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Motivation

In the last decades organic light emitting diodesKEDs) steadily gained attention.
Their value in display technology and next generalighting is tremendous.

OLED lighting products do not emit UV light and méyerefore also be used for
challenging tasks, like in museums or art galleffesvhere they can serve as a
sensitive, pigment conserving light source. Furttee, OLEDs are able to provide
daylight-like warm and natural white light with dui@s quite close to daylight,
avoiding the additional amounts of potentially ualtiey blue light components in
LEDs?#* However, due to its high production costs and femmis with long-term
stability, OLED illumination is still a niche produ

Though, OLED displays are already available as lygality technological product.
They show better image quality, enhanced conthagiber brightness, a larger viewing
angle, a wider range of colors and much fastaeséf rates compared to the still
widely used liquid crystal displays (LCD3).

OLED technology was implemented first in small dbsy)s of smart watches,
smartphones, tablets but nowadays also in largesdféens (up to 87.6 inch Dfag
Due to the ever growing implementation of OLEDs,s@ay Supply Chain
Consultants (DSCC) expects an increase of the OdiEplay market from $26.5
billion in 2018 to $46.2 billion by 2023.

This huge success story began with a discoveryesfrd J. Round. He observed in
1907 light emission for certain substances expadsesh electric field, the so-called
electroluminescence. In his landmarking contribut® note on carborundumhe
describes the light emission of carborundum crgst8iC) as yellow at a potential of
10 V and depending on a specific sample as yelight-green, orange or blue, when
a potential of 110 V got appliéd.

The next important step towards modenganic LEDs was the observation of light
emission from single crystal anthracene at a veltalgove about 400 V, achieved in
1963 by Pope et 8IHere, the necessary high operating voltage isetattributed to
the layer thickness of the OLED device. As a cqusece, a significant progress was
made, when Tang and Van Slyke presented 1987 daywen OLED with an operating
voltage below 10 \¥°

In their publication a four-layer OLED device ispileed, consisting of the following
subsequent layers (from top to bottom): a Mg:Adhode, a recombination/emissive
layer of 8-hydroxyquinoline aluminium (Alghickness about 600 A), a diamine layer
(hole transport layer HTL, thickness about 750 Af an indium-tin-oxide (ITO)
anode. Where the Addayer acting as combination of an electron transpgriayer
(ETL)* and an emissive layer.

In modern OLED devices, these layers are sepamtddonsist as a consequence of

at least a five-layer stack, containing an electransport layer and an emitter doped
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emissive layer.
In the following a summary of the discussion of therking principle, including the
radiative and non-radiative decay paths in an OldeRice is reproducet:*

- From the side of the anode (ITO) holes and fromdide of the cathode (for
example Mg:Ag) electrons get injected in the OLE&Xk.

- Under the driving force of the electric field thelés move through the hole
transport layer (HTL) and the electrons through éhectron transport layer
(ETL) in order to meet in the electron-hole recomalbion/emission layer. This
movement can be described as a thermally activiabg@ging process in each
layer

- In the emission layer, the emitter and matrix moles, respectively, are
subject to be oxidized by holes or reduced by edest

- If the distance of an electron and hole falls bebowertain distance R, a long-
range Coulomb attraction becomes effective

- Such a pair of electron and hole is denoted asit@xc Since both charges
carries a spin, triplet and singlet excitons ar@ioled at a 3:1 ratio.

- Due to the electrostatic interaction, the excitenfinally “trapped” at the
emitter molecule

- After relaxation, the first singlet (por first triplet (T,) state of the emitter
molecule is excited, depending on the spin mutipli

- Itis also possible that the exciton can be “traljfz a matrix molecule.

- In this case a matrix molecule in the excited ®hgir triplet state results
(formation probability 3:1 ratio)

- By long-range Forster energy transfer mechanismsihglet excitation energy
and by short-range Dexter energy transfer mechathgntriplet energy of the
excited matrix molecules can be also transferreétiécemitter molecule

- In that way, all excitations are transferred toehdtter molecule

- Thereafter, the relaxation of the emitter compotmdhe ground state of the
emitter compound occurs by radiative or non-radeatiecay paths.

At that point, the photophysical properties of #pplied emitter molecules are crucial
for the efficiency of an OLED device. There areethibasic groups of OLED emitter
compoundsprganic (prompt) fluorescentriplet- and singlet harvesting emitteri
OLED devices utilizing organic or usual fluorescentitter compounds only 25 % of
the singlet excitons formed contribute to generabb light, since the transition from
the excited triplet to the singlet ground statsps forbidden for 75% of the emitter
molecules and therefore non-radiative. Thus, tlyearters of the induced energy is
wasted. The percentage of the injected charges édegtrons) which lead to the
formation of a photon within a device is descritigdthe internal quantum yiefd.In
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the example presented, the internal quantum yeshthat be larger than 25 %.

A first improvement is constituted by the introdoot of a triplet harvesting
mechanism in 1998 by Thompson and Forrest &t as. well as by Chi-Ming Che et
al.™® According to this mechanism, 100 % internal OLERantum efficiency may be
achieved. However, this success is achieved bygubigh-cost 3rd row organo-
transition metal compounds, such as Irtftff > or Pt(11)*#1411722243omplexes. In
such complexes metal ions induce high spin-orbitpiog (SOC) which opens fast
intersystem crossing (ISC) and effective phospluanese pathways (T S, with T,
and 3 being the lowest triplet state and the electromougd state, respectively).
Besides the high costs of the rare metals, anata@tenge is the research of stabfe 3
row organo-transition metal complexes, which shdwe light emission.

Because of lacking breakthrough in this regard sireet a** proposed in 2006/2008
application of compounds that show thermally atédadelayed fluorescence (TADF)
in OLEDs as an alternative mechanism to harvestsialjlet and triplet excitons
through emission from the lowest singlet stateThis mechanism was named “singlet
harvesting mechanisni®:>

The requirement for efficient TADF, and hence eéfint singlet harvesting, is a small
energy separation between the lowest excited trgikte T and the lowest excited
singlet state S( E(S, T;) 1000 cnt or less) as well as a fast radiative rate (high
allowedness) of kS,  $).3*® Suitable emitter molecules can be charge trar{6f€)
compounds, such as Cu{i>*"***°or Ag(1)**°®®* complexes as well as purely
organic molecule®>"® Due to the promising properties of Cu(l) compkexeamely
low-cost, blue emitting compounds and enabling ¥#®0nternal quantum vyield, the
“Bundesministerium fur Bildung und Forschung” (GammMinistry of Education and
Research) supported the research of Cu(l) congiteptet-harvesting OLEDs. Within
this research project called cyCESH new efficienhg8lett-Harvesting Cu(l)
complexes were designed and characterize@ihese large scale investigations
strongly stimulated the scientific and materialeagsh in the field of Cu(l) complex -
TADF compounds substantially. However, several dagwmioblems were not yet
addressed in this project. Accordingly, the foctithes thesis lies in deeper studies of
selected compounds and in the development of ingoro€u(l) based - TADF
materials. These investigations are addressedee tthapters.

In the first chapter, a Cu(l) dimer exhibiting aoshemission decay time of 7 ps with
the high emission quantum yigkd, of 85 % at ambient temperature is presented. In a
comprehensive discussion the short emission dexayplained by the significant, T
state phosphorescence in addition to the state TADF emission at ambient
temperature. Due to this strong participation itswastructive to discuss zero-field
splitting of the T state and effects of spin-lattice relaxation (SUBY) this Cu(l)
complex in detalil.



In the second chapter a design strategy is deskctibachieve high photoluminescence
emission quantum yield of Cu(l) complexes in degdssolution. This is a quite
difficult task, because Cu(l) complexes usually engd distinct geometry distortions
after electronic excitations. The resulting largarfek-Condon (FC) factors lead to a
strong increase of the non-radiative rates ancetber to a small photoluminescence
emission quantum vyield, especially in non-rigid ieowments. It is described in detail
how it was possible to reduce these geometry dista and obtain the outstanding
emission quantum yield of a Cu(l) complextof, = 76 % in degassed solution

The investigated compounds show also the effeet sifgnificant participation of the
T, state emission to the emission at ambient temperatbich is investigated in detail
in chapter 1. Since the phosphorescence domina¢eambient temperature emission
it is named as TADF-assisted phosphorescence.

In the last chapter, the lower limit of about 43EADF emission decay time gets
disproved. This was a challenging task, since bith effective TADF crucial
requirements, a smallE(S; T ;) and a fast radiative rate (high allowednes&:k )
can usually not be obtained at the same time. iShigtionalized by a small exchange
interaction due to a small donor-HOMO to acceptofMO overlap and, in this
situation, mostly also in a small transition dipate®ment results, giving a small
radiative rate kS, S;). Although these requirements (a smali(S; T ;) and a fast
ki(S: &)) are contradictory, in this chapter a group afrf@u(l) dimer compounds is
presented, which show an extraordinarily shortatae emission decay time between

= 1.5 ys and 1.8 us. For the design of these ddaudomplexes a schematic guiding
model inspired by the Davidov model was applied.

1 Di-nuclear Cu(l) complex showing bright TADF combned with
phosphorescence

This chapter has been published recently in reéer&3. The focus of this chapter lies
on a discussion of the lowest excited singlet arget states as well as on TADF
properties of a dinuclear Cu(l) complex, in whitie two Cu(l) centers are bound by
two iodo-bridges in a Gl, core and additionally by a third bridge consistwfgan
NP ligand (Figure 1.1). Due to this structure mftithe compound shows an
exceptional structural rigidity which is advantagsofor reducing nonradiative
processes and thus, for obtaining high emissiomtgua yield F .. Moreover, this
compound is very soluble in organic solvents, sasklichloromethane or toluene, due
to then-butyl functionalization of the 1,2,4-triazole ligd’” Therefore, application of
Cwl»(PAN) 1 as emitter for solution-processed OLEDs is progose



Figure 1.1: Chemical structure of GlLp(P*N) 1 (Cu(u-1)2(1N-n-butyl-5-diphenyl-
phosphino-1,2,4-triazole)).

In a first report, this complex was already desdilvith respect to its synthesis and
chemical characterizatiod.Moreover, first photophysical investigations cegriout
with the powder material indicated a high photolnesicence quantum yieldp,
combined with a short emission decay time at antlhenperature. In particular, these
properties stimulated us to study photophysicalaitsetof Cuyl,(P*N); 1. The
investigations presented here reveal that the amibeenperature emission represents
the rare situation where phosphoresceand TADF contribute to the emission at
ambient temperatur&:”® According to this two-path emission, an overabrsér decay
time is obtained. This behavior is of particulatenest because it can only occur for
compounds that show relatively high SOC of the ®ngtT, state with (a) nearby
lying singlet state(s) S Further, significant SOC should have a clear ichjga the T
state properties. Therefore, not only is a highete rof the T S transition
(phosphorescence) expected, but in contrast to atbet Cu(l) complexes, significant
zero-field splitting (ZFS) of the triplet into subses should occur. Such a splitting is
expected to be combined with specific relaxationcpsses between these substates,
l.e., effects of spin-lattice relaxation (SLR), sltbbe observable. Accordingly, in this
chapter the interplay of phosphorescence and TARRF t@mperature change as well
as triplet state properties, such as ZFSs andtefé¢SLR will be studied.

1.1 Theoretical Characterization and Photophysicalssues

Results from density functional theory (DFT) anthdéidependent DFT (TD-DFT)

calculations provide first information about thesalonic structure and the state

dependent geometries of the complex. The calcuistizvere performed at the

B3LYP®’def2-SVP level of theory at gas phase conditidnslding electron core
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potentials (ECP) for iodine atoniS)using the NWChem 6.5 cofle. As discussed
below, the lowest states will be assigned as chtmayesfer (CT) states. With this
excitation substantial structural changes betwéenelectronic ground state and the
emitting excited state occur. Similar structurahiches were reported for other Cu(l)
and Ag(l) complexes with CT character of the lowesexcited
stateg.’343>:37:45:46,49,50,52,54,56,60-62.64,7883-% ,ch geometry changes usually favor
extensive nonradiative relaxations that are comukeegtith small emission quantum
yields®3749°59However, a rigid environment will frequently reduthe extent of
geometry change and, thus, can lead to high emissjpantum vyield$’*
37,46,49,52,56,60,61,64,87,89-91,93
In the context of this chapter, the focus is onssion properties. Therefore, the TD-
DFT calculations are carried out in the optimizedstate geometry. The resulting
frontier orbitals show that the HOMO is mainly dilstited over the copper(l) centers
(49 %) and iodine atoms (27 %), whereas the LUM@aslized on the bridgingN\t
n-butyl-5-diphenyl-phosphino-1,2,4-triazole ligan#&igure 1.2). Thus, a transition
between the spatially well separated HOMO and LUM@y be assigned as
(metal+iodide)-to-ligand (M+1)LCT transition, shiyrtas a CT transition. According to
TD-DFT calculations, the resulting statégV+)LCT) (S;) and*(M+1)LCT) (T,) are
both of 98 % HOMO LUMO character. Thus, both HOMO and LUMO correspon
largely to “hole” and “electron” of natural transih orbitals, respectively. Due to the
significant spatial separation of HOMO and LUMOsmall exchange integral and
accordingly, a small E(S, T, value is expecte®®® Indeed, the TD-DFT
calculations give a value oDE(S-T;) 290cn (36 meV), close to the
experimentally determined activation energy of 480" (53 meV) (see below). This
small singlet-triplet splitting would be well suitéor an efficient TADF effect. Hence,
a short TADF decay time is expected to occur.
A complete calculation that includes SOC is rathmmanding and costly. However, a
very simple approach can also help to get an indicawhether SOC between the T
state and a higher lying singlet statec@n be importarit®" It is well-known that
SOC between the Tand S states is negligible, if both states result frdre same
HOMO-LUMO transition?®1"229For efficient SOC, mixing with a state that casrie
different d-orbital character than the State is required. Moreover, the corresponding
energy separation should be less than about 0.5(48@0 cnt).*’ Indeed, the
calculated energy gap between HOMO and HOMO-1 cwimgr different d-orbitals
amounts to 0.31 eV.
The related excited state is. §he calculated energy separation amouni3E(5,-T,)
2900 cn (360 meV). Due to this relatively small value, migiof the $ state to the
T, state is expected to be significant (compare 98j. Accordingly, distinct SOC
should occur and influence the triplet state proger Indeed, experimentally, this is
clearly observed, as shown below.
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LUMO
-2.38 eV

HOMO
-4.63 eV

HOMO-1
-4.94 eV

Figure 1.2: HOMO-1, HOMO and LUMO contour plots (isovalue = B)0of the
geometry-optimized T stateof Cwl,(P*N) 1 as well as the corresponding energies.
Hydrogen atoms are omitted for clarity. The atome @haracterized by colors: Cu
purple, | orange, P green, N blue, and C gray.
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1.3 Emission spectra, quantum yields and TADF

Cuwlo(P"N) 1 was synthesized, purified and provided by Dr. Thefaumann and Dr.
Daniel Zink et al.as reported in ref. 77. Figure 1.3 displays the BO@xcitation
spectrum and emission spectra measured at diffeyeeratures.

488 nm

Emission intensity

3000 . 400 5000 @ 600 700
Wavelength / nm
Figure 1.3: Excitation spectrum at 300 K and emission speuft@u,l,(P*N); 1

powder at different temperaturég;.= 330 nm|] 4= 490 nm.

The excitation spectrum shows a shoulder at ab2dtrdn, and a distinct tail in the
range of 350 nm to 415 nm. According to TD-DFT calculaticarsd in analogy to
literature assignments, the high-energy absorptidhe wavelength range below 325
nm is assigned to ligand-centered transitions, evhiiie long-wavelength tail is
characterized to CT transition®)!*****The emission is assigned to stem from the
lowest excited"*CT states. The spectra are broad and unstructuretiei whole
temperature range studied. This is consistent thighCT assignment. Interestingly,
apart from a slight reduction of the emission baidthy no obvious spectral change is
observed, even when cooled to T = 1.3 K. Although émission character strongly
changes with temperature increase (see below)bt#thavior is not displayed in the
spectra due to the relatively small singlet-trigplitting DE(S,-T1). As a consequence,
the emissions from the two stategs dnd S essentially overlap. Also, the emission
guantum vyield is only slightly temperature-deperidamounting to p (77 K) 100 %

13



and p (300 K) = 85 %. This small reduction is attributeda frequently observed
increase of emissioguenching with increasing temperatdfe.

On the other hand, the emission decay tinohanges drastically; for example, at T =
77 K and 300 K, 52 us and 7 us, respectively, atoegponential decay dynamics are
found. With these data and thes, values, the radiative rates & 5, *can be
determined as &7 K) = 1.9 - 16s™ and k(300 K) = 12 - 1bs*, representing an
increase by a factor of 6.3. The nonradiative ratesalso be calculated according to
ke = (1 - p) % giving k(300 K) = 2.1 - 16s* and k(77 K) 0s™. These data are
summarized in Table 1.1. The significant increalsihe radiative rate with increasing
temperature shows the involvement of different engt states, that is, the
energetically higher lying singlet state, 8mitting fluorescence, and the lower lying
triplet state T, emitting phosphorescence. With growing tempeeattire singlet state
is increasingly populated from the triplet. Obvilpslready these properties indicate
the occurrence of the TADF effect. In the next isectthe electronic properties of the
compound will be discussed in more detail.

Table 1.1:Emission properties of Gly(P*N); 1 powder at 300 K and 77 K.

300 K 77 K
Type of TADF phosphorescence
emission and
phosphorescence

max/ NM 488 488

/ us 7 52

pL/ % 85 100
Kk /s'? 12-10 1.9-1d
Kne/ S*° 2.1-1d 0

% The radiative decay rate, and the non-radiative decay ratg lare calculated
accordingto k= p. tand k.= (1- p) 7 respectively.
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1.4 Decay dynamics and electronic structure

Deeper insight into the electronic structure of stiedied compound can be obtained
from an investigation of the decay behavior oveftame temperature range, for
example, 1.3 K T 300 K Although the half-width (FWHM) of the CT emission
band at T 1.3 K is as broad as 3500 cnit (440 meV), this method allows us to get
insight into the structure of the electronic statéth a resolution of better than 0.5 tm
! Figure 1.4 displays the decay curves at selemegeratures. For T > 10 K, the
decay is largely monoexponential. Thus, it can lmcluded that at higher
temperatures, the states involved are in a fastriddeequilibration, whereby “fast”
means that the equilibration processes are mudtérfésn the observed decay times.
Clearly, this is not the case below T10 K for the short time range where relatively
slow SLR processes become important (see below).

15



log(counts)

300 K
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Figure 1.4: Emission decay curves and decay times ofl{lR"N); 1 powder at
selected temperaturesy.= 378 nm, 4= 490 nm, pulse width < 100 ps.
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However, if the discussion in this section is niettd to the longer time range (ref.
101, p.194), the temperature dependence of thesemislecay time (T) can be
described by a (modified) Boltzmann distributiorr f set of four excited states,

involving three T substates I, II, and Ill as well as thesBate!®!"78:102

Herein,DE(11-1) and DE(lII-1) refer to the energy separations betweean i substates

[, Il, and Ill representing the ZFS valudE(S,-T,) is the energy difference between
the T; and the $states. k(I), k(I), k(lll), and k($ are the rates of the 1S, Il &,

Il S and§  Stransitions, respectivelyghksthe Boltzmann constant.

Figure 1.5 shows a plot of the emission decay thersus temperature. Applying eq.
1.1 to the measured data allows us to determineritaupt decay and ZFS parameters.
In the temperature range 1.3 KT 20 K, a steep decrease of the emission decay time
is found with growing temperature. Using eq. (Xdk)the fit to this temperature range,
DE(I-I) 0 and forDE(IlI-IL,I) 2.5 cm* (0.31 meV) is found. The decay rates (and
the formally calculated decay times) are k(1) Hk(l 4.4-10 s* and k(lll) 5-1¢ s*
(20 us), respectively. The fitting procedure isyosluccessful for an almost zero
splitting between substates | and |l, that is, gpktting is less than 1 ¢m(0.1 meV),
presumably 1 cm®. Such behavior has already been found experimghta>*2’
and theoreticall}f® for other Cu(l) complexes. The fit, however, doex provide
information on the individual rates k(I) and k(IMherefore, only the sum of both rates
is given. These data may be used to calculate amage decay time, that
corresponds to the decay time of the triplet staf&'%*

Inserting the obtained values from the fit procedty, = 55ns is obtained. The same
decay value experimentally found for T = 50 K. It lies in thdafeau range, as
displayed in Figure 1.5. Thus, the steep decredgbeoemission decay time with
temperature increase in the low-temperature rasigeonsequence of splitting of the
T, state into substates and of an increasing populai triplet substate Ill. This state
exhibits a more than 20 times greater decay rattheftransition to the electronic
ground state than the two substates | and |l (&=t & of Figure 1.5).
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Figure 1.5: Temperature dependence of the emission decay dim@wl (P "N); 1
powder and fit according to eq. (1.1). The inset®ws energy level diagrams
displaying the ZFS of the Tstate (a) and the singlet-triplet splitting (b)thwstate-
related decay times/ rates. SLR represents spindatelaxation between triplet
substate Il and the substates IlI/l. The correspmn&LR time is determined to be
t(SLR) = 20mrs (see below).

When focusing on the temperature rangg0 K T 80 K, a plateau-like behavior
Is observed with a decay time of about /& which is essentially assigned to an
average phosphorescence decay related to trarssitimm the three triplet substates to
the ground state. As compared to other Cu(l) corgse showing, for example,
phosphorescence decay times of 880or even 1200rs°*"%the short decay time of
55 s indicates relatively efficient SOC of the State with (a) higher-lying singlet

state(s). For the studied compound, SOC induces diginct ZFS of the { state,
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which is not the case for compounds showing longsphorescence decay times. An
important SOC path was already discussed in thereieal section. (For further
details see refs.12, 16, 22 and 37.)

In the temperature range of80 K T 300 K, the emission decay time decreases
from near 5518 (plateaujo 7 ns at ambient temperature (Figure 1.5). This deeresas
assigned to the temperature-dependent thermalasiotiv of the $ state emission,
representing the TADF effect. The fit of eq. (1giyes an activation energy DE(S-
T.) = 430 cnt (53 meV) (see inset b of Figure 1.5). This represarrelatively small
energy separation and relates to the small HOMO-QOJMerlap as resulting from
DFT calculations. The value found for L£4P"*N); 1 belongs to the smallest singlet-
triplet gaps reported so far for Cu(l) compleXe¥:*’

The fit of eq. (1.1) to the experimental data abows also to determine the rate of the
prompt fluorescence k(S &) = 3.3-16 s* (300 ns). Comparable S &) values
are also found for other Cu(l) complexes. In réd8.and 37 it is shown that these
values correlate with the singlet-triplet splittinghat is, a small HOMO-LUMO
overlap leads to a small gap between 6&(S,) and3CT(T,) states and to a small
transition rate KCT(S) ). The value of k(§ &) = 3.3-18 s* determined for
Cuwlo(P"N) fits well to the relation presented in refs. 36 &1d For completeness, it
IS mentioned that a prompt fluorescence is not mlesewith our experimental time
resolution, since the ISC time is too fast (randeseveral p&¥®'% and largely
guenches the prompt fluorescence (but not the TADISsion). The resulting data are
summarized in Table 1.2 and in the insets of Figuse

Table 1.2: Transition energies, energy splittings, and emissdecay rates of
Cwlo(P*N) 1 powder.
Eoo(Si S)° 23800 crit (2.95 eV)
DE(S,—T,) 430 cni (54 meV)
k(Si &) 3.3:16s'(300 ns)

I(T) S
T S } 23370 cnit °
) S
k(1) + k(1) 4.4 .10 s?
k(ll) 5.10 s* (20ns)°©
DE(II-1) 1 cmi* (0.1 meV)
DE(I11-1) 2.5 cmi* (0.31 meV)

2Electronic origin (approximately determined fronyéie 1.3)°Eyo(S:  So) - DE(Si-
T,), “Formal value for the individual decay time constaint, substate III.
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1.5 Combined TADF and Phosphorescence at ambient
Temperature

The emission observed for the studied material at 300 K represents a combined
emission stemming from the, $tate as phosphorescence withk(TS) = (55 ns)*
and from the Sstate as TADF emission with k(TADF). Such a cameli emission
can be also observed from a Cu(l) tripod complaxisd in chapter 2. The rate can be
determined by use of the measured combined raterk{r=k(T;, & + TADF) = (7
ns)* and the phosphorescence rate of 1 k(TS) = (55ns)*

" HE%R. ()

Thus, one obtains k(TADF) = (8rs)*. The additionally active process of
phosphorescence at T = 300 K reduces the overedlydigme by 13 %. Obviously,
“tuning in” of a short-lived phosphorescence représ a suitable strategy for
obtaining shorter-lived OLED emittef$’® Figure 1.6 summarizes the relevant
emission processes in an energy level diagram. rlowy to the equations presented
in ref. 50, the emission intensities at T = 300t&ns by 87 % from the ;$tate as
TADF and by 13 % as phosphorescence from thetdie.

S, Q
S SOC

H ) ¢ -
1 ke T A A 430 cm

1

K(T—Sy) k(TADF)k(S;—S)

(55 us) (8 us) 3.310°s
50 K 300 K (300 ns)_1

k(comb)
-1

(7 ps)

300 K

Sy

Figure 1.6: Simplified energy level diagram and decay times Qb (P N); 1
powder. The ambient temperature emission representabined TADF and
phosphorescence. The Sate is displayed schematically to illustrateefiective SOC
path.
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1.6 Spin-Lattice Relaxation (SLR) and Zero-field sfitting (ZFS)

The occurrence of a distinct ZFS is displayed m short time range of the emission
decay curves below T 15 K. In particular, at 1.3 K a short component (@xp) = 10
ns is observed in addition to the thermalized |ldmgd component of 236s. (Figure
1.4) The occurrence of the short-lived componentiated to a relatively slow and,
thus, easily observable thermalization betweerthtee triplet substates I, Il, and Il at
low temperature showing small energy separatioofs) few cn. Such effects of
SLR have already been investigated thoroughly fou(llR and Pt(Il)
complexes?!°1%8107,t harely for Cu(l) complexes. SLR mechanisms sirengly
temperature dependent and may be characterizdtelyréct, Raman and/ orOrbach
mechanism>1°+1%2However, at very low temperature, only the dirpaicess of
SLR is of importance, whereby the corresponding kédirect) is only very weakly
temperature dependent and may be approximat&d %y

*+ # . #$/0-12 3 4

whereinDE is the energy distance between two electronicggn&tates separated by a
few cmi' (a few 0.1 meV). The constant depends on materagesties of the matrix
and coupling of the involved states with the enwnent. Thus, for Gli,(P*N) 1, the
rate of SLR between the triplet substates Il andth an energy splitting oDE(II - 1)

1 cnitis negligibly small. However, the rate (time) fbietrelaxation from substate
lll to the substates Il and | according to tiieect process can be determined. The
experimentally available decay rate at T = 1.3 ig(fe 1.4) of k(exp) =t(exp))*=
(10ms)'is related to the SLR rate according'to

*y #- 567 ' 888 (9

wherein k(lll &) represents the rate of the transition from ttigkebstate Il to the
electronic ground state,8nd has been determined by the fitting procedu(@ors)™.
(Figure 1.5, inset a) Accordingly, for the SLR timevalue oft (SLR) = (direct)™ =

20 s is obtained. This is the relaxation time fronplet substate Ill to the two
substates Il and I. In Figure 1.7, the &nergy level diagram and the relevant
relaxation paths and times are summarized.
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Figure 1.7: Energy level diagram for th&CT(T,) state and relaxation data for
Cwlo(P*N) 1 powder. The values result from a fit of eq.(1.1)the decay plot
according to Figure 1.5 and are calculated fromstihat decay component measured
at 1.3 K (Figure 1.4).

The magnitude of the ZFS can independently andhiguge estimated just from the
SLR time as determined to bESLR) 20ns. For such an estimate, it is assumed that
the constant in eq.(1.4) is approximately simitardifferent compounds. For example,
for Pt(2-thpy) (with 2-tphy =2-(2-thienyl)-pyridinate) dissolved in anoctane matrix,
Yersin et al. determined from highly resolved spe@&n energy separation between
two triplet substates of 7 ¢hand a SLR time of 720 ns at T = 1.3*kWith these
values and applying eq.(1.4), the expected ZF& foompound showingSLR) 20

ns can be easily calculated. Interestingly, by thiggh estimate one obtaibE = 2.3
cm™. This is almost the same splitting as found forl&B*N); 1 from the fitting
procedure as displayed in Figure 1.5. Apparentis aiccordance represents a nice
confirmation of the model described above. In cosicin, for an interpretation of the
SLR effects measured below T10 K, it is crucial to take the results from acessful
fitting procedure into account, as presented irukedL.5. In particular, the ZFS energy
of DE(II-ILI) 2.5 cm® will lead to an additional decay component thautes from
the direct effect of SLRcompare refs. 78, 87 and 106). This component aabe
mixed up with individual decay components of thglét substates, as observed
frequently. The individual components may be useckiculate an average decay time
(according to eq. 1.2). This calculated value wallally fit to the measured decay time
in the plateau range (compare refs. 35, 50, 103,dd 114), while the SLR decay
time does not fulfill this condition (compare ref®, 87 and 106). This is also the case
for the 10us SLR decay component observed foslgB*N); 1 at T = 1.3 K (Figure

1.4).
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1.7 Conclusion

The studied dinuclear Cu(l) complex LP*N); 1 is characterized by a rigid
molecular structure due to the three-fold bridgbegween the Cu(l) centers. Hence,
the photoluminescence quantum vyield is as highas= 85 % at T = 300 K for the
powder material. It shows a sky-blue CT emissioakp®y atl ,.x = 488 nm. The
triplet state exhibits distinct admixtures of higlgng singlet state(s) due to SOC. As
a consequence, a relatively fast phosphorescentay date is observed. Thus, the
ambient-temperature emission represents a comiphedphorescence (13 %) and
TADF (87 %) luminescence. Accordingly, the ovesicay time is reduced by about
13 % compared to the TADF-only situation (8 us) #edomes as short asn®. In
general, mechanisms that help to decrease thegaputime of the excited states are
highly requested for OLED applications mainly todwee stability problems.
Moreover, because the studied complex is very $olmbmany organic solvents, such
as toluene and dichloromethane, the material reptesan attractive candidate to be
applied as an emitter for solution-processed OLEDs.

For future material improvements and new desigatesgjies, it is essential to learn
more about the electronic structures of emitte rennaits.

Accordingly, the focus is on details of the tripate properties that are of particular
interest due to the significance of SOC. Thus, asypared to most other Cu(l)
complexes "B Cul,(P N 1 shows a relatively large ZFS of the State into triplet
substates bY)E 2.5 cm®. Such a splitting is connected to specific emissiecay
properties at low temperature induced by relativelpw SLR. Corresponding
photophysical properties are elucidated here iraidéor the first time for Cu(l)
complexes These deeper studies might lead to futwaéerial improvements, in
particular, with respect to a larger involvementhd triplet state to induce a combined
singlet harvestingemission (via TADF) and triplet harvesting emission (via
phosphorescence). Maybe the detailed photophysigastigations will guide us to a
next-generation OLED mechanism also with Cu(l) cooms, similarly as recently
designed for purely organic emitter molecules byetlgping the direct singlet
harvesting(DSH) mechanism->**" For such emitter molecules, the overall emission
decay time can be reduced even to thermibange.
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2 Deep blue Cu(l) tripod complexes — increase of gutum yield
by tuning sterical hindrance

This chapter was published recently in ref. 5%his chapter, the focus is on a special
class of Cu(l) complexes built with a tri-dentgbgrh (tpym = tris(2-pyridyl)methane)
and a mono-dentate triphenylphosphine ligand tbhatdinate to the Cu(l) center. The
chemical structures of the complexes studied herel@own in Figure 2.1. Compound
2 was already presented @previous papéY. It reveals remarkable properties. For
example, it shows deep blue emissibp, (300 K) = 466 nm) and a phosphorescence
decay time of only 2@rs (at T = 77 K), which is unusually short compatedther
Cu(l) complexeg?3740:4144-47.49-5153.56-38 P5\yever, the emission quantum vyield of
compound2 at ambient temperature is relatively low dependingthe environment
(F pL: powder: 43 %, PMMA doped: 7 %, dissolved in dacbinethane (DCM):

1 %). Thus, the compound is not attractive as arE@Llemitter. Moreover, the
dominating nonradiative quenching and its tempeeattariation do not allow the
characterization of the electronic structure ofstlwompound by straightforward
investigations. Therefore, it was decided to degiglated complexes that exhibit
higher emission quantum yields. These investigatimere carried out after density
functional theory (DFT) and time dependent DFT (DBT) calculations, by which it
was possible to identify specific and distinct getmy distortions that occur after
electronic excitation. Usually, such distortionse aesponsible for large Franck-
Condon factors that are responsible for nonradiatlaxations? These studies led to
the proposal of the structur8sand4, in which the identified distortions are strongly
reduced by introducing sterical hindrances, suchodbo methyl and n-butyl
substitutions, respectively, to the aryl groupshef phosphine ligand (Figure 2.1).

N \H ] N \H ] \H
N7 O N7 O N7 O
P - N T [ AT ]
Z \Clu’ PFg = \clu’ PFg = \c\u’ PFe
B
oD Cy P%\\@ S
2 3 4

Figure 2.1: Structures of [Cu(tpym)(PBYPFs 2, [Cu(tpym)(P6-tol)3)]PFs 3 and
[Cu(tpym)(P6-butyl-ph))]PFs 4 (Figure 2.1 was provided by Dr. Nicholas R3w

This design strategy is highly successful with es$pto the ambient-temperature

emission quantum vyield. For compoudddissolved in a fluid medium, it can be

enhanced up to 76 %. This is an increase by maue tihree orders of magnitude as

compared to compouriidissolved in DCM. Interestingly, this high emissigumantum
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yield represents the highest value reported forsalved Cu(l) complexes at
publication date. Also the emission quantum yidlthe powder samples can be tuned
to significantly higher values without losing theegh blue emission color observed for
compound2. With this success in hand, it was possible taattarize the electronic
structure of this type of material in detail. Moveo, it will be shown that these
complexes, show an even higher contribution of phosescence to the overall
emission at ambient temperature than compdu(see chapter 1). The total emission
consists of 60 % phosphorescence combined witrd0% TADF. Hence, the
material, if applied in an OLED, stands fotrglet harvestingplus-singlet harvesting
situation.

2.1 Synthesis and structural characterization

Guided by the computational results (see below), Nicholas Ratf prepared and
chemically characterized the compour@iéncluding X-ray structure determination)
and4 both shown in Figure 2.1.

The X-ray structure of the model compoudcs shown in Figure 2.2. Detailed X-ray
data of complex and3 can be found in Sl of ref. 59.

For both compound8 and2, the Cu(l) center is coordinated by the three direst of
tpym with Cu-N bond distances between 2.047 an8®A. These values are not
remarkable if compared to other tripod compleXé$.The Cu-P bond length is
slightly longer for3 (2.167A ) than for2 (2.160 A). Presumably, this is a consequence
of the sterical demand of the methyl groups. Otipalar interest is the P-Cu-C16
angle. In the electronic ground state, it is natywdifferent for both compound2:(
177.6°,3: 178.1°). But it will be shown below that this #ghanges strongly, but
differently, after excitation.
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Figure 2.2: Molecular structures of [Cu(tpym)(@(ol)s)]PFs 3 (thermal ellipsoids
with 50 % probability) determined by X-ray diffrachetry. Hydrogen atoms (except
H16) as well as solvent molecules are omitted farity (for further details see table
S-1 of Sl of ref.59). (X-ray crystal structure and data was provided by Nlcholas

Rau®)

2.2 Computational studies

The theoretical investigations were performed agsbope of density functional theory
(DFT) and time-dependent density functional the@rp-DFT) at the B3LYP/def2-
SVP level of theoR?® using the NWChem 6.6 cofeFor all three compounds gas
phase optimizations of the electronic ground s&tand first excited triplet state; T
were carried out. For compouBdthe results agree well with those reported estie
The calculated ground state structure dataafid3 agree well with those of the X-ray
structure determinations. (Compare data of Tabbea®d S-6 with those of Table S-2
in Sl of ref. 59.)

Of special interest are the geometry changes upmitaion of the T state as
compared to the electronic ground stagelSis well known that pseudo-tetrahedrally
coordinated Cu(l) and Ag(l) complexes undergo digant flattening distortions
towards a planar geometry, if the correspondingtedeic excitation represents a
metal-to-ligand charge transfer (MLCT) transititif/ 294042-47:49.50.33.61.8586.88q the
complexes studied, the calculations predict andetperimental investigations show,
that the lowest excited states are alsé ®LCT character (see below). However, for
the Cu(l) complexes with relatively rigid tripodajands and sterically demanding
coligands such as substituted phosphines, a tyfattning distortion upon excitation
is not expected to occur. The molecule reacts aisignificant reduction of the P-Cu-
C16 bending angle, apart from a number of lessindistreorganizations. For
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compound?2 the change is as large as25° (from 179.6° to 155.0°), while for
compounds3 and 4, the angle change is much smaller and amounts tonly 16°.
Obviously, this is related to the steric demandhaf ortho methyl andn-butyl aryl
phosphine substituents, respectively. Motivatedthoy theoretical design approach,
Dr. Nicholas Rau synthesized the comple3esd4 in order to obtain higher emission
guantum yields than found for compl2x

The main interest lies in emission properties. &fae, the calculations were done for
the T, state geometry of compourdd(The S state has a very similar geometry as is
shown in Table S-6 of the Sl of ref. 58)th states, Tand S, are of 94.4 % and 97.1
% of HOMO LUMO character, respectivelfigure 2.3 displays the iso-contour
plots of the frontier orbitals fo8 as a representative example. While the HOMO is
largely characterized by a d-orbital of the Cu eenthe LUMO is essentially
distributed over the tpym ligand. Accordingly, batates T and S, can be assigned
to 'MLCT and®MLCT, respectively.

ey

HOMO LUMO

Figure 2.3: Iso-contour plots of the highest occupied (HOMOJ éswest unoccupied
molecular orbital (LUMO) of [Cu(tpym)(R¥¢tol)s)]” 3 calculated for the optimized, T
state geometry (isovalue = 0.05). Calculations weedormed at the B3LYP/def2-
SVP level of theory. All hydrogen atoms are omitted clarity. The HOMO and
LUMO correspond largely to “hole” and “electron” a@fatural transition orbitals,
respectively, for both transitiong ST, and § S;.

The spatial separation of the orbital distributi@iown in Figure 2.3 indicates the
occurrence of a small exchange interaction betwieemnpaired electrorid® Hence,

a relatively small DE(S-T;) value is expectedf;3/39:4144:46.47.49,50.53,60-62 98 o
calculations give a splitting value of1400 cnit (174 meV)for the energy separation
of the vertical transitions. The amount of thisuealndicates that the compound might
exhibit TADF. Below it will be shown that the expaental value amounts t®E(S;-
T,) = 900 cnit (112 meV).
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2.3 Quantum yield design. Steric demands and hosigidity

Based on the results of DFT and TD-DFT calculationsparticular, comparing the
calculated excited state geometry variations ou({fg/m)(PPB)]PFs 2 with those of
[Cu(tpym)(P(o-tol})]PFs 3 and [Cu(tpym)(R{-butyl-ph))]PFs 4, the compounds were
synthesized andhe emission quantum vyields measured. Characterisgnds are
observed as displayed in Table 2.1. Most simplg,ttend of quantum yield increase
is explained for the compounds dissolved in DCMmPex 2 undergoes very distinct
geometry distortions in the fluid environment aftelectronic excitation. In this
situation, the molecule exhibits a good overlaptloé energetically higher lying
vibrational wave functions of the electronic growtdte $ with lower lying ones of
the excited state. Thus, large Franck-Condon (&€iofs result that govern the rates
of nonradiative processes; see also references33649, 52, 60, 61 and 94 As a
consequence, nonradiative deactivation leads teseom quenching. With increasing
sterical hindrance fror to 3 and finally to4, the FC factors become smaller. Thus,
the quantum yield grows in drastically, reaching thighest p, value found (at the
date of publication) for Cu(l) complexes dissolhiadfluid environments at ambient
temperature Gompare to ref. 57, later even a higes; value was reportétf.) Very
likely, the reduction of the change of the P-Cu-Gighding angle upon excitation
from 25° for compleX2to 16° for3 and4 and the related increase of the molecular
rigidity are dominantly responsible for the quantuteld increase. Other less
important excitation-induced geometry changes ds® aeduced or suppressed
(compare Table S-4 in Sl of ref. 59). This is seehen the quantum yieldsp, of 3
and 4 dissolved in DCMare compared. p_ is distinctly higher for the more rigid
compound4 than that for3. (Table 2.1) In this chapter, however, not allatetl
distortion modes are specified.

Table 2.1. Emission quantum yields and peak maxima at T = BO@or the
compounds studied in different environments

[Cu(tpym)(PPR)IPF  [Cu(tpym) [Cu(tpym)

. (P(o-tol)3)]PFs (P(o-butyl-
Matrix oh))IPF,

2 3 4

powder max 466 nm 458 nm 452 nm
PL 43 % 86 % 56 %

PMMA max 470 nm 466 nm 467 nm
PL 7% 75 % 70 %

DCM" max - 488 nm 488 nm
PL 1% 58 % 76 %

aCompare ref. 472DCM = dichloromethan€:Could not be measured
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For the compounds doped in PMMA, higher quantunidgiehan in fluid solutions
(Table 2.1) are found, because the more rigid Bagpresses part of the possible
geometry changes. This is even more obvious foy vayid crystalline (powder)
matrices.

At first sight, the described trend found for thewgpler material2 and 3 does not
seem to be valid, if compountis also taken into account. Its emission quantietdy
decreases for the powder as compared to the Ilggd molecules2 and 3.
Interestingly, this is a very rare situation for(Quwr Ag(l) compounds that exhibit
low-lying * SMLCT states. For these, usually much larger quantigids are found for
powder materials than for compounds dissolved it fsolutions.’=>374953.60-621jg
behavior is related to the relatively rigid crySte environments. Nevertheless, even
in these rigid cages, some geometry distortiorthénexcited” MMLCT states can still
occur. For powder materials of Cu(l) and Ag(l) cdexes, these distortions and the
related energy stabilizations are usually largeughoto tune-off the resonance
conditions for energy transfer to adjacent nontexcimolecules!*>*"*°Accordingly,
the excitation is trapped at the initially excitetblecule. As a consequence, such
powder samples can be applied to investigate thisseon properties of individual
complexes that are located in the neat materiad. ddcturrence of such self-trapping
effects'*!?°representsx condition for successful measurements, in paaicof the
temperature-dependence of the emission decay émpresented below and in other
studies?*3749°0:5253.60-6264.%8 ¢ compoundt, the situation is, however, different. Due
to the distinct molecular-based rigidity combinedhwthe matrix-dependent rigidity,
the self-trapping effect is (partly) suppressed. @Asonsequence, excitation energy
migration and the related concentration quenchiag occur. Hence, the quantum
yield of 4 is smaller for the powder material than for thieiteid fluid solution.

Table 2.1 reproduces also the positions of the #amnsmaxima. Clear trends of red
shifts are observed, (i) with decreasing rigidifytlee host from powder to DCM and
(i) with decreasing molecular-based rigidity frofnto 2. This behavior is easily
explained by the extent of the geometry change wgpaitation as described above.
The geometry change leads to a specific energylig&lon and, hence, to a related
red shift of the emission bands. However, chanddkeohost polarity will also have
an influence on the energy of tHe®MLCT emissions, but discussions of these
influences are not in the scope of this investaygtbut see ref. 69.

All these compounds studied show a similar impaganof the T &
phosphorescence for the whole temperature rangsstigated (see below and Table
S-22 of ref. 59). Thus, in the subsequent sectioranly [Cu(tpym)(P¢-tol)3)]PFs 3
will be studied. Focusing 08 is also advised, because a detailed elucidatiotmef
electronic properties of the compounglsand 4 is not straightforward due to the
distinct temperature dependences of the nonradiatate and the concentration
guenching effects, respectively.
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2.4 Absorption and emission spectra

Figure 2.4 reproduces the absorption and emisspmtia of compound. The
apsorption spectra &'’ and4 are very similar. Intense absorptions are fourldvbe

300 nm. They are assignedpgo p’ transitions within the ligands, as is substantiated
by a comparison with the spectra of the pure liganggym and Rftol);, also
displayed in Figure 1.4. A weaker, unstructuredogttson band between about 300
and 380 nm is only observed for the complex. ltagsigned to & 'MLCT
transition(s).

absorption emission
254 262 nm Powder
e 458 nm lmnn
A 77K
*.9 20 ol Y PpL=90% PMMA
P \ 466 nm >
% ' 300K |'@
— \ O =75 % c
15- 1] PL "G_J'
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a 10- =
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8 S
T 5. pr
&
=
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Figure 2.4: Absorption spectra of [Cu(tpym)(@€ol)s)]PFs 3 (black), tpym (green),
and triphenylphosphine ligand (blue) measured @mldromethane (DCM) at ¢ 10°
M (T = 300K). Emission spectra of the powder (blue) measatet = 300 K and 77
K, respectively, and doped in PMMA (green) I w%) at T = 300 K as well as in
degassed DCM solution (red) (cL0°>M). Excitation wavelength ¢,.= 350 nm.

Emission spectra of compoun® powder, measured at T = 77 K and 300 K,
respectively, are also reproduced in Figure 2.4e $pectral bands are broad with
halfwidths of 3600 cn (450meV). No better spectral resolution could be olsdin
even if cooled to T = 1.5 K. This behavior is rethtto MLCT type of electronic
transitions, which usually lead to broad bandsTAt 77 K, the emission band peaks
atl = 465 nm. This transition showing a decay tim&bis is assigned t4MLCT
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(Ty) S phosphorescence as will be substantiated belowh Wi¢ temperature
increase, an energetically higher lying emissioncbstemming from th&MLCT (S,)
state is thermally activated and a TADF band grawsHowever, due to the high
phosphorescence radiative rate (short decay tibwth phosphorescence and TADF
overlap at ambient temperature. Thus, essentidtliyi@ shift of the high-energy flank
occurs. Therefore, the related blue shift of thakpmaximum amounts only to 7 nm
(330cm™, 41 meV). Obviously, this shift does not displag energy gapE(S; - T,)
as frequently found for other Cu(l) TADF compoundd®"“*°In the next section, it
will be shown that the corresponding activationrggddE(S,-T,) can be determined to
be 900 crit (112 meV) by temperature dependent studies of thission decay
dynamics.

A summary of emission data of all three compoun@a(fpym)(PPR]PFs 2,
[Cu(tpym)(Pe-tol)3)]PFs 3, and [Cu(tpym)(Rf-butyl-ph))]PFs 4 is found in the SI of
ref. 59 (Table S-22).

2.5 Detalled electronic structure of [Cu(tpym)(P(otol)3)]PFg 3

A deeper understanding of electronic structurdseiguently gained from an analysis
of the emission decay time over a large temperaange, for example, of 1.5 KT

300 K38374953 pgain, the focus is on compoursd The emission decay behavior is
largely mono-exponential in the investigated terapge range, indicating that the
equilibration processes between the emitting statesmuch faster than the emission
times. Consequently, the variation of the decayetwmvith temperaturé(T) can be
described by a modified Boltzmann distribution. Eompound3, four excited energy
states have to be taken into account, consistirigeothree T substates I, II, and Il as
well as the lowest excited, State. This leads to eq.(2)t"3¢"81%9Compare also ref.
121.)

Herein, DE(II-1), DE(llI-), and E(S-I) DE(S-T,) are the energy separations
between the T substates I, I, Ill and the energy differencewssin the T state
(average energy of the three substates) and trstag. k(l), k(ll), k(lll), and k(9§
represent the corresponding transition rates teelbetronic ground state, g isthe
Boltzmann constant.
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As shown in Figure 2.5, fitting of eq.(2.1) to theasured data is successful over the
complete temperature range. For 1.5 K 30 K, information on the ;Tsubstates and
the transition rates to the electronic ground state obtained. At a very low
temperature (T 1.5 K), a first plateau is seen with a decay tohe 290ns. It refers

to the emission from the lowest triplet substataad Il. Under assumption of thermal
equilibration and with substate Il emission befnggen out, a joint transition rate of
k() + k(Il)  2/(290 ps) 6.8-10 s* (Note, the factor 2 results from the two thermally
equilibrated states, compare eq. 2.2.) With tentperancrease, a drop of the decay
time to a second plateau, found for the range oK30T 160 K, is observed. This
plateau is characterized by a decay time @D ps. The drop is related to a population
of triplet substate Il that exhibits a significgntaster transition rate than k(I) + k(Il).
The fitting procedure leads to the following datathe T, state: k(I) + k(Il) 6.8-1G

st (first plateau) and k(lll) 1.4-1G s* (7 ps) (second plateau). Thus, k(lll) is faster
than k() + k(ll) by more than a factor 20. A sphg of the substates | and Il is not
observed. Therefore, and in analogy to severalrcthgl) complexey3>36:°02387 5
splitting of DE(II-1) < 0.5 cm® (presumably 0.5 cm') is assumed. FABE(lII-II, 1),
representing the total zero-field splitting (ZFBEm™* (0.87 meV) is obtained.

The average decay time of an be expressed ¥y

Inserting the fit values obtained for the rateshef substate transitions to the electronic
ground statet(T,) = 20.4 us is found. This value fits well to thaission decay time
of the plateau of (T,) = 21ns (measured at T = 77 K @b (77 K) = 90 %)).

This T, & decay time belongs to the shortest values foundCiafl) complexes
investigated so faf’*®*">% Most Cu(l) complexes exhibit significantly longer
decays, for example, of several hundred‘¥$*° Obviously, substate Ill experiences
distinct SOC to (a) higher lying singlet state(ghile mixing with higher lying
triplet(s) seems to be responsible for the relatilarge ZFS of 7 cm, as compared to
other Cu(l) complexes.
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Figure 2.5: Emission decay time versus temperature measuredgowder sample of
compound [Cu(tpym)(Rtol);)]PFs 3. The red line represents a fit to the data
according to equation (2.1). In the inset, emissidecay curves at selected
temperatures are depictete, = 378 nm andl 4= 465 nm)

With further temperature increase from TL60 K to 300 K, the emission decay time
decreases td(300 K) = 12 us. (Figure 2.5) In this temperatumaege, an additional
decay path with higher allowedness is opened, septeng the TADF path. The fitting
procedure allows the determination@E(S;-T;) = 900 cnT (112 meV) and k(S )

= 7.1-16 s* (140 ns)** This rate corresponds to the prompt fluorescenhihy
however, cannot be observed directly, because eofrtich faster competitive inter-
system crossing processes, lying in the picosectimasrange’?2*1°

The value ofDE(S-T;) = 900 cni is relatively large. Thus, a third plateau, the
t (TADF) plateau, is not attained at T = 300 K.

Figure 2.6 displays an energy level diagram for poumd3 and reproduces relevant
emission parameters (compare also next section).
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Figure 2.6: Schematic energy level diagram with state-relatechy rates (times) of
[Cu(tpym)(P6-tol)3)]PFs 3 powder.

2.6 Combined emission. Interplay between phosphoresnce and

The phosphorescence rate of the TS, transition is very fast with k¢) = 5-1d s*
(20 ns) if compared to most other Cu(l) complexes disedsso far. Thus, although
TADF emission grows in with temperature increase, phosphorescent decay path
still prevails at ambient temperature. This is @l indicated by comparing the rates
of the individual processes. The TADF rate k(TARBh be expressed by



Here and in Figures 2.6 and 2.7, k(combined) isnddf as k(T) + k(TADF). With
k(combined) = k(300 K) = (1&s)" = 8.3-10 s*and k(T,) = 5-1¢ s, k(TADF) =
3.3-10 s* = (30ns)'is found (Figure 2.7). For an estimate, assumingaequantum
yields of the Tand S emission and setting the individual ratesk@nd k(TADF) in
relation to the total emission rate k(combinedjato of the intensity contributions of
phosphorescence : TADF 60% : 40 % at ambient temperature is obtained.
Accordingly, compound3 can be regarded as being dominantly a phospharesce
emitter even at ambient temperatifeThe TADF emission represents a supporting
emission path. In contrast, for almost all otkr(l) complexes reported so far, the
TADF path dominates at ambient temperature.

(20 us) (30 us) (12 us)

StV V¥

Figure 2.7: Schematic energy level diagram and decay time$Coftpym)(Po-
tol)s)]PFs 3 powder. At ambient temperature, the emission s@onsinantly ( 60 %)
from the lowest excited triplet; State as phosphorescence, which is assisted byTAD
(40 %) from the singlet statg.S
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2.7 Conclusion

It is demonstrated that the strategy of rigidifyimgolecular structures of Cu(l)
complexes to largely suppress geometry reorganizatupon excitation, and hence
nonradiative processes, is highly successful. Toeae this aim, design rules for the
studied Cu(l) complexes were developed based on &€TTDDFT calculations. In
particular, it could be shown that confining thentheg angle P-Cu-C16 (see Figure
2.2) of the mono-dentate ligand relative to the I2wi{pod moiety is of dominant
importance for reducing nonradiative processesedddfor compounds dissolved in a
fluid solution, such confinement leads to an emissquantum yield increase by
several orders of magnitude, if the compound [GuEgPPR)|PFs 2 with no
substitution at the phosphine ligand is compare@Cua(tpym)(P0-butyl-ph))]PFs 4
with three ortho n-butyl substituents. Fo# dissolved in dichloromethane, even a
benchmark value highlighting &p_= 76 % is obtained. Such a high quantum yield
for dissolved Cu(l) complexes has not been repdrefdre publishing the investigated
compoundg?®

The compounds studied exhibit relatively strongismibit coupling with respect to the
lowest triplet state leading to a high allowedness of the phosphorescemd a
distinct zero-field splitting of the ;Istate. The phosphorescence intensity (60 %) even
predominates the ambient temperature thermallyvatetl delayed fluorescence
(40 %). Therefore, in comparison to compoun@ee chapter 1) show this compound
an even higher expression of this effect. Accorlginthe material used in an OLED
acts simultaneously as a singlet and triplet ercitarvesting emitter compound. This
concept does not only reduce the overall emissemay time, which might lead to an
increase of the device lifetime, but, in futureghtialso allow researchers to obtain a
deeper insight into the dynamics of triplet andgkih exciton§®* generated in an
OLED emitter layer.
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3 Symmetry based design strategy of dinuclear Cu(ompounds
with unprecedentedly fast decaying TADF

This chapter has been published recently in ref. B8 all emitters, the emission
decay time should be as short as possible to rediemiee stability problems and roll-
off effects’® However, this is a challenge: Short TADF decay timeuires a small
energy gaE(S-T;) between the lowest singlet &nd triplet T excited states and a
fast radiative rate'tS; ) (S = electronic ground statdy>"*?®For Cu(l) complexes,
a small gap can be achieved for charge transfej {Zhsitions and is related to a
small exchange interactittt’*® and, thus, a small donor-HOMO to acceptor-
LUMO overlap. However, small HOMO-LUMO overlap isually related to a small
transition dipole moment and, thus, a small radéatrate KS; S).%°*" For
completeness, it is mentioned that for many orgddBDF molecules the condition of
small donor-acceptor orbital overlap is not suéfitito guarantee a small gap between
the CT states, since an additional state of diffecharacter, for example, a localized
excited triplet state 3(E states), may become the lowest lying state ahds,
drastically alter the final ga3®*?® However, for Cu(l) TADF complexes such a
situation has not been reported so far’

Accordingly, developing TADF Cu(l) emitters thatosh radiative emission decay
times oft'(TADF) shorter than about Bs is very difficult and requires nontrivial
approache®®*’ It is the main intention of this chapter to presemew and presumably
general strategy to increase the radiative rg® k S;) while maintainingDE(S,-T,)
small. Indeed, this is successful and leads toteack TADF decay times as short as
t = 1.2ms (" = 1.5n8). This strategy is exemplified by designing a rigpe of di-
nuclear Cu(l) complexes.

The new strategy is inspired by the well-known Davi modet****?that is applied
here for the first time to TADF materials. The am@ Davidov model is related to two
equal, symmetry related molecules that are sittm@ unit cell of a crystal. The
transition dipole moments referring to transitions between an excited singtate
and an electronic ground state of these two madscehn couple by adding and
subtracting the transition dipole moment vectoespectively. Thus, one obtains two
modified transition dipoles for the coupled sitoatithat are related to two energy
states, $and S. Guided by this idea, a specific Cu(l) monomer ptax was designed
that exhibits low-lying metal-to-ligand CT (MLCT)ransitions and that can be
modified by attaching a second quasi-monomer amnén almost linear substitution to
give a dimer. This approach is schematically preeseim Figure 3.1.
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Figure 3.1: Schematic guiding model for a Cu(l) dimer with dt(le)-right(R)
inversion symmetry relation. For this dimer, onedf a distinctly faster rate of the
S, S transition than for a related monomer, howevernntaaming a smalDE(S,-T,)
energy gap. The model does not provide the sequenite two singlet states, &nd

S, of the dimer. However, TD-DFT calculations, ascdssed below, will show that
the S(*MLCT) dimer state will be the lower one in energye triplet states are not
discussed in this guiding model. TD-DFT calculasignlace them energetically below
but near to the singlets (see below)iskthe radiative rate that is proportional to the
squared transition dipole moment.

According to the schematic model, the dimer D csissof the “left” and the “right”
copy of the quasi-monomer f1.Both are related by an inversion §ymmetry that
lies in the center of the benzene ring of the dideEach quasi-monomer exhibits a
'MLCT « & transition dipole, however, oriented in a paradleti an anti-parallel way,
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respectively. They will couple and, thus, generat® resulting dimer transition
dipoles S« S and S« . As illustrated in Figure 3.1, the transition dgmof the
two quasi-monomerg? can essentially cancel for one of the symmetryptath
states to givggA 0, but add to an approximately twice as largesitaom dipole

= A . 2=7? forthe other symmetry-adapted state. As a conseguef the latter
situation, it is expected to find a coarsely faores faster radiative rate for the dimer
in comparison to the monomer. It is remarked thatilar considerations can also
apply in other (approximate or quasi) 2-fold symmesituations. Below, the model’s
validity will be demonstrated by a TD-DFT approaéturther, in section 8 of the
supplementary informatioff,the guiding model is illustrated in a simple cabinodel.

In addition to the guiding model, it is expectedh@ve two energetically low-lying
triplet states. However, although this guiding mMad®uld not be over-interpreted, the
model would predict only very small changes of titiglet state properties, since the
corresponding transition dipole moments are verglst? *** Moreover, since spin-
orbit coupling (SOC) is a short-range interactisignificant changes of the triplet
state properties due to coupling between the “laftd the “right” centers are not
expected.

In a particularly favorable situation, the &mer state, the one that carries the faster
radiative rate, represents the energetically ldyieg singlet state. In this situation, it
is expected to find a smabDE(S,-T,) gap combined with a high;S S, oscillator
strength.

Indeed, using this schematic guiding model, a berack Cu(l) dimer can be realized
that shows the one of the shortest radiative TAR¥€ag time found for Cu(l)
complexes so far® amounting to a value lying only slightly aboved.

For completeness, it is referred to a differentigtespproach that has been applied
recently to organic TADF molecules to keep largeillagor strengths when reducing
the DE(S-T1) gap. For example, for accordingly designed caoglashonor-acceptor
molecules, one finds a large (calculated) oscilateength being as high as f = 0.8 at
a gap of about 0.4 eV. Even at this large gas stiil possible to observe TADF that
decays in a millisecond rang®&.

This chapter is organized as follows: In the fipgtrt, an adequate monomer is
presented and will be characterize by TD-DFT mockdtulations as well as by
photophysical studies, while the focus of this ¢aapes in section 3.4, where a series
of dimer molecules is described that indeed repitelsenchmark materials. In section
3.6, the obtained results were compared to a sefiether Cu(l) compounds.
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3.1 Monomer Cu(dppb)(PPh)CI
3.1.1 Synthesis and chemical characterization

The chemical structure of compousids reproduced in Figure 3.2.

Synthesis, chemical characterization, and X-raycstire data of compoungl were
provided by Dr. Alfiya F. Suleymanova and MarselShafikov® and are summarized
in the Sl sections 1 and 2 of ref. 38.

Ph,

P
Ekii
ph, Cl

Figure 3.2: Chemical structure of Cu(dppb)(P#al 5

PPhs

3.1.2 DFT and TD-DFT calculations of the monomer Cldppb)(PPhs)CI

DFT/TD-DFT calculations, carried out with the NW®me6.5 cod& at the
B3LYP/def2-SVP level of theof§®! for the optimized triplet state geometry (if not
mentioned otherwise), give the NTOs (natural tiamsiorbitals) as reproduced in
Figure 3.3. The optimized triplet, State geometry is used, because the focus is on
emission properties. Further, it is assumed thatdivest singlet state; §eometry is
similar to the T state geometry, because in the latter one bothsstasult from a
transition between largely the same orbital contrdns (see below). A similar
approach is discussed in some detail in ref. 59.
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Figure 3.3: Contour plots of NTOs (natural transition orbitatgferring to the §
(*MLCT) state (iso-value = 0.04). These orbitals mra@inly composed of the highest
occupied orbital (HOMO) and the lowest unoccupiedleoular orbital (LUMO) of
Cu(dppb)(PPHCI 5, respectively.The NTOs of the T state (not shown) are almost
identical to the ones reproduced for thestate.Further MOs are displayed in Figure
SI-12 of ref. 38. The calculations were performédhe B3LYP/def2-SVP level of
theory for the optimized gas phasesfate geometry. All hydrogen atoms are omitted
for clarity.
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TD-DFT calculations show that the transition betw®El'Os, as displayed in Figure
3.3, represents a charge transfer (CT) transititin dominant charge rearrangements
from Cu (40 %), P (27 %), and Cl (12 %) (chargetdbations as calculated for the
distribution of the HOMO) to the benzene ring. THe-DFT calculations reveal that
the resulting®MLCT (T,) and 'MLCT (S,) states are of 98.6 % and 99.3 % of
HOMO LUMO character, respectively. (Table SI-5 of ref) 3Therefore, the
corresponding NTOs essentially represent HOMO {haled LUMO (electron),
respectively. In Figure 3.3, only the NTOs for festate are reproduced, since those
referring to the T state are almost identical. However, both stakksbé an energy
difference of 57 meV (460 ch).

The TD-DFT calculatedDE(S;-T;) value amounts to 460 ¢m(57 meV). This
indicates already that an occurrence of TADF atianitiemperature can be expected.
As will be shown below, the experimentally deteredractivation energy is very close,
amounting to 490 cth(61 meV). The next higher lying states,dand $ (calculated in
the T, optimized geometry), are found by 0.56 and 0.5%&her in energy than T
and §, respectively. (See Table SI-5 of ref. 38) Thus,amd $ are well separated
from T, and S and will not be involved in the thermal activatiprocess. For a later
comparison, the oscillator strength of the &, transition will be determined. Since
this value depends distinctly on the geometry @ ¢complex and, in particular, on
distortions that occur upon excitation, it will keferred in this case to the ground state
S, geometry. The corresponding value amounts tg f&, monomer) 0.01269.
(Table SI-3 of ref. 38.)

3.1.3 Photophysical studies of the monomer Cu(dpp{®Phs)CI

In Figure 3.4a, absorption and emission spectra displayed for the monomer
compoundb. In the lower wavelength range up t@B00 nm intense absorption bands
are seen. They are assignegtop transitions of the dppb and the Rfigand. The
broad shoulder between about 350 nm and 410 nmitti®ouded to electronic
transitions being assigned tg S *MLCT transition(s). As powder, compléxshows
green-blue emission at ambient temperature witerarssion quantum yield d¢fp_ =
58%. The emission maxima are found at 548 nm (30arkl 566 nm (10 K). The
bands are broad and unstructured even at T = 10IK60K. An unstructured shape is
typical for charge transfer (CT) transitions. Thesult excludes an assignment to
ligand localized (LE) transitions.
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Figure 3.4. (a) Absorption spectrum of compound Cu(dppb)@€h5 dissolved in
chloroform ¢ 10° mol/L (T = 300 K) and emission spectra of the pewat 300 K
(solid blue line) and 10 K (dashed blue line), extwely. Excitation wavelengthey.

= 330 nm. (b, ¢) Emission decay curves and deaagsiof Cu(dppb)(PRJCI 5
powder at different temperatures,. = 378 nm, 4= 550 nm, and excitation pulse
width < 100 ps for all decay curves. Propertiesth&f# nonmono-exponential decay
curve measured at T = 1.5 K are discussed in Sibses of ref. 38. Note the different
time scales in b and c.
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The unstructured spectral form is a consequencgirohg structural reorganizations
upon excitation induced by a distinct change otteten density and the involvement
of a large number of vibrations and local phonaenthe Franck-Condon transitions. A
similar behavior is found for almost all Cu(l) coleyes3*37:39404349.5659.98 g
mentioned that the emission of compoubddissolved in chloroform is almost
guenched, showing a quantum vyield Bf. <1 %. The situation is similar for
compoundb.

The shift of the peak maximum from 566 nm at T =KL@ 548 nm at 300 K by 18
nm (580 crif, 72 meV) is rationalized by the occurrence of arthally activated
emission from the energetically higher lying s3ate to the electronic ground state S
representing a TADF emission at ambient temperaflings assignment is strongly
supported by the drastic decrease of the emissoaydtime front =245 ms at T =

10 K to 6ns at 300 K as displayed in the Figure 3.4b, c. &Hagires reproduce the
emission decay times measured at different tempestAt T = 1.5 K, the decay is
strongly non-mono-exponential indicating that félsermalization does not occur
between the involved states (see below). Howeveoyve T = 10 K, the mono-
exponential part strongly prevails induced by f@&rmal equilibration processes. In
this situation, a plot of the emission decay timessus temperature follows a
Boltzmann-type behavior.

In the temperature rangel0 K T 50 K, one finds a plateau that is determined by
the T, S phosphorescence process with a very long decay airh(T,) = 2450ns.
(Figure SI-15 of ref. 38) This demonstrates wealC3@tween the ;Tstate and higher
lying singlet states. The,State, lying energetically proximate, is not aetwith
respect to SOC due to the El-Sayed-forbiddentfe€s®* (For further discussion see
the Sl section 4 of ref. 38) With growing temperafuthe $ state is increasingly
populated and the complex’ decay time decreasedicabfly tot(TADF) = 6 ns at
ambient temperature. (Figure 3.4b, c)

By use of the relation of ke F .- t* with K" being the radiative emission decay rate, it
is found that the radiative decay rate increases tagtor of 300 from 3.2 - @ at T
=10 K t0 9.7 - 16s* at T = 300 K. (The quantum yield at T = 300 K &K has
been determined to 58 % and 78 %, respectivelyaRa@stimate of the 10 K rate, it is
assumed thaFp, is the same as measured at 77 K.) The large ratease is a
consequence of the;(&VILCT) state population from the ;MLCT) state with
temperature increase and a fast Sy decay. This represents a typical TADF behavior.

For completeness it is mentioned that althoughrdldéative rate increases by a factor
of 300 with temperature increase from T = 77 K te BOO K, the emission quantum
yield becomes even lower. A similar behavior hasnbebserved for almost all Cu(l)
TADF complexes investigated so f4¢"*° Obviously, with increasing temperature
additional nonradiative decay paths are activatacpwpulation of the Sstate and/or
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higher lying vibrational states. (Compare also .ré&d¢, 135 and 136.) Thus, the
nonradiative rate increase overbalances the radiadie increase.

From a fit procedure using a Boltzmann-type equafsee section 3.4 and Sl section 4
of ref. 38), important photophysical parametersdompounds can be determined. In
particular, an activation energy BE(S,-T;) = 490 cnt (61 meV) is found. Similar
values were found by the TD-DFT calculation and st of the emission peak
maximum. (Figure 3.4a) In many respects, the ptaseof compoun® are similar to
those found for Cu(dppb)(gBphy), a complex with the same chromophoric ligand
dppb and with psBph, = diphenylbis-(pyrazol-1-yl)borat&®:*"* For compound, the

fit procedure allows us also to estimate the radiatate corresponding to the prompt
fluorescence to'S; &) 1.9 - 16s? (from the fit value of k(§ ) = 3.3 - 16s*
andF p (300 K) = 58 %). This value will be later used Bocomparison with the rate
of the Cu(l) dimer. For completeness, it is mergiithat the prompt fluorescence is
not observed directly due to a time resolution of equipment in the ns region. The
ISC from S to T, is much faster, it lies in the 10 ps time rafig@>**’

In Figure 3.5, important emission data of compobnalre summarized in an energy
level diagram.
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Figure 3.5: Schematic energy level diagram with state-relakechy rates or times of
Cu(dppb)(PP$CI 5 powder. The decay time at T = 77 K witfr7 K) = 1860ns is
distinctly shorter than at T = 10 K. (Figure 3.4p,This indicates that TADF emission
is already important at T = 77 K. Note, the higlyang states $and T, (Table SI-5 of
ref. 38) are too high in energy to be involvedhe thermal activation processes. The
0-0 energy of the I & transition is estimated from the blue flank of theé K
emission spectrum. (Figure 3.4a) The 10 K phosuerece decay time corresponds
to a low-temperature plateau. The individual dettianes of the triplet substates I, I,
and Ill are determined tql) = 5.9 mst(ll) = 2.6 ms, and(lll) = 1.5 ms, respectively.
(See Sl section df ref. 38 and also section 3.4.)
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3.2. Dimers Cuy(tppb)(PPhg),X,with X = CI 6, Br 7, | 8, and NCS
9

3.2.1 Syntheses and chemical characterizations

The chemical structure of the dimer compoundssgpldied in Figure 3.6.

Ph2 Ph2 PPh X = Cl, 6

Cu Cu
S P7 N »
3 Ph, Ph, NCS, 9

Figure 3.6: Chemical structure of the dimer compounds(Gyob)(PPR),Xo.

Syntheses, chemical characterizations, X-ray stractlata, and UV spectra for all
four dimer compounds were done by Prof. Rongmire¥wl*® and are given in the Sl
sections 1 and 2 of ref. 38. Photophysical invesiogs reveal that the emission
properties of all four compounds are similar. Tham mainly characteristics of
compound6 Cu(tppb)(PPR),Cl, will be discussed here as a representative example
and a short comparison with the other compoundk heilgiven at the end of this
section. Photophysical details for all four compadgiare summarized in the Sl section
5 of ref. 38.

3.2.2 DFT and TD-DFT calculations for the represersttive dimer
Cux(tppb)(PPhs)Cl; 6

For a first insight into the electronic structurecompound6, the NTOs for the two
lowest symmetry-related singlet states are repredas resulting from DFT/TD-DFT
calculations with the NWChem 6.5 c88at the B3LYP/def2-SVP level of the3P*

for the optimized triplet state geometry (in gagag#). (Figure 3.7Also here, it is
assumed that the geometry of the State approximates the geometries of the two
lowest excited singlets.
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Figure 3.7: NTO iso-surface contour plots (iso-value 0.04)tfar singlet states,; &nd

S, of Cw(tppb)(PPHK),Cl, 6 estimated by the “Chemissian” program from thegpatiof

a TD-DFT calculation conducted at the relaxgdsfate geometry. The NTOs of the
related triplets, T and T, are similar to those of the corresponding sirsgland
therefore, are not reproduced. Remark: In an assutng@oint group, the inversion
centeri lies in the center of the benzene ring. Thus,ltble NTO of the & state,
mainly composed of the HOMO, displays an even @graymmetry, while the hole
NTO of the $ state, mainly composed of HOMO-1, shows an oddy€tade)
symmetry. The electron NTOs of both &d $ states are composed of the LUMO
and feature odd (ungerade) symmetry.

The calculations show that the transitions betwibenNTOs, as displayed in Figure
3.7, are also of CT character with essential ch&nayesfer from Cu (35 %), P (27 %),
and CI (12 %) (charge contributions as calculatedte distribution of the HOMO) to
the benzene ring, again abbreviated as MLCT triansit The TD-DFT calculations
reveal that the resultintILCT (T,) and*MLCT (S,) states are of 98.5 % and 99.1 %
of HOMO LUMO character, respectively. (Table SI-9 of reB) 3rherefore, the
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corresponding NTOs represent essentially HOMO {(haled LUMO (electron),
respectively (Table SI-9 of ref. 38). Equivalentsumlerations apply for the stateg T
and S. In Figure 3.7, only the NTOs for the 8nd the $state are reproduced, since
those of the Tand T, states are almost identical to the respectiveletisigAll states
exhibit different energies. In particular, the anesplitting of the two singlets is
relatively small and amounts tdE(S,-S;) = 1105 crit (137 meV). Further energies
are summarized in Table 3.1 relative to the enefdlie lowest lying triplet state; T

In the subsequent discussion, the focus is on dbe Ibwest lying states, since the
energetically next states are found at distincifjhlr energies. (See Table SI-9 of ref.
38.)

Table 3.1: Lowest excited states of tppb)(PPh),Cl, 6, their main orbital
characters, the oscillator strengths for the ttawsito the electronic ground statg, S
and energy separations relative to thestte based on TD-DFT calculations at the
B3LYP/def2-SVP level of theory for the, Btate optimized geometry in gas phase for
vertical excitations. (Compare also Table SI-9edf 88.)

Dipole oscillator

state transition strength f DE from T,

T, 98.5%HOMO LUMO

S 99.1 % HOMO LUMO 0.04380 62 meV (500 ci)
T, 97.9% HOMO-1 LUMO 114 meV (920 cnt)
S, 99.0% HOMO-1 LUMO 0.00011 199 meV (1605 ¢t

Particularly instructive is the information obtathérom TD-DFT calculations. In
contrast to the monomer, more energy states inlasively small energy range of
about 2000 ci (250 meV) above the lowest Btate are found, as summarized in
Table 3.1. Here, not the absolute calculated triansenergies are reproduced, but
energy separations to the low3st.CT (T,) state. These states essentially govern the
TADF behavior. In contrast to absolute energiegrgy separations are frequently
displayed with acceptable accuracy by TD-DFT caltahs™*®***° For example, the
experimental and the calculated value f&(S,-T;) amount to 48 meV (390 ¢h (see
below) and 62 meV (500 ¢h (Table 3.1), respectively.
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3.3 TD-DFT calculations and guiding model

Interestingly, the calculated results display a kedrcorrespondence to our simple
guiding model as presented in section 3.1. Moreawer energy sequence of the two
lowest singlet states, which could not be predidigdthe model, results from the
calculations:

0] The lower lying singlet state ;Srepresents the one that refers to the
transition from the HOMO (with significant metal aiacter) of gerade
symmetry (in the (approximate); @oint group) the LUMO (mainly
located at the benzene ring). (Figure 3.7) Thetedlallowedness with an
oscillator strength of fSS)) = 0.0438 is relatively large (Table 3.1). In
particular, this result is of importance for optanig the TADF properties.

(i)  The allowedness of the, S S transition of the guiding model molecule is
zero. Indeed, the TD-DFT calculation gives a venyal value for the
oscillator strength of f(S S) = 0.00011 for a geometry that is slightly
deviating from the Csymmetry. This calculated value is a factor of 400
weaker than determined for the S5, transition. (Table 3.1)

(i)  The guiding model predicts a relatively small elyesgparation between the
related $ and $ states of similar origin. In fact, the calculated(S-S,,
dimer) of 137 meV ( 1100 cnt) is small (Table 3.1) indicating weak
interactions between the two quasi-monomers. Imtrast, the monomer
exhibits a much larger energy separationDE(S,-S;, momomer) = 590
meV (4760 crif). (Figure 3.5) In this latter situation, the twinglets
involve different excitations representing HOMO LUMO and HOMO
LUMO+1 character, respectively.

(iv)  The most important prediction of the guiding modekn increase of the
oscillator strength of the dimer compared to the ohthe monomer. If it is
take into account that the oscillator strengthrigpprtional to the squared
transition dipole momerB=E2 % the dimer should exhibit an oscillator
strength being a factor of 4 higher. For this congoa, the $ state
geometry optimized values will be used again toim#ependent from
differences of the oscillator strength values tlaaé induced by the
differences in geometry distortions upon excitatieor the dimer, f($S S,
dimer) = 0.04988 (Table SI-7 of ref. 38) and foe tthonomer f(§ S,
monomer) = 0.01269 (Table SI-3 of ref. 38) is fouhntleed, the TD-DFT
calculated value for the dimer is by a factor &33larger than the one of the
monomer, just as predicted.
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Obviously, this latter result should be comparedh® experimental situation. It will
be shown below that the increase of the radiate is even slightly more favorable.
In particular, the strong increase of the radialye S, rate, combined with a small
energy separatioDE(S-T,), leads to the drastic decrease of the TADF derag
resulting in a measured record value for the Giiter6 of onlyt(TADF) = 1.2ns or
for the radiative decay time 6{TADF) = 1.5 us.

3.4 Photophysical studies of the dimer Gtppb)(PPhs),Cl,

In this section, photophysical properties ob@upb)(PPh).Cl, 6 are discussed. Figure
3.8 reproduces absorption and emission spectraalbberption shows intense bands
below about 400 nm that are assigned to * transitions of the tppb and the RPh
ligand, while the weaker band in the wavelengtlgeabetween about 400 nm and 480
nm is assigned to MLCT transitions (with some Qida&P-orbital contributions}
These characterizations are substantiated by th®HD calculations as presented in
the previous sections.

Figure 3.8.Absorption spectrum of G(tppb)(PPh).Cl, 6 dissolved in chloroform c

10° mol/L (300 K) and emission spectra of neat powdgg = 375 nm) and doped in
PMMA with ¢ 1 W% (exe = 330 nm), respectively, measured at different
temperatures. Absorption spectra of all investigatener compounds were provided
by Prof. Rongmin Yu et. &

The emission spectra, displayed for 300 K and 1@umé€, broad and unstructured as
expected for CT transitions, similarly as found foe monomer. Also for the dimer,
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no indication is found for an involvement of an &g state ofLE character. The
emission quantum yield of the powder of compo@nslwithFp =80 % at T = 300 K
significantly higher than the yield & doped in PMMA Ep.= 50 %). A similar
behavior has been reported frequently for otherl)Ca¢mplexes and has been
rationalized by the higher rigidity in the crysta#f environment as compared to the
“softer” cage provided by the PMMA matrix>"*?**1Cu(l) compounds have the
tendency to exhibit extensive geometry distortiai®on MLCT excitation from a
guasi-tetrahedral coordination towards a squareagplane. This leads to more distinct
nonradiative relaxations from the excited stat¢htelectronic ground statg, Since

in the distorted case, the Franck-Condon (FC) faatb the energetically higher lying
vibrational wavefunctions of the electronic groustdte and the lower lying ones of
the excited state are significantly larger tharainondistorted situatiotf. These FC
factors govern the nonradiative rat&®**>**®*As a consequence, the more rigid the
cage of the environment (external rigidity) thehagis the emission quantum vyield.
Just this behavior is observed for compoénéor completeness, it is mentioned that
the rigidity of the molecule itself (internal rigig) can be equally important as has
been reported for Cufj*® and Ag(I1¥®®*° complexes with emission quantum yields
of up toFp_.= 76 % even in fluid solution and of 100 % in astafline environment,
respectively:** An increase of internal rigidity seems in parb®responsible for the
higher quantum yield of compour@than of5. (See also below.)The observed blue
shift of the emission by 19 nm (552 ¢n68 meV) from T = 10 K to 300 K (Figure 3.8)
of the powder of compounglindicates already the occurrence of TADF emissioh

= 300 K. This, however, is mainly substantiatedhmsy drastic increase of the radiative
rate. At T = 10 K, one observes a long-lived TS, phosphorescence wittf10 K) =
2.3 ms (Figure 3.9a) giving the radiative ralel® K) = 4.1.16 s* (at Fp, = 95 %,
assuming the same value as measured at T = 77 wp to 300 K witht = 1.2 us
andFp_ = 80 %, the radiative rate grows in t§300 K) = 6.7-18 s*. (Figure 3.9)
Hence, one finds an increase by a factor of moa@ th600. Obviously, a different
transition becomes involved at higher temperattgpresenting the ;S S transition
and thus, the typical TADF behavior. Figure 3.Qtigs the emission decay time and
behavior of compoun® at different temperatures. Above T10 or 15 K, thermal
relaxation between the involved excited statesagtefr than the individual emission
decay times. Thus, a largely mono-exponential detayobserved. This is
representative of a Boltzmann distribution betwdensubstates of the triplet state T
and the % state. On the other hand, the distinctly nonmaxmeeential decay, as
found at T = 1.5 K (Figure 3.9a), displays a nontiedized situation, as will be
explained below. Slight deviations from a strict maeexponential decay in the
temperature range 40 K T 100 K are a consequence of sligbE(S-T,)
inhomogeneities that are observable in the rangedodstict decrease as seen in
Figure 3.10.
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Figure 3.9: Emission decay curves and decay times of(tgpb)(PPh),Cl, 6 powder
at different temperaturese,. = 378 nm, 4= 570 nm, and excitation pulse width <
100 ps for all decay curves. Note the differenetiseales in both figures.
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Figure 3.10 reproduces a plot of the experimen@diiermined emission decay times
t(T) versus temperature. In the temperature rand® K T 40 K, a plateau is
observed witht = 2.3 ms characterized by the phosphorescence. In this range, no
other emitting state is involved. This decay timelobgs to the longest values
compared to other Cu(l) complexes reported s&°fir**%® Accordingly, the triplet
state T experiences only very weak SOC to higher lyinggkin state(s). Indeed,
according to the TD-DFT calculations (S| sectionf3ef. 38), the nearest state that
exhibits a different d-orbital occupation than tegate 3, being the § state, is
energetically not very proximate 490 meV, 3900 cnit) and furthermore, it carries
only very low oscillator strength (f = 0.00068, T&aBI-9 of ref. 38). Thus, a quantum
mechanical admixture of;$0 T, has only insignificant consequences.

With temperature increase above T40 K, the decay time decreases drastically
according to the population of the energeticallghier lying S state and, finally, at
ambient temperature leads to an emission decayaft(@00 K) = 1.2ns ('(300 K) =
1.5 ns). The corresponding emission represents almoapletely an $ Sy TADF
emission.

Figure 3.10: Temperature dependence of the emission decay timhe o
Cuw(tppb)(PPR).Cl, 6 powder. The solid red line represents a fit of @jl) to the
experimental data.

The experimental data set, as displayed in Figure, Zan be fitted by a Boltzmann-
type equation (eg. (3.1)) to elucidate importanteoolar paramete?s*’
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Herein,t(T) is the measured emission decay time at a geeperatureDE(S,-T,) is
the activation energy from the, $tate to the Sstate. k(T) and k(3) are the rates of
the transitions to theSstate and K is the Boltzmann constant. For this two-level
approach, it is assumed that the splitting of thesfate into three substates can be
ignored (but see below in this section).

The fit of eq. (3.1) to the measured decay timesemarkably good. Accordingly,
important molecular parameters for compoonehn be determined, as summarized in
Figure 3.10. In particular, the activation energylétermined t®E(S;-T;) = 390 cnit
(48 meV). This value belongs to the smallest vaheg®rted for Cu(l) complexes so
far 10173637499 is smaller than found for the monontwith a splitting of 490 ci,
being even in line with the prediction of our simguiding model. The rate for the
S, S transition is found to k($ = 1.4-10 s* (71 ns). A corresponding prompt
fluorescence is not observed with our ns time rdgmi, since the Sto T; ISC time is
by more than three orders of magnitude fa¥t&t'°°By use of the relation of k=

F p.-k and withF p (300 K) = 80 %, the radiative rate can be estim&aeki(S, ) =
1.13-10 s*. This value is by a factor of about six times éashan found for the
monomer and, thus, even slightly exceeds the vatadicted by the guiding model.
This result is very advantageous having the desggaim of developing a material
with short TADF decay time in mind. (See also bejow

For completeness, the emission decay behavior=al.b K will be discussed shortly.
(Figure 3.9a) At this temperature, the decay progerare characteristic of the
individually emitting triplet substates I, I, and, if they experience only very weak
SOC to higher lying singlets and tripl&f¢’1%1%Hence, long emission decay times
and small zero-field splittings @E(ZFS) 1 cmi’( 0.1 meV) are found’**In
particular, at such smalDE(ZFS) values, relaxation between the triplet satest is
slow at low temperaturg;3>°087108.1071492ryjq g the reason, why individual triplet
sublevels decays with(l), t(II), andt (Ill) occur. However, with temperature increase,
for example, to T = 10 K, the relaxation becomest faith respect to the substate
decay times. For the dimer compouiigand also for the monomer compousjd the
relevant mechanism is presumably the Raman effécspin-lattice relaxation
(SLR)3210L196.19%Th ;5 in the equilibrated situation, one observesaeerage decay
timet,, according to eq.(1.%'**t,, can be identified with the emission decay time of
2.3 ms corresponding to the low-temperature plat@agure 3.10) If the two decay
components observed at T = 1.5 K of 1.4 ms andms8(Figure 3.9a) are further
identified to two individual triplet substate dectyes, it is possible to estimate the
third decay time to 2.6 ms.
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The presented discussion shows that the triplé® giaosphorescence behavior of the
dimer6 is largely the same as found for the monoBekpparently, the interaction of
the two molecular moieties in the dimer has alnmastnfluence on SOC experienced
by the lowest triplet substates. This is due toasthvanishing two-center integrals.
Obviously, this behavior is in contrast to the aiton for the singlet states.

In Figure 3.11, the photophysical properties of poond 6 are summarized as
discussed above.

Figure 3.11: Schematic energy level diagram with state-relatszhy rates or times of
Cuwy(tppb)(PPHR),Cl, 6 powder. Note, the higher lying statesaéhd T, (Table 3.1) are
energetically too far to be directly involved iretemission process. The 0-0 energy of
the T, Sptransition is estimated from the blue flank of @& K emission spectrum.
(Figure 3.8) The individual decay times of the letpsubstates I, Il, and Ill have been
determined from the 1.5 K decay curve (Figure 3.9gis the average decay time that
refers to the emission decay plateau found f@a®0 K T 40 K.

3.5 Comparison of photophysical properties of theifferent
dimers studied

Photophysical investigations were carried out fibfaur dimer complexes by
methods as described in the previous sections. fdselting data are
summarized in Table 3.2.
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Table 3.2: Summary of photophysical data of the powder malie®i - 9. (For further data see Table SI-16 of ref. 38.)

Cun(tppb)(PPB),Cl,6 | SHPPPIFPRBT | ¢ 1ppb)(PPE)I,8 | Cunltppb)(PPEANCS)Y 9
powder powder powder
powder

| max(300 K) / nm 577 569 562 564
Fp(300 K) / % 80 80 82 84
t(300 K) /ns 1.2 1.4 1.2 1.3
K'(300 K) / & 6.710° 5.710° 6.810° 6.510°
k™300 KY / s* 1.710° 1.410° 1.510° 1.210°
| mar(10 K) / nm 596 571 567 581
Fpu(77 K) | % 95 90 90 94
t(77 K) /s 275 200/2306 98 170
t(plateau, 10/15 ¥)/ ms | 2.3 * 0.19 2.6
K'(plateau, 10/15 K) s* | 4.210° - 4.710° 3.610°
K'(plateau, 10115 KY /'S | () 542 . 5.310° 0.2310
DE(S;- T1)° / cmit 390 ¢ 370 370
K(S, S)°/st 11.31C° € 12.310° 15.110°

a. The non-radiative rate is expressedkdy= (1 -Fp))/t.

b. Obtained from a fit using eq.(1).

c. For this approach, it is assumed that(10 K) Fp (77 K, measured).

d. Bi-exponential decay.

e. Strongly non-mono-exponential decay.

57




A comparison shows that all compounds emit at simitavelengths with maxima
between .= 562 and 577 nm and exhibit almost the same @nisgiantum yields
at T = 300 K betweek . = 80 and 84 % and at 77 K betwdep, = 90 and 95 %.
Also the relevant parameters that are responsibléhé landmarkingly shot{ TADF)
decay times, amounting to 1.2 to ®l are similar. In particulaDE(S;-T,) values lie
between 370 cih (46 meV) and 390 cth(48 meV). Also the radiative rates of the
singlet S to the singlet $transition vary only slightly from'S, S) 1.1-10 to
1.5-10 s' and, thus, are much faster than found for othel)Coomplexes
reported®*"*°that show similarly smalDE(S;-T,) values.

However, one parameter of this series deviatesifeigntly. The phosphorescence
decay time, measured at a temperature below abeudl K ( (plateau), compare
Figure 3.10), is by factor of more than ten shoiterthe iodide complex (compour&)
than for the other dimers. This is assigned toltésam more effective SOC to the T
state. The higher SOC may be induced by the iodtden that shows a large SOC
constant ofx = 5069 crit *** compared, for example, to Cl with= 587 cnt **%. On
the other hand, SOC may also be enhanced due ttaker ligand field strength of
the I- compared to the Cl-borfd,because this reduces the d-orbital splitting and,
hence, the energy separation between thetdte and that higher lying singlet state
that is relevant for SOC {State for compoun@). A deeper discussion of this aspect
is beyond the subject of the study.

3.6. Highlights of the guiding-model dimers

The Cu(l) dimers presented in this work show dattinshorter TADF emission decay
times than reported for most other Cu(l) compouswi$ar. This property is crucial if
the OLED device lifetime or the roll-off behavioreaaddressetf> The TADF decay
time depends essentially ®E(S;-T1) and K(S; Sy). These parameters should be as
small and as fast as possible, respectively. (Compa. (3.1)) In Table 3.3, important
parameters for the monom&and the related benchmark dinGestre compared.
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Table 3.3: Summary and comparison of photophysical data@itbnomeb and the
dimer6

powder Cu(dppb)(PRJCI 5 Cuy(tppb)(PPR).Cl, 6
| max(300 K) 548 nm 577 nm
F p(300 K) 58 % 80 %
t(TADF, 300 K) 6 s 1.2
K'(TADF, 300 K) 9.710's? 6710" st
k™(300 K) 7.010's? 1710 s?
DE(S;- Ty) 490 cnit 390 cm*
K'(S:, S 1.910° s? 11.310° st
feaS1— )° 0.0127 0.0499
t(T1, 15 K) 2.45 ms 2.3 ms
a. Calculated for the ground statg @geometry; compare Tables SI-3 and
SI-9 of ref. 38.

The guiding model predicts an increase of the ingmarallowedness of the, ® &
transition by a factor of four (section 3.3). Tlhsslargely reproduced by TD-DFT
calculations that indicate a factor of 3.9 increadaile the experimental value is even
by a factor of about 6 larger. (Table 3.3) Thisstels that the guiding model leads us
to very valuable material design rules. Howeverg tmodel should not be
overestimated quantitatively. Interestingly, thag$et-triplet gap is also distinctly
smaller for the dimeb with DE(S-T;) = 390 cni than for the monomes with a
splitting of 490 crit. This behavior is at least not in contradictionthbe guiding
model, because the singlet energy splitting ofdinger shifts the resulting lower lying
singlet to lower energy towards the State. In particular, these two parameters, the
energy gafDE(S,-T,1) and the radiative raté(§, ), highlighted in Table 3.3, are
responsible for the very short TADF decay time @fris ¢ (TADF) = 1.5ns).

For completeness, it is mentioned that the triple{phosphorescence) decay time is
not altered distinctly if dimer and monomer are paned. Also this behavior is not in
contradiction to the guiding model, since a siguaifit interaction between the triplets
or changes of the SOC strength are not expected. oliserved increase of the
emission quantum yield froffép (monomer) = 58 % t& p (dimer) = 80 % may be a
consequence of the higher dimer transition ratevdiient temperature (factor7) and
the higher rigidity of the dimer structure in theystalline environment as compared to

the monomer structure.
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Figure 3.12: Radiative decay raté(6,-S,) plotted versus the energy splittibE(S; -
T,) between the lowest excited singlete®d triplet T state. The black point data are
reproduced from Table SI-3% The green and red point data refer to the mondmer
and the dime6, respectively. The curve represents an expondiitfainction to guide
the eye.

Moreover, it is instructive to compare the propstof the dime6 to a trend which
relates the energy separatidbE(S;-T;) to the radiative rate of the S &
transition>®*’ This trend, as displayed in Figure 3.12 for a éarmimber of Cu(l)
monomers and dimers, is related to simple quantwaohanical considerations. In a
situation in which the Sand T, states are described by a transition from HOMQo
LUMO j ., the radiative rate and the singlet-triplet splgi respectively, can be
expressed b>;:6,37,145,l46

@
G 'y # HJes I *3H
and
D ' #g Jks Jif =———JksadLTe* 3 e 4

Box B

Herein, g and ¢ are constant€, and r, §, and § are the electron coordinates.
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Both K(S; &) and DE(S,-T,) depend quadratically on the productijaf(r)j .(r).
Thus, the described trend, as found for all Cu@inplexes described so far (Figure
3.12) becomes obvious. SmBIEE(S,-T,) is related to slow'kS; ). The monomeb
properties follow just the trend as described guFe 3.12 (green point).

Obviously, the data of the dimérdo not fit the general trend. For a given value of
DE(S,-T1) = 390 cnt, the radiative rate is by a factor of about thfaster than
expected from the plot as shown in Figure 3.12 (eiht). This significantly faster
radiative rate, in particular, in the range of vergall DE(S,-T,), leads to one of the
shortest TADF decay time reported so far. A valfierdy t = 1.2ns (" = 1.5n%) is
found, thus, highlighting Ctppb)(PPR).Cl, 6 as a benchmark material.

3.7. Conclusion and outlook

It is a challenge to develop short-lived TADF esmistwhich are required for obtaining
better OLED device stability and lower roll-off etfts*?®> Frequently, it is assumed
that reducing the energy ga&pE(S-T,) will represent an adequate design method.
However, a small gap is related to a small radgatate KS, ) and this sets a limit.
3637126 £or example, as has been shown for Cu(l) complex®nomers and dimers,
the lowest radiative TADF decay time obtainabls k& around 5 [1$°’ In this chapter,
it is shown that a new molecular design stratefpnel to overcome this close relation
between both molecular parameters and open a otegrds shorter-lived TADF of
Cu(l) compounds. The design concept, inspired leyDavidov model known from
molecular crystal theorl?>**?is applied here for the first time to TADF moleculét
is essentially based on the effects of couplingsyohmetry-related transition dipole
moments of the same molecule. The concept may &leed by two quasi-Cu(l)-
monomer units that combine to a dimer. Accordingbpe finds two resulting
combinations for the transition dipole moments. &mmple, if they are arranged in a
parallel or anti-parallel way, the transition digslapproximately cancel or add up to
give about a twice as large resulting transitigpoté moment. This is equivalent to a
factor of about four times faster radiative ragSk ) of the dimer than that of the
monomer. In this model, the triplet state properbé the dimer are largely similar to
those of the monomer, while the gBg(S;-T,1) of the resulting dimer may become
even smaller than of the related monomer. Indegdddsigning new Cu(l) dimers
according to our guiding model, it is demonstrated TD-DFT calculations and
experimental studies that this new design coneeptghly successful. In particular, it
guides to a Cu(l) dimer, Gfippb)(PPh),Cl, 6, with a landmark short TADF decay
time of onlyt = 1.2ns (" = 1.5n8) being a factor of about three shorter than fdond
most other Cu(l) monomer or dimer. (For completenéss remarked that meanwhile
another groufd® reported a similarly short decay time for a diéfer Cu(l) compound.)
Thus, the TADF decay time of this new Cu(l) dimsras short as found for the
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phosphorescence of the well-known Ir(ppyomplext?16472123147198 ha  design
strategy preented could be used to increase theelaence rate at a small energy gap
and can lead in future investigations to molectited show TADF decay times even
in a sub-microsecond range.

Conclusion

In the last years the demand for OLED displays resadily and is expected to
continue rising in the next years. Especially,ha tnobile device sector, where power
efficiency is important, OLED displays are superiordisplays with liquid crystal
technology. However, there is always a demand f@nemore efficient emitter
materials and lower production costs. In this thesi was shown that copper
complexes prove to be promising materials to mhaesd criterions. Due to their
special electronic properties, all induced excgidormed may be used for light
generation due to the singlet harvesting effecevan with a combined singlet and
triplet harvesting effect.

For a deeper understanding of the desired effadigtailed investigation of the triplet
state properties, including the influence of SO@swerformed. Important is also a
more detailed understanding of the structure-ptgpetation. Insights were achieved
by fine-tuning emission properties by variatiorstdric rigidity.

Furthermore, a deep blue emitter with an outstangihotoluminescence quantum
yield of Fp. = 76 % in solution was studied.

Also, it was shown that Cu(l) complexes are ablstiow radiative emission decay
times of around 1 p¥:**® which is among the shortest radiative emissiorageitne
published in literature so far.

Thus, this thesis presents the successful desigrewfCu(l) complexes with desired
properties of high quantum yields and short emrssiecay times. It also contributes
to a deeper understanding of the structure-propeigtionship and therefore, may
serve as a contribution for further research.
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Experimental

Experimental details as being relevant for the stigation of all compounds studied
in this thesis have been published in ref. 59.

For measuring UV-Vis absorption spectra, a VariaaryC300 double beam
spectrometer was used. The photoluminescence quayitids at 300 K and 77 K,
respectively, were determined with a C9920-02 systé Hamamatsu Photonics. For
measuring of emission spectra, a Fluorolog 3-22esyqHoriba Jobin Yvon) with a
cooled photomultiplier for noise reduction was usé&mnission decay times were
determined by using a multichannel scaler PClI daodn FAST ComTec (time
resolution 250 ps) in combination with a pulseddéidaser (Picobrite PB-375L) with
an excitation wavelength of,. = 378 nm (pulse width < 100 ps). Measurements at
lower temperatures were carried out in a cryostaydqvac Konti Cryostat IT) in
which the temperature is adjustable by liquid haliflux and heating(With the
exception of the 77 K emission spectrum and emmsdicay curve shown in figure
1.3 and 1.4, respectively, which were measureddevear filled with liquid nitrogen.)
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