broken and reformed and no switching of roles of its two H atoms
occurs. The interconversion pathway linking orthoUdd with orthoUdu corresponds
to a flip of the dangling H atom. Consequently no hydrogen bond is broken in the

process and the related barrier amounts to 94 cm™!.

For the trans isomer the situation is somewhat less subtle. The most stable
ortho conformer, trans(orthoUdd), is about 0.3 kcal/mol less stable than the cyclic
(Udu) structure. The TS between these two geometries lies 52 cm™! above the
ortho conformer. Due to this low barrier and the lower energy of the cyclic (Udu)
structure the latter is anticipated to be of primary relevance for the R2PI spec-
trum, quite similar to the situation encountered in phenol(H5O),. Moreover, the
CC2 method (such as MP2) treats dispersion at the uncoupled Hartree-Fock level.
Consequently, CC2 may somewhat overestimate this component of the intermolec-
ular interaction energy, then even being slightly biased in favor of those conformers
where the 7 system is involved in the H bonding relative to the cyclic ones.

The difference in the (harmonic) ZPEs of undeuterated and deuterated cluster
species reveals no hint on why the related R2PI spectra are so different. Deutera-
tion apparently leads to a slight destabilization of the ortho relative to the cyclic
cluster geometries (cf. binding energies with harmonic ZPE corrections in Table
3.1), yet the effect at the level of the harmonic approximation is tiny. Hence,
conjecture (v) cannot be verified at the present stage. On the other hand, the
harmonic approximation is bound to fail entirely for those modes corresponding to
the interconversion pathways connecting the individual low-energy minima of the
1S isomer.

Finally, the barrier corresponding to the up and down flip of the naphthyl ring
system was determined. This barrier connects the three cyclic minima with their
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enantiomeric counterparts, i.e., (Udu) with (Ddu) = (Uud). A value of 224 cm™!
was obtained, which is more than three times higher than the barrier for intercon-
version to the ortho conformer.

3.3.2 S; minimum-energy geometries

The relevant minimum-energy geometries on the S;(7* « ) state surfaces are
depicted in Figs. 3.4 and 3.5 for cis and trans, respectively. Table 3.2 compiles
the corresponding binding energies, which again are counterpoise corrected and
include geometric relaxation of the monomers. Additionally, as for the Sy minima,
binding energies corrected for the harmonic ZPE are also given. Table 3.3 shows
the relations between the individual minima on the Sy and S; surfaces, i.e., to
which S; geometry an initial Sg geometry converges in the geometry optimizations.
The discrepancies between related Sy and S; geometries are also given in Table 3.3
as the root-rean-square (rms) deviation of their atomic positions [see Eq. (64) in
Ref. 101 for the definition of d™.

For the binary n = 1 complexes again the usual TL hydrogen-bonding arrange-
ment is found. The length of the hydrogen bond shrinks by 0.07 A(cis) and 0.08
A(trans) on going from the Sy to the S; state (cf. Table 3.4). The geometric discrep-
ancy between these two geometries is only d®™5 = 0.04 A(cis) and d™™° = 0.06
A(trans). Thus, sizable Franck-Condon factors are anticipated, reflected in the
absorption spectrum as rather short progressions of sharp bands related to the
individual inter- and intramolecular modes. This is exactly what is observed ex-
perimentally. The binding energies of the complex increase by about 30% and 25%
from the Sy to the S; state, for cis and trans, respectively. This is very similar to

the values obtained for the phenol-H,O case.

For the n = 2 clusters the situation is much more complicated. The cyclic cluster
geometries with the hydroxy group of 2-NpOH acting as H acceptor are no longer
competitive to those cluster geometries where the naphthyl 7 system is taking
up this role. Analogously to the phenol(H20)s case [102] the 7 system becomes
the preferred H acceptor in the S; state. Of the three cyclic conformers in the
So state only the (Uud) conformer constitutes a local minimum on the S; surface
at rather high energies, about 2 