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Motivation  
 
In the last decades organic light emitting diodes (OLEDs) steadily gained attention. 
Their value in display technology and next generation lighting is tremendous.  
OLED lighting products do not emit UV light and may therefore also be used for 
challenging tasks, like in museums or art galleries,1,2 where they can serve as a 
sensitive, pigment conserving light source. Furthermore, OLEDs are able to provide 
daylight-like warm and natural white light with qualities quite close to daylight, 
avoiding the additional amounts of potentially unhealthy blue light components in 
LEDs.2-4 However, due to its high production costs and problems with long-term 
stability, OLED illumination is still a niche product.   
Though, OLED displays are already available as high quality technological product. 
They show better image quality, enhanced contrast, higher brightness, a larger viewing 
angle, a wider range of  colors and much faster refresh rates compared to the still 
widely used liquid crystal displays (LCDs).5   
OLED technology was implemented first in small displays of smart watches, 
smartphones, tablets but nowadays also in larger TV screens (up to 87.6 inch Diag6). 
Due to the ever growing implementation of OLEDs, Display Supply Chain 
Consultants (DSCC) expects an increase of the OLED display market from $26.5 
billion in 2018 to $46.2 billion by 2023.7 

 
This huge success story began with a discovery of Henry. J. Round. He observed in 
1907 light emission for certain substances exposed to an electric field, the so-called 
electroluminescence. In his landmarking contribution A note on carborundum, he 
describes the light emission of carborundum crystals (SiC) as yellow at  a potential of 
10 V and depending on a specific sample as yellow light-green, orange or blue, when  
a potential of 110 V got applied.8 
The next important step towards modern organic LEDs was the observation of light 
emission from single crystal anthracene at a voltage above about 400 V, achieved in 
1963 by Pope et al.9 Here, the necessary high operating voltage is to be attributed to 
the layer thickness of  the OLED device. As a consequence, a significant progress was 
made, when Tang and Van Slyke presented 1987 a thin-layer OLED with an operating 
voltage below 10 V.10 
In their publication a four-layer OLED device is depicted, consisting of the following 
subsequent layers (from top to bottom): a Mg:Ag cathode, a recombination/emissive 
layer of 8-hydroxyquinoline aluminium (Alq3, thickness about 600 Å), a diamine layer 
(hole transport layer HTL, thickness about 750 Å) and an indium-tin-oxide (ITO) 
anode. Where the Alq3 layer acting as combination of an electron transporting layer 
(ETL)11 and an emissive layer.  
In modern OLED devices, these layers are separated and consist as a consequence of 
at least a five-layer stack, containing an electron transport layer and an emitter doped 
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emissive layer. 
In the following a summary of the discussion of the working principle, including the 
radiative and non-radiative decay paths in an OLED device is reproduced:11,12 
 

- From the side of the anode (ITO) holes and from the side of the cathode (for 
example Mg:Ag) electrons get injected in the OLED stack.  

- Under the driving force of the electric field the holes move through the hole 
transport layer (HTL) and the electrons through the electron transport layer 
(ETL) in order to meet in the electron-hole recombination/emission layer. This 
movement can be described as a thermally activated hopping process in each 
layer.11 

- In the emission layer, the emitter and matrix molecules, respectively, are 
subject to be oxidized by holes or reduced by electrons.  

- if the distance of an electron and hole falls below a certain distance R, a long-
range Coulomb attraction becomes effective 

- Such a pair of electron and hole is denoted as „exciton“. Since both charges 
carries a spin, triplet and singlet excitons are obtained at a 3:1 ratio.  

- Due to the electrostatic interaction, the exciton is finally “trapped” at the 
emitter molecule 

- After relaxation, the first singlet (S1) or first triplet (T1) state of the emitter 
molecule is excited, depending on the spin multiplicity.  

- It is also possible that the exciton can be “trapped” at a matrix molecule.   
- In this case a matrix molecule in the excited singlet or triplet state results 

(formation probability 3:1 ratio) 
- By long-range Förster energy transfer mechanism, the singlet excitation energy 

and by short-range Dexter energy transfer mechanism the triplet energy of the 
excited matrix molecules can be also transferred to the emitter molecule  

- In that way, all excitations are transferred to the emitter molecule  
- Thereafter, the relaxation of the emitter compound to the ground state of the 

emitter compound occurs by radiative or non-radiative decay paths. 
 

At that point, the photophysical properties of the applied emitter molecules are crucial 
for the efficiency of an OLED device. There are three basic groups of OLED emitter 
compounds: organic (prompt) fluorescent, triplet- and singlet harvesting emitters. In 
OLED devices utilizing organic or usual fluorescent emitter compounds only 25 % of 
the singlet excitons formed contribute to generation of light, since the transition from 
the excited triplet to the singlet ground state is spin forbidden for 75% of the emitter 
molecules and therefore non-radiative. Thus, three quarters of the induced energy is 
wasted. The percentage of the injected charges (e.g. electrons) which lead to the 
formation of a photon within a device is described by the internal quantum yield.13 In 
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the example presented, the internal quantum yield cannot be larger than 25 %.  
A first improvement is constituted by the introduction of a triplet harvesting 
mechanism in 1998 by Thompson and Forrest et al.14 as well as by Chi-Ming Che et 
al.15 According to this mechanism, 100 % internal OLED quantum efficiency may be 
achieved. However, this success is achieved by using high-cost 3rd row organo-
transition metal compounds, such as Ir(III)12,16-23 or Pt(II)12,14,16,17,22,24-32 complexes. In 
such complexes metal ions induce high spin-orbit coupling (SOC) which opens fast 
intersystem crossing (ISC) and effective phosphorescence pathways (T1 �  S0, with T1 
and S0 being the lowest triplet state and the electronic ground state, respectively). 
Besides the high costs of the rare metals, another challenge is the research of stable 3rd 
row organo-transition metal complexes, which show blue light emission.  
Because of lacking breakthrough in this regard, Yersin et al.33 proposed in 2006/2008 
application of compounds that show thermally activated delayed fluorescence (TADF) 
in OLEDs as an alternative mechanism to harvest all singlet and triplet excitons 
through emission from the lowest singlet state S1. This mechanism was named “singlet 
harvesting mechanism”.33-35  
The requirement for efficient TADF, and hence efficient singlet harvesting, is a small 
energy separation between the lowest excited triplet state T1 and the lowest excited 
singlet state S1 (� E(S1�T 1) �  1000 cm-1 or less) as well as a fast radiative rate (high 
allowedness) of kr(S1� S0).

36-38 Suitable emitter molecules can be charge transfer (CT) 
compounds, such as Cu(I)34,35,37,39-59 or Ag(I)36,60-64 complexes as well as purely 
organic molecules.65-73 Due to the promising properties of  Cu(I) complexes, namely 
low-cost, blue emitting compounds and enabling 100 % internal quantum yield, the 
“Bundesministerium für Bildung und Forschung” (German Ministry of Education and 
Research) supported the research of Cu(I)  complex singlet-harvesting OLEDs. Within 
this research project called cyCESH new efficient Singulett-Harvesting Cu(I) 
complexes were designed and characterized.74 These large scale investigations 
strongly stimulated the scientific and material research in the field of Cu(I) complex - 
TADF compounds substantially. However, several basic problems were not yet 
addressed in this project. Accordingly, the focus of this thesis lies in deeper studies of 
selected compounds and in the development of improved Cu(I) based - TADF 
materials. These investigations are addressed in three chapters. 
 
In the first chapter, a Cu(I) dimer exhibiting a short emission decay time of 7 µs with 

the high emission quantum yield F PL of 85 % at ambient temperature is presented. In a 

comprehensive discussion the short emission decay is explained by the significant T1 

state phosphorescence in addition to the S1 state TADF emission at ambient 
temperature. Due to this strong participation it was instructive to discuss zero-field 
splitting of the T1 state and effects of spin-lattice relaxation (SLR) for this Cu(I) 

complex in detail.�
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In the second chapter a design strategy is described to achieve high photoluminescence 
emission quantum yield of Cu(I) complexes in degassed solution. This is a quite 
difficult task, because Cu(I) complexes usually undergo distinct geometry distortions 
after electronic excitations. The resulting large Franck-Condon (FC) factors lead to a 
strong increase of the non-radiative rates and therefore to a small photoluminescence 
emission quantum yield, especially in non-rigid environments. It is described in detail 
how it was possible to reduce these geometry distortions and obtain the outstanding 

emission quantum yield of a Cu(I) complex of F PL = 76 % in degassed solution  

The investigated compounds show also the effect of a significant participation of the 
T1 state emission to the emission at ambient temperature which is investigated in detail 
in chapter 1. Since the phosphorescence dominates the ambient temperature emission 
it is named as TADF-assisted phosphorescence.  

In the last chapter, the lower limit of  about 4 µs75 TADF emission decay time gets 
disproved. This was a challenging task, since both for effective TADF crucial 
requirements, a small � E(S1�T 1) and a fast radiative rate (high allowedness) kr(S1� S0) 
can usually not be obtained at the same time. This is rationalized by a small exchange 
interaction due to a small donor-HOMO to acceptor-LUMO overlap and, in this 
situation, mostly also in a small transition dipole moment results, giving a small 
radiative rate kr(S1� S0). Although these requirements (a small � E(S1�T 1) and a fast 
kr(S1� S0)) are contradictory, in this chapter a group of four Cu(I) dimer compounds is 
presented, which show an extraordinarily short radiative emission decay time between 
�  = 1.5 µs and 1.8 µs. For the design of these dinuclear complexes a schematic guiding 
model inspired by the Davidov model was applied.  
 

1 Di-nuclear Cu(I) complex showing bright TADF combined with 
phosphorescence 
 
This chapter has been published recently in reference 53. The focus of this chapter lies 
on a discussion of the lowest excited singlet and triplet states as well as on TADF 
properties of a dinuclear Cu(I) complex, in which the two Cu(I) centers are bound by 
two iodo-bridges in a Cu2I2 core and additionally by a third bridge consisting of an 
N^P ligand (Figure 1.1). Due to this structure motif,76 the compound shows an 
exceptional structural rigidity which is advantageous for reducing nonradiative 
processes and thus, for obtaining high emission quantum yield F PL. Moreover, this 
compound is very soluble in organic solvents, such as dichloromethane or toluene, due 
to the n-butyl functionalization of the 1,2,4-triazole ligand.77 Therefore, application of 
Cu2I2(P^N)3 1 as emitter for solution-processed OLEDs is proposed.              
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Figure 1.1: Chemical structure of Cu2I2(P^N)3 1 (Cu2(µ-I)2(1N-n-butyl-5-diphenyl-
phosphino-1,2,4-triazole)). 
 
In a first report, this complex was already described with respect to its synthesis and 
chemical characterization.77 Moreover, first photophysical investigations carried out 
with the powder material indicated a high photoluminescence quantum yield F PL 

combined with a short emission decay time at ambient temperature. In particular, these 
properties stimulated us to study photophysical details of Cu2I2(P^N)3 1. The 
investigations presented here reveal that the ambient-temperature emission represents 
the rare situation where phosphorescence and TADF contribute to the emission at 
ambient temperature.78,79 According to this two-path emission, an overall shorter decay 
time is obtained. This behavior is of particular interest because it can only occur for 
compounds that show relatively high SOC of the emitting T1 state with (a) nearby 
lying singlet state(s) Sn. Further, significant SOC should have a clear impact on the T1 
state properties. Therefore, not only is a higher rate of the T1 �  S0 transition 
(phosphorescence) expected, but in contrast to most other Cu(I) complexes, significant 
zero-field splitting (ZFS) of the triplet into substates should occur. Such a splitting is 
expected to be combined with specific relaxation processes between these substates, 
i.e., effects of spin-lattice relaxation (SLR), should be observable. Accordingly, in this 
chapter the interplay of phosphorescence and TADF with temperature change as well 
as triplet state properties, such as ZFSs and effects of SLR will be studied.� 
 

1.1 Theoretical Characterization and Photophysical Issues 
�

Results from density functional theory (DFT) and time-dependent DFT (TD-DFT) 
calculations provide first information about the electronic structure and the state 
dependent geometries of the complex. The calculations were performed at the 
B3LYP80/def2-SVP level of theory at gas phase conditions (including electron core 
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potentials (ECP) for iodine atoms)81 using the NWChem 6.5 code.82  As discussed 
below, the lowest states will be assigned as charge transfer (CT) states. With this 
excitation substantial structural changes between the electronic ground state and the 
emitting excited state occur. Similar structural changes were reported for other Cu(I) 
and Ag(I) complexes with CT character of the lowest excited 
states.17,34,35,37,45,46,49,50,52,54,56,60-62,64,78,83-93 Such geometry changes usually favor 
extensive nonradiative relaxations that are connected with small emission quantum 
yields.35,37,49,56,94 However, a rigid environment will frequently reduce the extent of 
geometry change and, thus, can lead to high emission quantum yields.17,34-

37,46,49,52,56,60,61,64,87,89-91,93  
In the context of this chapter, the focus is on emission properties. Therefore, the TD-
DFT calculations are carried out in the optimized T1 state geometry. The resulting 
frontier orbitals show that the HOMO is mainly distributed over the copper(I) centers 
(49 %) and iodine atoms (27 %), whereas the LUMO is localized on the bridging 1N-
n-butyl-5-diphenyl-phosphino-1,2,4-triazole ligand (Figure 1.2). Thus, a transition 
between the spatially well separated HOMO and LUMO may be assigned as 
(metal+iodide)-to-ligand (M+I)LCT transition, shortly as a CT transition. According to 
TD-DFT calculations, the resulting states 1((M+I)LCT) (S1) and 3((M+I)LCT) (T1) are 
both of 98 % HOMO �  LUMO character. Thus, both HOMO and LUMO correspond 
largely to “hole” and “electron” of natural transition orbitals, respectively. Due to the 
significant spatial separation of HOMO and LUMO, a small exchange integral and 
accordingly, a small � E(S1�T 1) value is expected.95,96 Indeed, the TD-DFT 
calculations give a value of DE(S1-T1) �  290 cm-1 (36 meV), close to the 
experimentally determined activation energy of 430 cm-1 (53 meV) (see below). This 
small singlet-triplet splitting would be well suited for an efficient TADF effect. Hence, 
a short TADF decay time is expected to occur.       
A complete calculation that includes SOC is rather demanding and costly. However, a 
very simple approach can also help to get an indication, whether SOC between the T1 
state and a higher lying singlet state Sn can be important.36,37 It is well-known that 
SOC between the T1 and S1 states is negligible, if both states result from the same 
HOMO-LUMO transition.12,16,17,22,97 For efficient SOC, mixing with a state that carries 
different d-orbital character than the T1 state is required. Moreover, the corresponding 
energy separation should be less than about 0.5 eV (4000 cm-1).37 Indeed, the 
calculated energy gap between HOMO and HOMO-1 comprising different d-orbitals 
amounts to 0.31 eV.  
The related excited state is S2. The calculated energy separation amounts to DE(S2-T1) 
�  2900 cm-1 (360 meV). Due to this relatively small value, mixing of the S2 state to the 
T1 state is expected to be significant (compare ref. 98). Accordingly, distinct SOC 
should occur and influence the triplet state properties. Indeed, experimentally, this is 
clearly observed, as shown below.  
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Figure 1.2: HOMO-1, HOMO and LUMO contour plots (isovalue = 0.05) of the 
geometry-optimized T1 state of Cu2I2(P^N)3 1 as well as the corresponding energies. 
Hydrogen atoms are omitted for clarity. The atoms are characterized by colors: Cu 
purple, I orange, P green, N blue, and C gray.                                                                                                                                                            
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1.3 Emission spectra, quantum yields and TADF 
 
Cu2I2(P^N)3 1 was synthesized, purified and provided by Dr. Thomas Baumann and Dr. 
Daniel Zink et al. as reported in ref. 77. Figure 1.3 displays the 300 K excitation 
spectrum and emission spectra measured at different temperatures. 
  

 

Figure 1.3: Excitation spectrum at 300 K and emission spectra of Cu2I2(P^N)3 1 
powder at different temperatures; l exc = 330 nm, l det = 490 nm.  
 
The excitation spectrum shows a shoulder at about 320 nm, and a distinct tail in the 
range of �  350 nm to 415 nm. According to TD-DFT calculations and in analogy to 
literature assignments, the high-energy absorption in the wavelength range below 325 
nm is assigned to ligand-centered transitions, while the long-wavelength tail is 
characterized to CT transition(s).36,49,54,99 The emission is assigned to stem from the 
lowest excited 1,3CT states. The spectra are broad and unstructured in the whole 
temperature range studied. This is consistent with the CT assignment. Interestingly, 
apart from a slight reduction of the emission bandwidth, no obvious spectral change is 
observed, even when cooled to T = 1.3 K. Although the emission character strongly 
changes with temperature increase (see below), this behavior is not displayed in the 
spectra due to the relatively small singlet-triplet splitting DE(S1-T1). As a consequence, 
the emissions from the two states T1 and S1 essentially overlap. Also, the emission 
quantum yield is only slightly temperature-dependent, amounting to � PL(77 K) �  100 % 
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and � PL(300 K) = 85 %. This small reduction is attributed to a frequently observed 
increase of emission quenching with increasing temperature.94 
On the other hand, the emission decay time �  changes drastically; for example, at T = 
77 K and 300 K, 52 µs and 7 µs, respectively, at monoexponential decay dynamics are 
found. With these data and the F PL values, the radiative rates kr = � PL � -1 can be 
determined as kr(77 K) = 1.9 · 104 s-1 and kr(300 K) = 12 · 104 s-1, representing an 
increase by a factor of 6.3. The nonradiative rates can also be calculated according to 
knr = (1 - � PL) �

-1, giving knr(300 K) = 2.1 · 104 s-1 and knr(77 K) �  0 s-1. These data are 
summarized in Table 1.1. The significant increase of the radiative rate with increasing 
temperature shows the involvement of different emitting states, that is, the 
energetically higher lying singlet state S1, emitting fluorescence, and the lower lying 
triplet state T1, emitting phosphorescence. With growing temperature, the singlet state 
is increasingly populated from the triplet. Obviously, already these properties indicate 
the occurrence of the TADF effect. In the next section, the electronic properties of the 
compound will be discussed in more detail. 
 
Table 1.1: Emission properties of Cu2I2(P^N)3 1 powder at 300 K and 77 K.� 
 
 
 
 
 
 
 
 
 
 
 
a The radiative decay rate kr and the non-radiative decay rate knr are calculated 
according to kr = � PL �

-1 and knr = (1 - � PL) �
-1, respectively. 

 
 
 
 
 
 
 
 
 
 

   300 K 77 K 
Type of 
emission 

TADF 
and 

phosphorescence 

phosphorescence 

  
� max / nm 488 488 
�  / µs 7 52 
� PL / % 85 �  100 
kr

 / s-1 a 12·104 1.9·104 
knr

 / s-1 a 2.1·104 �  0 
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1.4 Decay dynamics and electronic structure 
 
Deeper insight into the electronic structure of the studied compound can be obtained 
from an investigation of the decay behavior over a large temperature range, for 
example, 1.3 K �  T �  300 K.100 Although the half-width (FWHM) of the CT emission 
band at T �  1.3 K is as broad as �  3500 cm-1 (440 meV), this method allows us to get 
insight into the structure of the electronic states with a resolution of better than 0.5 cm-

1. Figure 1.4 displays the decay curves at selected temperatures. For T > 10 K, the 
decay is largely monoexponential. Thus, it can be concluded that at higher 
temperatures, the states involved are in a fast thermal equilibration, whereby “fast” 
means that the equilibration processes are much faster than the observed decay times. 
Clearly, this is not the case below T �  10 K for the short time range where relatively 
slow SLR processes become important (see below).  
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Figure 1.4: Emission decay curves and decay times of Cu2I2(P^N)3 1 powder at 
selected temperatures; � exc = 378 nm, � det = 490 nm, pulse width < 100 ps.  
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However, if the discussion in this section is restricted to the longer time range (ref. 
101, p.194), the temperature dependence of the emission decay time � (T) can be 
described by a (modified) Boltzmann distribution for a set of four excited states, 
involving three T1 substates I, II, and III as well as the S1 state:16,17,78,102 
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Herein, DE(II-I) and DE(III-I) refer to the energy separations between the  T1 substates 
I, II, and III representing the ZFS values. DE(S1-T1) is the energy difference between 
the T1 and the S1 states. k(I), k(II), k(III), and k(S1) are the rates of the I� S0, II� S0, 
III � S0, and S1 �  S0 transitions, respectively. kB is the Boltzmann constant.  
Figure 1.5 shows a plot of the emission decay time versus temperature. Applying eq. 
1.1 to the measured data allows us to determine important decay and ZFS parameters. 
In the temperature range 1.3 K �  T �  20 K, a steep decrease of the emission decay time 
is found with growing temperature. Using eq. (1.1) for the fit to this temperature range, 
DE(I-II) �  0 and for DE(III-II,I) �  2.5 cm-1 (0.31 meV) is found. The decay rates (and 
the formally calculated decay times) are k(I) + k(II) �  4.4·103 s-1 and k(III) �  5·104 s-1 
(20 µs), respectively. The fitting procedure is only successful for an almost zero 
splitting between substates I and II, that is, the splitting is less than 1 cm-1 (0.1 meV), 
presumably �  1 cm-1. Such behavior has already been found experimentally17,35,50,87 
and theoretically103 for other Cu(I) complexes. The fit, however, does not provide 
information on the individual rates k(I) and k(II). Therefore, only the sum of both rates 
is given. These data may be used to calculate an average decay time � av that 
corresponds to the decay time of the triplet state T1.

32,104   

� �� �
�

���� � ����� � ������
��������������������������������������� ����� 

Inserting the obtained values from the fit procedure, t av = 55 ms is obtained. The same 
decay value� ��� experimentally found for T = 50 K. It lies in the plateau range, as 
displayed in Figure 1.5. Thus, the steep decrease of the emission decay time with 
temperature increase in the low-temperature range is a consequence of splitting of the 
T1 state into substates and of an increasing population of triplet substate III. This state 
exhibits a more than 20 times greater decay rate of the transition to the electronic 
ground state than the two substates I and II (see inset a of Figure 1.5).  
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Figure 1.5: Temperature dependence of the emission decay time of Cu2I2(P^N)3 1 

powder and fit according to eq. (1.1). The insets show energy level diagrams 
displaying the ZFS of the T1 state (a) and the singlet-triplet splitting (b) with state-
related decay times/ rates. SLR represents spin-lattice relaxation between triplet 
substate III and the substates II/I. The corresponding SLR time is determined to be 
t (SLR) = 20 ms (see below). 
 
When focusing on the temperature range �  20 K �  T �  �  80 K, a plateau-like behavior 
is observed with a decay time of about 55 ms, which is essentially assigned to an 
average phosphorescence decay related to transitions from the three triplet substates to 
the ground state. As compared to other Cu(I) complexes, showing, for example, 
phosphorescence decay times of 50035-37 or even 1200 ms,36,37,98 the short decay time of 
�  55 ms indicates relatively efficient SOC of the T1 state with (a) higher-lying singlet 
state(s). For the studied compound, SOC induces also distinct ZFS of the T1 state, 
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which is not the case for compounds showing long phosphorescence decay times. An 
important SOC path was already discussed in the theoretical section. (For further 
details see refs.12, 16, 22 and 37.) 
In the temperature range of �  80 K �  T �  300 K, the emission decay time decreases 
from near 55 ms (plateau) to 7 ms at ambient temperature (Figure 1.5). This decrease is 
assigned to the temperature-dependent thermal activation of the S1 state emission, 
representing the TADF effect. The fit of eq. (1.1) gives an activation energy of DE(S1-
T1) = 430 cm-1 (53 meV) (see inset b of Figure 1.5). This represents a relatively small 
energy separation and relates to the small HOMO-LUMO overlap as resulting from 
DFT calculations. The value found for Cu2I2(P^N)3 1 belongs to the smallest singlet-
triplet gaps reported so far for Cu(I) complexes.34,36,37 
The fit of eq. (1.1) to the experimental data allows us also to determine the rate of the 
prompt fluorescence k(S1�  S0) = 3.3·106 s-1 (300 ns). Comparable k(S1�  S0) values 
are also found for other Cu(I) complexes. In refs. 36 and 37 it is shown that these 
values correlate with the singlet-triplet splitting. That is, a small HOMO-LUMO 
overlap leads to a small gap between the 1CT(S1) and 3CT(T1) states and to a small 
transition rate k(1CT(S1)� S0). The value of k(S1� S0) = 3.3·106 s-1 determined for 
Cu2I2(P^N)3 fits well to the relation presented in refs. 36 and 37. For completeness, it 
is mentioned that a prompt fluorescence is not observed with our experimental time 
resolution, since the ISC time is too fast (range of several ps32,85,105) and largely 
quenches the prompt fluorescence (but not the TADF emission). The resulting data are 
summarized in Table 1.2 and in the insets of Figure 1.5. 
 
Table 1.2: Transition energies, energy splittings, and emission decay rates of 
Cu2I2(P^N)3 1 powder.   

 E0�0 (S1 �  S0) 
a  �  23800 cm-1 (2.95 eV) 

DE(S1 – T1)  430 cm-1 (54 meV) 

k(S1 �  S0)  3.3·106 s-1 (300 ns) 
I(T1) �  S0  

�  23370 cm-1 b II(T 1) �  S0 
III(T 1) �  S0 

k(I) + k(II)   �  4.4 ·103 s-1  

k(III)   �  5 ·104 s-1�(20 ms) c 

DE(II-I)   �  1 cm-1 (0.1 meV) 

DE(III-I)   �  2.5 cm-1 (0.31 meV) 
a Electronic origin (approximately determined from Figure 1.3), b E0�0 (S1� S0) - DE(S1-
T1), 

c Formal value for the individual decay time constant of T1 substate III. 
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1.5 Combined TADF and Phosphorescence at ambient 
Temperature 
 
The emission observed for the studied material at T = 300 K represents a combined 
emission stemming from the T1 state as phosphorescence with k(T1�  S0) = (55 ms)-1 

and from the S1 state as TADF emission with k(TADF).  Such a combined emission 
can be also observed from a Cu(I) tripod complex studied in chapter 2. The rate can be 
determined by use of the measured combined rate k(comb) = k(T1�  S0 + TADF) = (7 
ms)-1 and the phosphorescence rate of  k(T1�  S0) = (55 ms)-1 
  

� � � !" � � � � #$%&� ' �� � � � ( � ) � ����������������������������������������������������  
 

Thus, one obtains k(TADF) = (8 ms)-1. The additionally active process of 
phosphorescence at T = 300 K reduces the overall decay time by �  13 %. Obviously, 
“tuning in” of a short-lived phosphorescence represents a suitable strategy for 
obtaining shorter-lived OLED emitters.78,79 Figure 1.6 summarizes the relevant 
emission processes in an energy level diagram. According to the equations presented 
in ref. 50, the emission intensities at T = 300 K stem by 87 % from the S1 state as 
TADF and by 13 % as phosphorescence from the T1 state.  
 

 

Figure 1.6: Simplified energy level diagram and decay times of Cu2I2(P^N)3 1 
powder. The ambient temperature emission represents combined TADF and 
phosphorescence. The S2 state is displayed schematically to illustrate an effective SOC 
path.  
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1.6 Spin-Lattice Relaxation (SLR) and Zero-field splitting (ZFS) 
�
The occurrence of a distinct ZFS is displayed in the short time range of the emission 
decay curves below T �  15 K. In particular, at 1.3 K a short component of t (exp) = 10 
ms is observed in addition to the thermalized long-lived component of 236 ms. (Figure 
1.4) The occurrence of the short-lived component is related to a relatively slow and, 
thus, easily observable thermalization between the three triplet substates I, II, and III at 
low temperature showing small energy separation(s) of a few cm-1. Such effects of 
SLR have already been investigated thoroughly for Ru(II) and Pt(II) 
complexes,32,101,106,107 but barely for Cu(I) complexes. SLR mechanisms are strongly 
temperature dependent and may be characterized by the direct, Raman, and/ or Orbach 
mechanism.32,101,106-112 However, at very low temperature, only the direct process of 
SLR is of importance, whereby the corresponding rate k(direct) is only very weakly 
temperature dependent and may be approximated by32,101,106 
�

��*+,	#-� � . �#$/0- 1 �2 3�����������������������������������������������������������������4�  
 
wherein DE is the energy distance between two electronic energy states separated by a 
few cm-1 (a few 0.1 meV). The constant depends on material properties of the matrix 
and coupling of the involved states with the environment. Thus, for Cu2I2(P^N)3 1, the 
rate of SLR between the triplet substates II and I with an energy splitting of DE(II - I) 
�  1 cm-1 is negligibly small. However, the rate (time) for the relaxation from substate 
III to the substates II and I according to the direct process can be determined. The 
experimentally available decay rate at T = 1.3 K (Figure 1.4) of k(exp) = (t (exp))-1 = 
(10 ms)-1 is related to the SLR rate according to 32 
 

� � *+,	#- � � �� � 567� ' ��888 ( 9 ) ���������������������������������������������������:�  
 
wherein k(III� S0) represents the rate of the transition from triplet substate III to the 
electronic ground state S0 and has been determined by the fitting procedure to (20 ms)-1. 
(Figure 1.5, inset a) Accordingly, for the SLR time a value of t (SLR) = (k(direct))-1 = 

20 ms is obtained. This is the relaxation time from triplet substate III to the two 
substates II and I. In Figure 1.7, the T1 energy level diagram and the relevant 
relaxation paths and times are summarized. 
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Figure 1.7: Energy level diagram for the 3CT(T1) state and relaxation data for 
Cu2I2(P^N)3 1 powder. The values result from a fit of eq.(1.1) to the decay plot 
according to Figure 1.5 and are calculated from the short decay component measured 
at 1.3 K (Figure 1.4).  
  

The magnitude of the ZFS can independently and roughly be estimated just from the 
SLR time as determined to be t (SLR) �  20 ms. For such an estimate, it is assumed that 
the constant in eq.(1.4) is approximately similar for different compounds. For example, 
for Pt(2-thpy)2 (with 2-tphy� =2-(2-thienyl)-pyridinate) dissolved in an n-octane matrix, 
Yersin et al. determined from highly resolved spectra an energy separation between 
two triplet substates of 7 cm-1 and a SLR time of 720 ns at T = 1.3 K.32 With these 
values and applying eq.(1.4), the expected ZFS for a compound showing t (SLR) �  20 
ms can be easily calculated. Interestingly, by this rough estimate one obtains DE = 2.3 
cm-1. This is almost the same splitting as found for Cu2I2(P^N)3 1 from the fitting 
procedure as displayed in Figure 1.5. Apparently, this accordance represents a nice 
confirmation of the model described above. In conclusion, for an interpretation of the 
SLR effects measured below T �  10 K, it is crucial to take the results from a successful 
fitting procedure into account, as presented in Figure 1.5. In particular, the ZFS energy 
of DE(III-II,I) �  2.5 cm-1 will lead to an additional decay component that results from 
the direct effect of SLR� (compare refs. 78, 87 and 106). This component cannot be 
mixed up with individual decay components of the triplet substates, as observed 
frequently. The individual components may be used to calculate an average decay time 
(according to eq. 1.2). This calculated value will usually fit to the measured decay time 
in the plateau range (compare refs. 35, 50, 107, 113 and 114), while the SLR decay 
time does not fulfill this condition (compare refs. 78, 87 and 106). This is also the case 
for the 10� µs SLR decay component observed for Cu2I2(P^N)3 1 at T = 1.3 K (Figure 
1.4).    
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1.7 Conclusion 
 
The studied dinuclear Cu(I) complex Cu2I2(P^N)3 1 is characterized by a rigid 
molecular structure due to the three-fold bridging between the Cu(I) centers. Hence, 
the photoluminescence quantum yield is as high as F PL = 85 % at T = 300 K for the 
powder material. It shows a sky-blue CT emission peaking at l max = 488 nm. The 
triplet state exhibits distinct admixtures of higher-lying singlet state(s) due to SOC. As 
a consequence, a relatively fast phosphorescence decay rate is observed. Thus, the 
ambient-temperature emission represents a combined phosphorescence (13 %) and 
TADF (87 %) luminescence. Accordingly, the overall decay time is reduced by about 
13 % compared to the TADF-only situation (8 µs) and becomes as short as 7 ms. In 
general, mechanisms that help to decrease the population time of the excited states are 
highly requested for OLED applications mainly to reduce stability problems. 
Moreover, because the studied complex is very soluble in many organic solvents, such 
as toluene and dichloromethane, the material represents an attractive candidate to be 
applied as an emitter for solution-processed OLEDs. 
For future material improvements and new design strategies, it is essential to learn 
more about the electronic structures of emitter materials.  
Accordingly, the focus is on details of the triplet state properties that are of particular 
interest due to the significance of SOC. Thus, as compared to most other Cu(I) 
complexes,35-37,98 Cu2I2(P^N)3 1 shows a relatively large ZFS of the T1 state into triplet 
substates by DE �  2.5 cm-1. Such a splitting is connected to specific emission decay 
properties at low temperature induced by relatively slow SLR. Corresponding 
photophysical properties are elucidated here in detail for the first time for Cu(I) 
complexes These deeper studies might lead to future material improvements, in 
particular, with respect to a larger involvement of the triplet state to induce a combined 
singlet harvesting emission (via TADF) and triplet harvesting emission (via 
phosphorescence). Maybe the detailed photophysical investigations will guide us to a 
next-generation OLED mechanism also with Cu(I) compounds, similarly as recently 
designed for purely organic emitter molecules by developing the direct singlet 
harvesting (DSH) mechanism.115-117 For such emitter molecules, the overall emission 
decay time can be reduced even to the sub-ms range.  
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2 Deep blue Cu(I) tripod complexes – increase of quantum yield 
by tuning sterical hindrance 
�

This chapter was published recently in ref. 59. In this chapter, the focus is on a special 
class of Cu(I) complexes built with a tri-dentate tpym (tpym = tris(2-pyridyl)methane) 
and a mono-dentate triphenylphosphine ligand that coordinate to the Cu(I) center. The 
chemical structures of the complexes studied here are shown in Figure 2.1. Compound 
2 was already presented in a previous paper.47 It reveals remarkable properties. For 
example, it shows deep blue emission (l max(300 K) = 466 nm) and a phosphorescence 
decay time of only 26 ms (at T = 77 K), which is unusually short compared to other 
Cu(I) complexes.34-37,40,41,44-47,49-51,53,56-58,98 However, the emission quantum yield of 
compound 2 at ambient temperature is relatively low depending on the environment 
(F PL: powder: 43 %, PMMA doped: 7 %, dissolved in dichloromethane (DCM): �  
1 %). Thus, the compound is not attractive as an OLED emitter. Moreover, the 
dominating nonradiative quenching and its temperature variation do not allow the 
characterization of the electronic structure of this compound by straightforward 
investigations. Therefore, it was decided to design related complexes that exhibit 
higher emission quantum yields. These investigations were carried out after density 
functional theory (DFT) and time dependent DFT (TD-DFT) calculations, by which it 
was possible to identify specific and distinct geometry distortions that occur after 
electronic excitation. Usually, such distortions are responsible for large Franck-
Condon factors that are responsible for nonradiative relaxations.94 These studies led to 
the proposal of the structures 3 and 4, in which the identified distortions are strongly 
reduced by introducing sterical hindrances, such as ortho methyl and n-butyl 
substitutions, respectively, to the aryl groups of the phosphine ligand (Figure 2.1).  
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Figure 2.1: Structures of [Cu(tpym)(PPh3)]PF6 2, [Cu(tpym)(P(o-tol)3)]PF6 3 and 
[Cu(tpym)(P(o-butyl-ph)3)]PF6 4 (Figure 2.1 was provided by Dr. Nicholas Rau59).   �

This design strategy is highly successful with respect to the ambient-temperature 
emission quantum yield. For compound 4 dissolved in a fluid medium, it can be 
enhanced up to 76 %. This is an increase by more than three orders of magnitude as 
compared to compound 2 dissolved in DCM. Interestingly, this high emission quantum 
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yield represents the highest value reported for dissolved Cu(I) complexes at 
publication date. Also the emission quantum yield of the powder samples can be tuned 
to significantly higher values without losing the deep blue emission color observed for 
compound 2. With this success in hand, it was possible to characterize the electronic 
structure of this type of material in detail. Moreover, it will be shown that these 
complexes, show an even higher contribution of phosphorescence to the overall 
emission at ambient temperature than compound 1 (see chapter 1). The total emission 
consists of �  60 % phosphorescence combined with �  40 % TADF. Hence, the 
material, if applied in an OLED, stands for a triplet harvesting-plus-singlet harvesting 
situation.  
 

2.1 Synthesis and structural characterization 
�

Guided by the computational results (see below), Dr. Nicholas Rau59 prepared and 
chemically characterized the compounds 3 (including X-ray structure determination) 
and 4 both shown in Figure 2.1. 
The X-ray structure of the model compound 3 is shown in Figure 2.2. Detailed X-ray 
data of complex 2 and 3 can be found in SI of ref. 59.  
For both compounds 3 and 2, the Cu(I) center is coordinated by the three N atoms of 
tpym with Cu-N bond distances between 2.047 and 2.080 Å. These values are not 
remarkable if compared to other tripod complexes.46,47 The Cu-P bond length is 
slightly longer for 3 (2.167 Å ) than for 2 (2.160 Å). Presumably, this is a consequence 
of the sterical demand of the methyl groups. Of particular interest is the P-Cu-C16 
angle. In the electronic ground state, it is not very different for both compounds (2: 
177.6°, 3: 178.1°). But it will be shown below that this angle changes strongly, but 
differently, after excitation. 
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Figure 2.2: Molecular structures of [Cu(tpym)(P(o-tol)3)]PF6 3 (thermal ellipsoids 
with 50 % probability) determined by X-ray diffractometry. Hydrogen atoms (except 
H16) as well as solvent molecules are omitted for clarity (for further details see table 
S-1 of SI of ref.� 59). (X-ray crystal structure and data was provided by Dr. Nicholas 
Rau59) 
 

2.2 Computational studies 
 
The theoretical investigations were performed in the scope of density functional theory 
(DFT) and time-dependent density functional theory (TD-DFT) at the B3LYP/def2-
SVP level of theory80,81 using the NWChem 6.6 code.82 For all three compounds gas 
phase optimizations of the electronic ground state S0 and first excited triplet state T1 
were carried out. For compound 2, the results agree well with those reported earlier.47 
The calculated ground state structure data of 2 and 3 agree well with those of the X-ray 
structure determinations. (Compare data of Table S-5 and S-6 with those of Table S-2 
in SI of ref. 59.) 
Of special interest are the geometry changes upon excitation of the T1 state as 
compared to the electronic ground state S0. It is well known that pseudo-tetrahedrally 
coordinated Cu(I) and Ag(I) complexes undergo significant flattening distortions 
towards a planar geometry, if the corresponding electronic excitation represents a 
metal-to-ligand charge transfer (MLCT) transition.34-37,39,40,42-47,49,50,53,61,85,86,88� For the 
complexes studied, the calculations predict and the experimental investigations show, 
that the lowest excited states are also of 1, 3MLCT character (see below). However, for 
the Cu(I) complexes with relatively rigid tripodal ligands and sterically demanding 
coligands such as substituted phosphines, a typical flattening distortion upon excitation 
is not expected to occur. The molecule reacts with a significant reduction of the P-Cu-
C16 bending angle, apart from a number of less distinct reorganizations.  For 
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compound 2 the change is as large as �  25° (from 179.6° to 155.0°), while for 
compounds 3 and 4, the angle change is much smaller and amounts only to �  16°. 
Obviously, this is related to the steric demand of the ortho methyl and n-butyl aryl 
phosphine substituents, respectively. Motivated by this theoretical design approach, 
Dr. Nicholas Rau synthesized the complexes 3 and 4 in order to obtain higher emission 
quantum yields than found for complex 2. 
The main interest lies in emission properties. Therefore, the calculations were done for 
the T1 state geometry of compound 3 (The S1 state has a very similar geometry as is 
shown in Table S-6 of the SI of ref. 59). Both states, T1 and S1, are of 94.4 % and 97.1 
% of HOMO �  LUMO character, respectively. Figure 2.3 displays the iso-contour 
plots of the frontier orbitals for 3 as a representative example. While the HOMO is 
largely characterized by a d-orbital of the Cu center, the LUMO is essentially 
distributed over the tpym ligand. Accordingly, both states T1 and S1, can be assigned 
to 1MLCT and 3MLCT, respectively. 
 

 

Figure 2.3: Iso-contour plots of the highest occupied (HOMO) and lowest unoccupied 
molecular orbital (LUMO) of [Cu(tpym)(P(o-tol)3)]

+ 3 calculated for the optimized T1 

state geometry (isovalue = 0.05). Calculations were performed at the B3LYP/def2-
SVP level of theory. All hydrogen atoms are omitted for clarity. The HOMO and 
LUMO correspond largely to “hole” and “electron” of natural transition orbitals, 
respectively, for both transitions S0� T1 and S0� S1. 
The spatial separation of the orbital distributions shown in Figure 2.3 indicates the 
occurrence of a small exchange interaction between the unpaired electrons.95,96 Hence, 
a relatively small DE(S1-T1) value is expected.34-37,39,41-44,46,47,49,50,53,60-62,98 The 
calculations give a splitting value of �  1400 cm-1 (174 meV) for the energy separation 
of the vertical transitions. The amount of this value indicates that the compound might 
exhibit TADF. Below it will be shown that the experimental value amounts to  DE(S1-
T1) = 900 cm-1 (112 meV). 

�
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2.3 Quantum yield design. Steric demands and host rigidity  
 
Based on the results of DFT and TD-DFT calculations, in particular, comparing the 
calculated excited state geometry variations of  [Cu(tpym)(PPh3)]PF6 2 with those of 
[Cu(tpym)(P(o-tol)3)]PF6 3 and [Cu(tpym)(P(o-butyl-ph)3)]PF6 4, the compounds were 
synthesized and the emission quantum yields measured. Characteristic trends are 
observed as displayed in Table 2.1. Most simply, the trend of quantum yield increase 
is explained for the compounds dissolved in DCM. Complex 2 undergoes very distinct 
geometry distortions in the fluid environment after electronic excitation. In this 
situation, the molecule exhibits a good overlap of the energetically higher lying 
vibrational wave functions of the electronic ground state S0 with lower lying ones of 
the excited state. Thus, large Franck-Condon (FC) factors result that govern the rates 
of nonradiative processes; see also references. 36, 37, 49, 52, 60, 61 and 94 As a 
consequence, nonradiative deactivation leads to emission quenching. With increasing 
sterical hindrance from 2 to 3 and finally to 4, the FC factors become smaller. Thus, 
the quantum yield grows in drastically, reaching the highest � PL value found (at the 
date of publication) for Cu(I) complexes dissolved in fluid environments at ambient 
temperature (Compare to ref. 57, later even a higer � PL value was reported118.) Very 
likely, the reduction of the change of the P-Cu-C16 bending angle upon excitation 
from �  25° for complex 2 to �  16° for 3 and 4 and the related increase of the molecular 
rigidity are dominantly responsible for the quantum yield increase. Other less 
important excitation-induced geometry changes are also reduced or suppressed 
(compare Table S-4 in SI of ref. 59). This is seen, when the quantum yields � PL of 3 
and 4 dissolved in DCM are compared. � PL is distinctly higher for the more rigid 
compound 4 than that for 3. (Table 2.1) In this chapter, however, not all related 
distortion modes are specified. 
Table 2.1: Emission quantum yields and peak maxima at T = 300 K for the 
compounds studied in different environments 

Matrix 

 [Cu(tpym)(PPh3)]PF6
a [Cu(tpym) 

(P(o-tol)3)]PF6 
[Cu(tpym) 
(P(o-butyl-
ph)3)]PF6 

 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 % 
DCMb � max – c 488 nm 488 nm 

 � PL �  1 % 58 % 76 % 

a Compare ref. 47; b DCM = dichloromethane; c Could not be measured 
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For the compounds doped in PMMA, higher quantum yields than in fluid solutions 
(Table 2.1) are found, because the more rigid host suppresses part of the possible 
geometry changes. This is even more obvious for very rigid crystalline (powder) 
matrices.  
At first sight, the described trend found for the powder materials 2 and 3 does not 
seem to be valid, if compound 4 is also taken into account. Its emission quantum yield 
decreases for the powder as compared to the less rigid molecules 2 and 3. 
Interestingly, this is a very rare situation for Cu(I) or Ag(I) compounds that exhibit 
low-lying 1, 3MLCT states. For these, usually much larger quantum yields are found for 
powder materials than for compounds dissolved in fluid solutions.17,35-37,49,53,60-62� This 
behavior is related to the relatively rigid crystalline environments. Nevertheless, even 
in these rigid cages, some geometry distortions in the excited 1, 3MLCT states can still 
occur. For powder materials of Cu(I) and Ag(I) complexes, these distortions and the 
related energy stabilizations are usually large enough to tune-off the resonance 
conditions for energy transfer to adjacent non-excited molecules.17,35-37,50 Accordingly, 
the excitation is trapped at the initially excited molecule. As a consequence, such 
powder samples can be applied to investigate the emission properties of individual 
complexes that are located in the neat material. The occurrence of such self-trapping 
effects119,120 represents a condition for successful measurements, in particular, of the 
temperature-dependence of the emission decay time, as presented below and in other 
studies.34-37,49,50,52,53,60-62,64,98� For compound 4, the situation is, however, different. Due 
to the distinct molecular-based rigidity combined with the matrix-dependent rigidity, 
the self-trapping effect is (partly) suppressed. As a consequence, excitation energy 
migration and the related concentration quenching can occur. Hence, the quantum 
yield of 4 is smaller for the powder material than for the diluted fluid solution. 
Table 2.1 reproduces also the positions of the emission maxima. Clear trends of red 
shifts are observed, (i) with decreasing rigidity of the host from powder to DCM and 
(ii) with decreasing molecular-based rigidity from 4 to 2. This behavior is easily 
explained by the extent of the geometry change upon excitation as described above. 
The geometry change leads to a specific energy stabilization and, hence, to a related 
red shift of the emission bands. However, changes of the host polarity will also have 
an influence on the energy of the 1, 3MLCT emissions, but discussions of these 
influences are not in the scope of this investigation, but see ref.  69.  
All these compounds studied show a similar importance of the T1� S0 
phosphorescence for the whole temperature range investigated (see below and Table 
S-22 of ref. 59). Thus, in the subsequent sections, mainly [Cu(tpym)(P(o-tol)3)]PF6 3 
will be studied. Focusing on 3 is also advised, because a detailed elucidation of the 
electronic properties of the compounds 2 and 4 is not straightforward due to the 
distinct temperature dependences of the nonradiative rate and the concentration 
quenching effects, respectively. 
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2.4 Absorption and emission spectra 
 
Figure 2.4 reproduces the absorption and emission spectra of compound 3. The 
apsorption spectra of 247 and 4 are very similar. Intense absorptions are found below �  
300 nm. They are assigned to p �  p* transitions within the ligands, as is substantiated 
by a comparison with the spectra of the pure ligands, tpym and P(o-tol)3, also 
displayed in Figure 1.4. A weaker, unstructured absorption band between about 300 
and 380 nm is only observed for the complex. It is assigned to S0 �  1MLCT 
transition(s).  

 

Figure 2.4: Absorption spectra of [Cu(tpym)(P(o-tol)3)]PF6 3 (black), tpym (green), 
and triphenylphosphine ligand (blue) measured in dichloromethane (DCM) at c �  10-5 

M (T = 300 K). Emission spectra of the powder (blue) measured at T = 300 K and 77 
K, respectively, and doped in PMMA (green) (�  1 w%) at T = 300 K as well as in 
degassed DCM solution (red) (c �  10-5 M). Excitation wavelength l exc = 350 nm. 
 
Emission spectra of compound 3 powder, measured at T = 77 K and 300 K, 
respectively, are also reproduced in Figure 2.4. The spectral bands are broad with 
halfwidths of �  3600 cm-1 (450 meV). No better spectral resolution could be obtained 
even if cooled to T = 1.5 K. This behavior is related to MLCT type of electronic 
transitions, which usually lead to broad bands. At T = 77 K, the emission band peaks 
at l  = 465 nm. This transition showing a decay time of 21 ms is assigned to 3MLCT 
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(T1) �  S0 phosphorescence as will be substantiated below. With the temperature 
increase, an energetically higher lying emission band stemming from the 1MLCT (S1) 
state is thermally activated and a TADF band grows in. However, due to the high 
phosphorescence radiative rate (short decay time), both phosphorescence and TADF 
overlap at ambient temperature. Thus, essentially a blue shift of the high-energy flank 
occurs. Therefore, the related blue shift of the peak maximum amounts only to 7 nm 
(330 cm-1, 41 meV). Obviously, this shift does not display the energy gap DE(S1 - T1) 
as frequently found for other Cu(I) TADF compounds.17,34-37,49 In the next section, it 
will be shown that the corresponding activation energy DE(S1-T1) can be determined to 
be 900 cm-1 (112 meV) by temperature dependent studies of the emission decay 
dynamics. 
A summary of emission data of all three compounds [Cu(tpym)(PPh3)]PF6 2, 
[Cu(tpym)(P(o-tol)3)]PF6 3, and [Cu(tpym)(P(o-butyl-ph)3)]PF6 4 is found in the SI of 
ref. 59 (Table S-22). 
 
 

2.5 Detailed electronic structure of [Cu(tpym)(P(o-tol)3)]PF6 3 
 
A deeper understanding of electronic structures is frequently gained from an analysis 
of the emission decay time over a large temperature range, for example, of 1.5 K �  T �  
300 K.36,37,49,53� Again, the focus is on compound 3. The emission decay behavior is 
largely mono-exponential in the investigated temperature range, indicating that the 
equilibration processes between the emitting states are much faster than the emission 
times. Consequently, the variation of the decay time with temperature t (T) can be 
described by a modified Boltzmann distribution. For compound 3, four excited energy 
states have to be taken into account, consisting of the three T1 substates I, II, and III as 
well as the lowest excited S1 state. This leads to eq.(2.1):16,17,36,78,102 (Compare also ref. 
121.) 
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Herein, DE(II-I), DE(III-I), and � E(S1-I) �  DE(S1-T1) are the energy separations 
between the T1 substates I, II, III and the energy difference between the T1 state 
(average energy of the three substates) and the S1 state. k(I), k(II), k(III), and k(S1) 
represent the corresponding transition rates to the electronic ground state S0. kB is the 
Boltzmann constant.  
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As shown in Figure 2.5, fitting of eq.(2.1) to the measured data is successful over the 
complete temperature range. For 1.5 K �  T �  30 K, information on the T1 substates and 
the transition rates to the electronic ground state are obtained. At a very low 
temperature (T �  1.5 K), a first plateau is seen with a decay time of �  290 ms. It refers 
to the emission from the lowest triplet substates I and II. Under assumption of thermal 
equilibration and with substate III emission being frozen out, a joint transition rate of 
k(I) + k(II) �  2/(290 µs) �  6.8·103 s-1 (Note, the factor 2 results from the two thermally 
equilibrated states, compare eq. 2.2.) With temperature increase, a drop of the decay 
time to a second plateau, found for the range of 30 K �  T �  160 K, is observed. This 
plateau is characterized by a decay time of �  20 µs. The drop is related to a population 
of triplet substate III that exhibits a significantly faster transition rate than k(I) + k(II). 
The fitting procedure leads to the following data for the T1 state:  k(I) + k(II) �  6.8·103 
s-1 (first plateau) and k(III) �  1.4·105 s-1 (7 µs) (second plateau). Thus, k(III) is faster 
than k(I) + k(II) by more than a factor 20. A splitting of the substates I and II is not 
observed. Therefore, and in analogy to several other Cu(I) complexes17,35,36,50,53,87, a 
splitting of DE(II-I) < 0.5 cm-1 (presumably �  0.5 cm-1) is assumed. For DE(III-II, I), 
representing the total zero-field splitting (ZFS), 7 cm-1 (0.87 meV) is obtained. 
The average decay time of T1 can be expressed by32,104 
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Inserting the fit values obtained for the rates of the substate transitions to the electronic 
ground state, t (T1) = 20.4 µs is found. This value fits well to the emission decay time 
of the plateau of t (T1) = 21 ms (measured at T = 77 K (at F PL(77 K) = 90 %)).  
This T1�  S0 decay time belongs to the shortest values found for Cu(I) complexes 
investigated so far.36,46,47,51,87 Most Cu(I) complexes exhibit significantly longer 
decays, for example, of several hundred µs.34-37,49 Obviously, substate III experiences 
distinct SOC to (a) higher lying singlet state(s), while mixing with higher lying 
triplet(s) seems to be responsible for the relatively large ZFS of 7 cm-1, as compared to 
other Cu(I) complexes.  
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Figure 2.5: Emission decay time versus temperature measured for a powder sample of 
compound [Cu(tpym)(P(o-tol)3)]PF6 3. The red line represents a fit to the data 
according to equation (2.1). In the inset, emission decay curves at selected 
temperatures are depicted. (l exc = 378 nm and l det = 465 nm) 

With further temperature increase from T �  160 K to 300 K, the emission decay time 
decreases to t (300 K) = 12 µs. (Figure 2.5) In this temperature range, an additional 
decay path with higher allowedness is opened, representing the TADF path. The fitting 
procedure allows the determination of DE(S1-T1) = 900 cm-1 (112 meV) and k(S1�  S0) 
= 7.1·106 s-1 (140 ns).122 This rate corresponds to the prompt fluorescence which, 
however, cannot be observed directly, because of the much faster competitive inter-
system crossing processes, lying in the picoseconds time range.32,85,105  
The value of DE(S1-T1) = 900 cm-1 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 compound 3 and reproduces relevant 
emission parameters (compare also next section). 
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Figure 2.6: Schematic energy level diagram with state-related decay rates (times) of 
[Cu(tpym)(P(o-tol)3)]PF6 3 powder.  
 

2.6 Combined emission. Interplay between phosphorescence and 
TADF 
 
The phosphorescence rate of the T1 �  S0 transition is very fast with k(T1) = 5·104 s-1 
(20 ms) if compared to most other Cu(I) complexes discussed so far. Thus, although 
TADF emission grows in with temperature increase, the phosphorescent decay path 
still prevails at ambient temperature. This is already indicated by comparing the rates 
of the individual processes. The TADF rate k(TADF) can be expressed by  
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Here and in Figures 2.6 and 2.7, k(combined) is defined as k(T1) + k(TADF). With 
k(combined) = k(300 K) = (12 ms)-1 = 8.3·104 s-1 and k(T1) = 5·104 s-1 , k(TADF) = 
3.3·104 s-1 = (30 ms)-1 is found (Figure 2.7). For an estimate, assuming equal quantum 
yields of the T1 and S1 emission and setting the individual rates k(T1) and k(TADF) in 
relation to the total emission rate k(combined), a ratio of the intensity contributions of 
phosphorescence : TADF �  60 % : 40 % at ambient temperature is obtained. 
Accordingly, compound 3 can be regarded as being dominantly a phosphorescent 
emitter even at ambient temperature.123 The TADF emission represents a supporting 
emission path. In contrast, for almost all other Cu(I) complexes reported so far, the 
TADF path dominates at ambient temperature.  
 

 

Figure 2.7: Schematic energy level diagram and decay times of [Cu(tpym)(P(o-
tol)3)]PF6 3 powder. At ambient temperature, the emission stems dominantly (�  60 %) 
from the lowest excited triplet T1 state as phosphorescence, which is assisted by TADF 
(�  40 %) from the singlet state S1.  
 
 

 
�
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2.7 Conclusion 
�

It is demonstrated that the strategy of rigidifying molecular structures of Cu(I) 
complexes to largely suppress geometry reorganizations upon excitation, and hence 
nonradiative processes, is highly successful. To achieve this aim, design rules for the 
studied Cu(I) complexes were developed based on DFT and TDDFT calculations. In 
particular, it could be shown that confining the bending angle P-Cu-C16 (see Figure 
2.2) of the mono-dentate ligand relative to the Cu(I)-tripod moiety is of dominant 
importance for reducing nonradiative processes. Indeed, for compounds dissolved in a 
fluid solution, such confinement leads to an emission quantum yield increase by 
several orders of magnitude, if the compound [Cu(tpym)(PPh3)]PF6 2 with no 
substitution at the phosphine ligand is compared to [Cu(tpym)(P(o-butyl-ph)3)]PF6 4 
with three ortho n-butyl substituents. For 4 dissolved in dichloromethane, even a 
benchmark value highlighting at F PL = 76 % is obtained. Such a high quantum yield 
for dissolved Cu(I) complexes has not been reported before publishing the investigated 
compounds.118 
The compounds studied exhibit relatively strong spin-orbit coupling with respect to the 
lowest triplet state T1 leading to a high allowedness of the phosphorescence and a 
distinct zero-field splitting of the T1 state. The phosphorescence intensity (60 %) even 
predominates the ambient temperature thermally activated delayed fluorescence 
(40 %). Therefore, in comparison to compound 1 (see chapter 1) show this compound 
an even higher expression of this effect. Accordingly, the material used in an OLED 
acts simultaneously as a singlet and triplet exciton harvesting emitter compound. This 
concept does not only reduce the overall emission decay time, which might lead to an 
increase of the device lifetime, but, in future, might also allow researchers to obtain a 
deeper insight into the dynamics of triplet and singlet excitons124 generated in an 
OLED emitter layer. 
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3 Symmetry based design strategy of dinuclear Cu(I) compounds 
with unprecedentedly fast decaying TADF 
 
This chapter has been published recently in ref. 38. For all emitters, the emission 
decay time should be as short as possible to reduce device stability problems and roll-
off effects.125 However, this is a challenge: Short TADF decay time requires a small 
energy gap DE(S1-T1) between the lowest singlet S1 and triplet T1 excited states and a 
fast radiative rate kr(S1� S0) (S0 = electronic ground state).36,37,126 For Cu(I) complexes, 
a small gap can be achieved for charge transfer (CT) transitions and is related to a 
small exchange interaction36,37,95,96 and, thus, a small donor-HOMO to acceptor-
LUMO overlap. However, small HOMO-LUMO overlap is usually related to a small 
transition dipole moment and, thus, a small radiative rate kr(S1� S0).

36,37 For 
completeness, it is mentioned that for many organic TADF molecules the condition of 
small donor-acceptor orbital overlap is not sufficient to guarantee a small gap between 
the CT states, since an additional state of different character, for example, a localized 
excited triplet state (3LE states), may become the lowest lying state and, thus, 
drastically alter the final gap.126-128 However, for Cu(I) TADF complexes such a 
situation has not been reported  so far. 36,37  
Accordingly, developing TADF Cu(I) emitters that show radiative emission decay 
times of t r(TADF) shorter than about 5 ms is very difficult and requires nontrivial 
approaches.36,37 It is the main intention of this chapter to present a new and presumably 
general strategy to increase the radiative rate kr(S1� S0) while maintaining DE(S1-T1) 
small. Indeed, this is successful and leads to benchmark TADF decay times as short as 
t  = 1.2 ms (t r = 1.5 ms). This strategy is exemplified by designing a new type of di-
nuclear Cu(I) complexes.  
The new strategy is inspired by the well-known Davidov model129-132 that is applied 
here for the first time to TADF materials. The original Davidov model is related to two 
equal, symmetry related molecules that are sitting in a unit cell of a crystal. The 
transition dipole moments ;< referring to transitions between an excited singlet state 
and an electronic ground state of these two molecules can couple by adding and 
subtracting the transition dipole moment vectors, respectively. Thus, one obtains two 
modified transition dipoles for the coupled situation that are related to two energy 
states, S1 and S2. Guided by this idea, a specific Cu(I) monomer complex was designed 
that exhibits low-lying metal-to-ligand CT (MLCT) transitions and that can be 
modified by attaching a second quasi-monomer unit in an almost linear substitution to 
give a dimer. This approach is schematically presented in Figure 3.1.  
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Figure 3.1: Schematic guiding model for a Cu(I) dimer with a left(L)-right(R) 
inversion symmetry relation. For this dimer, one finds a distinctly faster rate of the 
S1� S0 transition than for a related monomer, however, maintaining a small DE(S1-T1) 
energy gap. The model does not provide the sequence of the two singlet states S1 and 
S2 of the dimer. However, TD-DFT calculations, as discussed below, will show that 
the S1(

1MLCT) dimer state will be the lower one in energy. The triplet states are not 
discussed in this guiding model. TD-DFT calculations place them energetically below 
but near to the singlets (see below). kr is the radiative rate that is proportional to the 
squared transition dipole moment. 

According to the schematic model, the dimer D consists of the “left” and the “right” 
copy of the quasi-monomer M.38 Both are related by an inversion (i) symmetry that 
lies in the center of the benzene ring of the dimer D. Each quasi-monomer exhibits a 
1MLCT «  S0 transition dipole, however, oriented in a parallel and an anti-parallel way, 
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respectively. They will couple and, thus, generate two resulting dimer transition 
dipoles S1 «  S0 and S2 «  S0. As illustrated in Figure 3.1, the transition dipoles of the 
two quasi-monomers =><�?�  can essentially cancel for one of the symmetry-adapted 
states to give ;<@�A�� �  0, but add to an approximately twice as large transition dipole 
=><� �A� .  2=><� ? � �for the other symmetry-adapted state. As a consequence of the latter 
situation, it is expected to find a coarsely four times faster radiative rate for the dimer 
in comparison to the monomer. It is remarked that similar considerations can also 
apply in other (approximate or quasi) 2-fold symmetry situations. Below, the model’s 
validity will be demonstrated by a TD-DFT approach. Further, in section 8 of the 
supplementary information,38 the guiding model is illustrated in a simple orbital model.   
In addition to the guiding model, it is expected to have two energetically low-lying 
triplet states. However, although this guiding model should not be over-interpreted, the 
model would predict only very small changes of the triplet state properties, since the 
corresponding transition dipole moments are very small.129-132 Moreover, since spin-
orbit coupling (SOC) is a short-range interaction, significant changes of the triplet 
state properties due to coupling between the “left” and the “right” centers are not 
expected.  
In a particularly favorable situation, the S1 dimer state, the one that carries the faster 
radiative rate, represents the energetically lower lying singlet state. In this situation, it 
is expected to find a small DE(S1-T1) gap combined with a high S1� S0 oscillator 
strength. 
Indeed, using this schematic guiding model, a benchmark Cu(I) dimer can be realized 
that shows the one of the shortest radiative TADF decay time found for Cu(I) 
complexes so far,118 amounting to a value lying only slightly above 1 ms. 
For completeness, it is referred to a different design approach that has been applied 
recently to organic TADF molecules to keep large oscillator strengths when reducing 
the DE(S1-T1) gap. For example, for accordingly designed coplanar donor-acceptor 
molecules, one finds a large (calculated) oscillator strength being as high as ƒ = 0.8 at 
a gap of about 0.4 eV. Even at this large gap, it is still possible to observe TADF that 
decays in a millisecond range.133  

This chapter is organized as follows: In the first part, an adequate monomer is 
presented and will be characterize by TD-DFT model calculations as well as by 
photophysical studies, while the focus of this chapter lies in section 3.4, where a series 
of dimer molecules is described that indeed represent benchmark materials. In section 
3.6, the obtained results were compared to a series of other Cu(I) compounds.  
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3.1 Monomer Cu(dppb)(PPh3)Cl  

3.1.1 Synthesis and chemical characterization 
�

The chemical structure of compound 5 is reproduced in Figure 3.2. 

Synthesis, chemical characterization, and X-ray structure data of compound 5 were 
provided by Dr. Alfiya F. Suleymanova and Marsel Z. Shafikov38 and are summarized 
in the SI sections 1 and 2 of ref. 38. 

 

P
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Figure 3.2: Chemical structure of Cu(dppb)(PPh3)Cl 5 

3.1.2 DFT and TD-DFT calculations of the monomer Cu(dppb)(PPh3)Cl  
�

DFT/TD-DFT calculations, carried out with the NWChem 6.5 code82 at the 
B3LYP/def2-SVP level of theory80,81 for the optimized triplet state geometry (if not 
mentioned otherwise), give the NTOs (natural transition orbitals) as reproduced in 
Figure 3.3. The optimized triplet T1 state geometry is used, because the focus is on 
emission properties. Further, it is assumed that the lowest singlet state S1 geometry is 
similar to the T1 state geometry, because in the latter one both states result from a 
transition between largely the same orbital contributions (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 orbitals) referring to the S1 
(1MLCT) state (iso-value = 0.04). These orbitals are mainly composed of the highest 
occupied orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 
Cu(dppb)(PPh3)Cl 5, respectively. The NTOs of the T1 state (not shown) are almost 
identical to the ones reproduced for the S1 state. Further MOs are displayed in Figure 
SI-12 of ref. 38. The calculations were performed at the B3LYP/def2-SVP level of 
theory for the optimized gas phase T1 state geometry. All hydrogen atoms are omitted 
for clarity.  
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TD-DFT calculations show that the transition between NTOs, as displayed in Figure 
3.3, represents a charge transfer (CT) transition with dominant charge rearrangements 
from Cu (40 %), P (27 %), and Cl (12 %) (charge contributions as calculated for the 
distribution of the HOMO) to the benzene ring. The TD-DFT calculations reveal that 
the resulting 3MLCT (T1) and 1MLCT (S1) states are of 98.6 % and 99.3 % of 
HOMO� LUMO character, respectively. (Table SI-5 of ref. 38) Therefore, the 
corresponding NTOs essentially represent HOMO (hole) and LUMO (electron), 
respectively. In Figure 3.3, only the NTOs for the S1 state are reproduced, since those 
referring to the T1 state are almost identical. However, both states exhibit an energy 
difference of 57 meV (460 cm-1).  
The TD-DFT calculated DE(S1-T1) value amounts to 460 cm-1 (57 meV). This 
indicates already that an occurrence of TADF at ambient temperature can be expected. 
As will be shown below, the experimentally determined activation energy is very close, 
amounting to 490 cm-1 (61 meV). The next higher lying states, T2 and S2 (calculated in 
the T1 optimized geometry), are found by 0.56 and 0.59 eV higher in energy than T1 
and S1, respectively. (See Table SI-5 of ref. 38) Thus, T2 and S2 are well separated 
from T1 and S1 and will not be involved in the thermal activation process. For a later 
comparison, the oscillator strength of the S0� S1 transition will be determined. Since 
this value depends distinctly on the geometry of the complex and, in particular, on 
distortions that occur upon excitation, it will be referred in this case to the ground state 
S0 geometry. The corresponding value amounts to ƒ(S0� S1, monomer) �  0.01269. 
(Table SI-3 of ref. 38.) 

3.1.3 Photophysical studies of the monomer Cu(dppb)(PPh3)Cl  
�

In Figure 3.4a, absorption and emission spectra are displayed for the monomer 
compound 5. In the lower wavelength range up to �  300 nm intense absorption bands 
are seen. They are assigned to p� p* transitions of the dppb and the PPh3 ligand. The 
broad shoulder between about 350 nm and 410 nm is attributed to electronic 
transitions being assigned to S0 �  1MLCT transition(s). As powder, complex 5 shows 
green-blue emission at ambient temperature with an emission quantum yield of F PL = 
58%. The emission maxima are found at 548 nm (300 K) and 566 nm (10 K).  The 
bands are broad and unstructured even at T = 10 K or 1.6 K. An unstructured shape is 
typical for charge transfer (CT) transitions. This result excludes an assignment to 
ligand localized (LE) transitions.  
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Figure 3.4. (a) Absorption spectrum of compound Cu(dppb)(PPh3)Cl 5 dissolved in 
chloroform c �  10-5 mol/L (T = 300 K) and emission spectra of the powder at 300 K 
(solid blue line) and 10 K (dashed blue line), respectively. Excitation wavelength � exc 
= 330 nm. (b, c) Emission decay curves and decay times of Cu(dppb)(PPh3)Cl 5 
powder at different temperatures. � exc = 378 nm, � det = 550 nm, and excitation pulse 
width < 100 ps for all decay curves. Properties of the nonmono-exponential decay 
curve measured at T = 1.5 K are discussed in SI section 4 of ref. 38. Note the different 
time scales in b and c. 
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The unstructured spectral form is a consequence of strong structural reorganizations 
upon excitation induced by a distinct change of electron density and the involvement 
of a large number of vibrations and local phonons in the Franck-Condon transitions. A 
similar behavior is found for almost all Cu(I) complexes.34-37,39,40,43,49,56-59,98 It is 
mentioned that the emission of compound 5 dissolved in chloroform is almost 
quenched, showing a quantum yield of F PL < 1 %. The situation is similar for 
compound 6.  
The shift of the peak maximum from 566 nm at T = 10 K to 548 nm at 300 K by 18 
nm (580 cm-1, 72 meV) is rationalized by the occurrence of a thermally activated 
emission from the energetically higher lying S1 state to the electronic ground state S0, 
representing a TADF emission at ambient temperature. This assignment is strongly 
supported by the drastic decrease of the emission decay time from t  = 2.45 ms at T = 
10 K to 6 ms at 300 K as displayed in the Figure 3.4b, c. These figures reproduce the 
emission decay times measured at different temperatures. At T = 1.5 K, the decay is 
strongly non-mono-exponential indicating that fast thermalization does not occur 
between the involved states (see below). However, above T = 10 K, the mono-
exponential part strongly prevails induced by fast thermal equilibration processes. In 
this situation, a plot of the emission decay times versus temperature follows a 
Boltzmann-type behavior. 
In the temperature range �  10 K �  T �  50 K, one finds a plateau that is determined by 
the T1� S0 phosphorescence process with a very long decay time of t (T1) = 2450 ms. 
(Figure SI-15 of ref. 38) This demonstrates weak SOC between the T1 state and higher 
lying singlet states. The S1 state, lying energetically proximate, is not active with 
respect to SOC due to the El-Sayed-forbiddenness.12,97,134 (For further discussion see 
the SI section 4 of ref. 38) With growing temperature, the S1 state is increasingly 
populated and the complex’ decay time decreases drastically to t (TADF) = 6 ms at 
ambient temperature. (Figure 3.4b, c) 
By use of the relation of kr = F PL·  t

-1 with kr being the radiative emission decay rate, it 
is found that the radiative decay rate increases by a factor of 300 from 3.2 · 102 s-1 at T 
= 10 K to 9.7 ·  104 s-1 at T = 300 K. (The quantum yield at T = 300 K and 77 K has 
been determined to 58 % and 78 %, respectively. For an estimate of the 10 K rate, it is 
assumed that F PL is the same as measured at 77 K.) The large rate increase is a 
consequence of the S1(

1MLCT) state population from the T1(
3MLCT) state with 

temperature increase and a fast S1� S0 decay. This represents a typical TADF behavior.  

For completeness it is mentioned that although the radiative rate increases by a factor 
of 300 with temperature increase from T = 77 K to T = 300 K, the emission quantum 
yield becomes even lower. A similar behavior has been observed for almost all Cu(I) 
TADF complexes investigated so far.36,37,49 Obviously, with increasing temperature 
additional nonradiative decay paths are activated via population of the S1 state and/or 
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higher lying vibrational states. (Compare also refs. 94, 135 and 136.) Thus, the 
nonradiative rate increase overbalances the radiative rate increase. 
From a fit procedure using a Boltzmann-type equation (see section 3.4 and SI section 4 
of ref. 38), important photophysical parameters for compound 5 can be determined. In 
particular, an activation energy of DE(S1-T1) = 490 cm-1 (61 meV) is found. Similar 
values were found by the TD-DFT calculation and the shift of the emission peak 
maximum. (Figure 3.4a) In many respects, the properties of compound 5 are similar to 
those found for Cu(dppb)(pz2Bph2), a complex with the same chromophoric ligand 
dppb and with pz2Bph2 = diphenylbis-(pyrazol-1-yl)borate.36,37,98 For compound 5, the 
fit procedure allows us also to estimate the radiative rate corresponding to the prompt 
fluorescence to kr(S1� S0) �  1.9 ·  106 s-1 (from the fit value of k(S1� S0) = 3.3 ·  106 s-1 

and F PL(300 K) = 58 %). This value will be later used for a comparison with the rate 
of the Cu(I) dimer. For completeness, it is mentioned that the prompt fluorescence is 
not observed directly due to a time resolution of our equipment in the ns region. The 
ISC from S1 to T1 is much faster, it lies in the 10 ps time range.85,105,137 
In Figure 3.5, important emission data of compound 5 are summarized in an energy 
level diagram.  
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Figure 3.5: Schematic energy level diagram with state-related decay rates or times of 
Cu(dppb)(PPh3)Cl 5 powder. The decay time at T = 77 K with t (77 K) = 1860 ms is 
distinctly shorter than at T = 10 K. (Figure 3.4b, c) This indicates that TADF emission 
is already important at T = 77 K. Note, the higher lying states S2 and T2 (Table SI-5 of 
ref. 38) are too high in energy to be involved in the thermal activation processes. The 
0-0 energy of the T1� S0 transition is estimated from the blue flank of the 10 K 
emission spectrum. (Figure 3.4a) The 10 K phosphorescence decay time corresponds 
to a low-temperature plateau. The individual decay times of the triplet substates I, II, 
and III are determined to t (I) = 5.9 ms, t (II) = 2.6 ms, and t (III) = 1.5 ms, respectively. 
(See SI section 4 of ref. 38 and also section 3.4.) 
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3.2. Dimers Cu2(tppb)(PPh3)2X2 with X = Cl 6, Br 7, I 8, and NCS 
9  
3.2.1 Syntheses and chemical characterizations 
�

The chemical structure of the dimer compounds is displayed in Figure 3.6.  

Cu
P P
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Ph2

Ph2

P
Ph2
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Figure 3.6: Chemical structure of the dimer compounds Cu2(tppb)(PPh3)2X2. 

 

Syntheses, chemical characterizations, X-ray structure data, and UV spectra for all 
four dimer compounds were done by Prof. Rongmin Yu et. al.38 and are given in the SI 
sections 1 and 2 of ref. 38. Photophysical investigations reveal that the emission 
properties of all four compounds are similar. Therefore, mainly characteristics of 
compound 6 Cu2(tppb)(PPh3)2Cl2 will be discussed here as a representative example 
and a short comparison with the other compounds will be given at the end of this 
section. Photophysical details for all four compounds are summarized in the SI section 
5 of ref. 38. 

 

3.2.2 DFT and TD-DFT calculations for the representative dimer 
Cu2(tppb)(PPh3)2Cl2 6 
 
For a first insight into the electronic structure of compound 6, the NTOs for the two 
lowest symmetry-related singlet states are reproduced as resulting from DFT/TD-DFT 
calculations with the NWChem 6.5 code82 at the B3LYP/def2-SVP level of theory80,81 
for the optimized triplet state geometry (in gas phase). (Figure 3.7) Also here, it is 
assumed that the geometry of the T1 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) for the singlet states S1 and 
S2 of Cu2(tppb)(PPh3)2Cl2 6 estimated by the “Chemissian” program from the output of 
a TD-DFT calculation conducted at the relaxed T1 state geometry. The NTOs of the 
related triplets, T1 and T2, are similar to those of the corresponding singlets and 
therefore, are not reproduced. Remark: In an assumed Ci point group, the inversion 
center i lies in the center of the benzene ring. Thus, the hole NTO of the S1 state, 
mainly composed of the HOMO, displays an even (gerade) symmetry, while the hole 
NTO of the S2 state, mainly composed of HOMO-1, shows an odd (ungerade) 
symmetry. The electron NTOs of both S1 and S2 states are composed of the LUMO 
and feature odd (ungerade) symmetry. 
�

The calculations show that the transitions between the NTOs, as displayed in Figure 
3.7, are also of CT character with essential charge transfer from Cu (35 %), P (27 %), 
and Cl (12 %) (charge contributions as calculated for the distribution of the HOMO) to 
the benzene ring, again abbreviated as MLCT transitions. The TD-DFT calculations 
reveal that the resulting 3MLCT (T1) and 1MLCT (S1) states are of 98.5 % and 99.1 % 
of HOMO� LUMO character, respectively. (Table SI-9 of ref. 38) Therefore, the 
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corresponding NTOs represent essentially HOMO (hole) and LUMO (electron), 
respectively (Table SI-9 of ref. 38). Equivalent considerations apply for the states T2 
and S2. In Figure 3.7, only the NTOs for the S1 and the S2 state are reproduced, since 
those of the T1 and T2 states are almost identical to the respective singlets. All states 
exhibit different energies. In particular, the energy splitting of the two singlets is 
relatively small and amounts to 	 E(S2-S1) = 1105 cm-1 (137 meV). Further energies 
are summarized in Table 3.1 relative to the energy of the lowest lying triplet state T1.  
In the subsequent discussion, the focus is on the four lowest lying states, since the 
energetically next states are found at distinctly higher energies. (See Table SI-9 of ref. 
38.) 

Table 3.1: Lowest excited states of Cu2(tppb)(PPh3)2Cl2 6, their main orbital 
characters, the oscillator strengths for the transition to the electronic ground state S0, 
and energy separations relative to the T1 state based on TD-DFT calculations at the 
B3LYP/def2-SVP level of theory for the T1 state optimized geometry in gas phase for 
vertical excitations. (Compare also Table SI-9 of ref. 38.) 

state transition 
Dipole oscillator 
strength ƒ 

DE from T1 

T1 98.5 % HOMO� LUMO � � 

S1 99.1 % HOMO� LUMO 0.04380 62 meV (500 cm-1) 

T2 97.9 % HOMO-1� LUMO � 114 meV (920 cm-1) 

S2 99.0 % HOMO-1� LUMO 0.00011 199 meV (1605 cm-1) 

  

Particularly instructive is the information obtained from TD-DFT calculations. In 
contrast to the monomer, more energy states in a relatively small energy range of 
about 2000 cm-1 (250 meV) above the lowest T1 state are found, as summarized in 
Table 3.1. Here, not the absolute calculated transition energies are reproduced, but 
energy separations to the lowest 3MLCT (T1) state. These states essentially govern the 
TADF behavior. In contrast to absolute energies, energy separations are frequently 
displayed with acceptable accuracy by TD-DFT calculations.138-140 For example, the 
experimental and the calculated value for 	 E(S1-T1) amount to 48 meV (390 cm-1) (see 
below) and 62 meV (500 cm-1) (Table 3.1), respectively. 
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3.3 TD-DFT calculations and guiding model 
�

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

(i) The lower lying singlet state S1 represents the one that refers to the 
transition from the HOMO (with significant metal character) of gerade 
symmetry (in the (approximate) Ci point group) �  the LUMO (mainly 
located at the benzene ring). (Figure 3.7) The related allowedness with an 
oscillator strength of ƒ(S1-S0) = 0.0438 is relatively large (Table 3.1). In 
particular, this result is of importance for optimizing the TADF properties.  

(ii)  The allowedness of the S2� S0 transition of the guiding model molecule is 
zero. Indeed, the TD-DFT calculation gives a very small value for the 
oscillator strength of ƒ(S2� S0) = 0.00011 for a geometry that is slightly 
deviating from the Ci symmetry. This calculated value is a factor of 400 
weaker than determined for the S1� S0 transition. (Table 3.1)  

(iii)  The guiding model predicts a relatively small energy separation between the 
related S1 and S2 states of similar origin. In fact, the calculated DE(S2-S1, 
dimer) of 137 meV (�  1100 cm-1) is small (Table 3.1) indicating weak 
interactions between the two quasi-monomers.  In contrast, the monomer 
exhibits a much larger energy separation of DE(S2-S1, momomer) = 590 
meV (4760 cm-1). (Figure 3.5) In this latter situation, the two singlets 
involve different excitations representing HOMO �  LUMO and HOMO �  
LUMO+1 character, respectively.  

(iv) The most important prediction of the guiding model is an increase of the 
oscillator strength of the dimer compared to the one of the monomer. If it is 
take into account that the oscillator strength is proportional to the squared 
transition dipole moment�B=><B@ 94, the dimer should exhibit an oscillator 
strength being a factor of 4 higher. For this comparison, the S0 state 
geometry optimized values will be used again to be independent from 
differences of the oscillator strength values that are induced by the 
differences in geometry distortions upon excitation. For the dimer, ƒ(S0� S1, 
dimer) = 0.04988 (Table SI-7 of ref. 38) and for the monomer ƒ(S0� S1, 
monomer) = 0.01269 (Table SI-3 of ref. 38) is found. Indeed, the TD-DFT 
calculated value for the dimer is by a factor of 3.93 larger than the one of the 
monomer, just as predicted.  
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Obviously, this latter result should be compared to the experimental situation. It will 
be shown below that the increase of the radiative rate is even slightly more favorable. 
In particular, the strong increase of the radiative S1� S0 rate, combined with a small 
energy separation DE(S1-T1), leads to the drastic decrease of the TADF decay time 
resulting in a measured record value for the Cu(I) dimer 6 of only t (TADF) = 1.2 ms or 
for the radiative decay time of t r(TADF) = 1.5 µs. 

3.4 Photophysical studies of the dimer Cu2(tppb)(PPh3)2Cl2  

  
In this section, photophysical properties of Cu2(tppb)(PPh3)2Cl2 6 are discussed. Figure 
3.8 reproduces absorption and emission spectra. The absorption shows intense bands 
below about 400 nm that are assigned to 
�
 * transitions of the tppb and the PPh3 
ligand, while the weaker band in the wavelength range between about 400 nm and 480 
nm is assigned to MLCT transitions (with some Cl- and P-orbital contributions).38 
These characterizations are substantiated by the TD-DFT calculations as presented in 
the previous sections. 

 

Figure 3.8. Absorption spectrum of Cu2(tppb)(PPh3)2Cl2 6 dissolved in chloroform c �  
10-5 mol/L (300 K) and emission spectra of neat powder (� exc = 375 nm) and doped in 
PMMA with c �  1 w% (� exc = 330 nm), respectively, measured at different 
temperatures. Absorption spectra of all investigated dimer compounds were provided 
by Prof. Rongmin Yu et. al.38   

The emission spectra, displayed for 300 K and 10 K, are broad and unstructured as 
expected for CT transitions, similarly as found for the monomer. Also for the dimer, 
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no indication is found for an involvement of an emitting state of 3LE character. The 
emission quantum yield of the powder of compound 6 is with F PL = 80 % at T = 300 K 
significantly higher than the yield of 6 doped in PMMA (F PL = 50 %). A similar 
behavior has been reported frequently for other Cu(I) complexes and has been 
rationalized by the higher rigidity in the crystalline environment as compared to the 
“softer” cage provided by the PMMA matrix.36,37,49,59,61 Cu(I) compounds have the 
tendency to exhibit extensive geometry distortions upon MLCT excitation from a 
quasi-tetrahedral coordination towards a square-planar one. This leads to more distinct 
nonradiative relaxations from the excited state to the electronic ground state S0, since 
in the distorted case, the Franck-Condon (FC) factors of the energetically higher lying 
vibrational wavefunctions of the electronic ground state and the lower lying ones of 
the excited state are significantly larger than in a nondistorted situation.94 These FC 
factors govern the nonradiative rate knr.94,135,136 As a consequence, the more rigid the 
cage of the environment (external rigidity) the higher is the emission quantum yield. 
Just this behavior is observed for compound 6. For completeness, it is mentioned that 
the rigidity of the molecule itself (internal rigidity) can be equally important as has 
been reported for Cu(I)52,59 and Ag(I)36,60,61 complexes with emission quantum yields 
of up to F PL = 76 % even in fluid solution and of 100 % in a crystalline environment, 
respectively.141 An increase of internal rigidity seems in part to be responsible for the 
higher quantum yield of compound 6 than of 5. (See also below.)The observed blue 
shift of the emission by 19 nm (552 cm-1, 68 meV) from T = 10 K to 300 K (Figure 3.8) 
of the powder of compound 6 indicates already the occurrence of TADF emission at T 
= 300 K. This, however, is mainly substantiated by the drastic increase of the radiative 
rate. At T = 10 K, one observes a long-lived T1� S0 phosphorescence with t (10 K) = 
2.3 ms (Figure 3.9a) giving the radiative rate kr(10 K) = 4.1·102 s-1 (at F PL = 95 %, 
assuming the same value as measured at T = 77 K), while up to 300 K with t  = 1.2 µs 
and F PL = 80 %, the radiative rate grows in to kr(300 K) = 6.7·105 s-1. (Figure 3.9) 
Hence, one finds an increase by a factor of more than 1600. Obviously, a different 
transition becomes involved at higher temperature, representing the S1� S0 transition 
and thus, the typical TADF behavior. Figure 3.9 displays the emission decay time and 
behavior of compound 6 at different temperatures. Above T �  10 or 15 K, thermal 
relaxation between the involved excited states is faster than the individual emission 
decay times. Thus, a largely mono-exponential decay is observed. This is 
representative of a Boltzmann distribution between the substates of the triplet state T1 
and the S1 state. On the other hand, the distinctly nonmono-exponential decay, as 
found at T = 1.5 K (Figure 3.9a), displays a nonthermalized situation, as will be 
explained below. Slight deviations from a strict mono-exponential decay in the 
temperature range �  40 K �  T �  �  100 K are a consequence of slight DE(S1-T1) 
inhomogeneities that are observable in the range of  drastic t decrease as seen in 
Figure 3.10. 
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Figure 3.9: Emission decay curves and decay times of Cu2(tppb)(PPh3)2Cl2 6 powder 
at different temperatures. � exc = 378 nm, � det = 570 nm, and excitation pulse width < 
100 ps for all decay curves. Note the different time scales in both figures. 
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Figure 3.10 reproduces a plot of the experimentally determined emission decay times 
t (T) versus temperature. In the temperature range �  10 K �  T �  40 K, a plateau is 
observed with t = 2.3 ms characterized by the T1 phosphorescence. In this range, no 
other emitting state is involved. This decay time belongs to the longest values 
compared to other Cu(I) complexes reported so far.36,37,49,98 Accordingly, the triplet 
state T1 experiences only very weak SOC to higher lying singlet state(s). Indeed, 
according to the TD-DFT calculations (SI section 3 of ref. 38), the nearest state that 
exhibits a different d-orbital occupation than the state S1, being the S3 state, is 
energetically not very proximate (�  490 meV, �  3900 cm-1) and furthermore, it carries 
only very low oscillator strength (ƒ = 0.00068, Table SI-9 of ref. 38). Thus, a quantum 
mechanical admixture of S3 to T1 has only insignificant consequences.  
With temperature increase above T �  40 K, the decay time decreases drastically 
according to the population of the energetically higher lying S1 state and, finally, at 
ambient temperature leads to an emission decay time of t (300 K) = 1.2 ms (t r(300 K) = 
1.5 ms). The corresponding emission represents almost completely an S1� S0 TADF 
emission.  

 

 

Figure 3.10: Temperature dependence of the emission decay time of 
Cu2(tppb)(PPh3)2Cl2 6 powder. The solid red line represents a fit of eq. (3.1) to the 
experimental data.  
The experimental data set, as displayed in Figure 3.10, can be fitted by a Boltzmann-
type equation (eq. (3.1)) to elucidate important molecular parameters36,37  
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Herein, t (T) is the measured emission decay time at a given temperature. DE(S1-T1) is 
the activation energy from the T1 state to the S1 state. k(T1) and k(S1) are the rates of 
the transitions to the S0 state and kB is the Boltzmann constant. For this two-level 
approach, it is assumed that the splitting of the T1 state into three substates can be 
ignored (but see below in this section). 
The fit of eq. (3.1) to the measured decay times is remarkably good. Accordingly, 
important molecular parameters for compound 6 can be determined, as summarized in 
Figure 3.10. In particular, the activation energy is determined to DE(S1-T1) = 390 cm-1 

(48 meV). This value belongs to the smallest values reported for Cu(I) complexes so 
far.16,17,36,37,49,98 It is smaller than found for the monomer 5 with a splitting of 490 cm-1, 

being even in line with the prediction of our simple guiding model. The rate for the 
S1� S0 transition is found to k(S1) = 1.4·107 s-1 (71 ns). A corresponding prompt 
fluorescence is not observed with our ns time resolution, since the S1 to T1 ISC time is 
by more than three orders of magnitude faster.32,85,105 By use of the relation of kr = 
F PL·k and with F PL(300 K) = 80 %, the radiative rate can be estimated to kr(S1� S0) = 
1.13·107 s-1. This value is by a factor of about six times faster than found for the 
monomer and, thus, even slightly exceeds the value predicted by the guiding model. 
This result is very advantageous having the designing aim of developing a material 
with short TADF decay time in mind. (See also below.) 
For completeness, the emission decay behavior at T = 1.5 K will be discussed shortly. 
(Figure 3.9a) At this temperature, the decay properties are characteristic of the 
individually emitting triplet substates I, II, and III, if they experience only very weak 
SOC to higher lying singlets and triplets.36,37,106,107 Hence, long emission decay times 
and small zero-field splittings of DE(ZFS) �  1 cm-1 (�  0.1 meV) are found.107,142 In 
particular, at such small DE(ZFS) values, relaxation between the triplet substates is 
slow at low temperature.17,35,50,87,106,107,142 This is the reason, why individual triplet 
sublevels decays with t (I), t (II), and t (III) occur. However, with temperature increase, 
for example, to T = 10 K, the relaxation becomes fast with respect to the substate 
decay times. For the dimer compound 6 (and also for the monomer compound 5), the 
relevant mechanism is presumably the Raman effect of spin-lattice relaxation 
(SLR).32,101,106,143 Thus, in the equilibrated situation, one observes an average decay 
time t av according to eq.(1.2)32,104� t av can be identified with the emission decay time of 
2.3 ms corresponding to the low-temperature plateau. (Figure 3.10) If the two decay 
components observed at T = 1.5 K of 1.4 ms and 4.8 ms (Figure 3.9a) are further 
identified to two individual triplet substate decay times, it is possible to estimate the 
third decay time to 2.6 ms.  
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The presented discussion shows that the triplet state phosphorescence behavior of the 
dimer 6 is largely the same as found for the monomer 5. Apparently, the interaction of 
the two molecular moieties in the dimer has almost no influence on SOC experienced 
by the lowest triplet substates. This is due to almost vanishing two-center integrals. 
Obviously, this behavior is in contrast to the situation for the singlet states. 

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

 

Figure 3.11: Schematic energy level diagram with state-related decay rates or times of 
Cu2(tppb)(PPh3)2Cl2 6 powder. Note, the higher lying states S2 and T2 (Table 3.1) are 
energetically too far to be directly involved in the emission process. The 0-0 energy of 
the T1� S0 transition is estimated from the blue flank of the 10 K emission spectrum. 
(Figure 3.8) The individual decay times of the triplet substates I, II, and III have been 
determined from the 1.5 K decay curve (Figure 3.9a). t av is the average decay time that 
refers to the emission decay plateau found for �  10 K �  T �  40 K.   

3.5 Comparison of photophysical properties of the different 
dimers studied  
 
Photophysical investigations were carried out for all four dimer complexes by 
methods as described in the previous sections. The resulting data are 
summarized in Table 3.2. 
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Table 3.2: Summary of photophysical data of the powder materials 6 - 9. (For further data see Table SI-16 of ref. 38.) 

�
Cu2(tppb)(PPh3)2Cl2 6 
powder 

Cu2(tppb)(PPh3)2Br2 

7 
powder 

Cu2(tppb)(PPh3)2I2 8 
powder 

Cu2(tppb)(PPh3)2(NCS)2 9 
powder 

l max(300 K) / nm� 577 569 562 564 
F PL(300 K) / %� 80 80 82 84 
t (300 K) / ms� 1.2 1.4 1.2 1.3 
kr(300 K) / s-1 6.7�105 5.7�105 6.8�105 6.5�105 
knr(300 K)a / s-1 1.7�105 1.4�105 1.5�105 1.2�105 
l max(10 K) / nm� 596 571 567 581 
F PL(77 K) / %� 95 90 90 94 
t (77 K) / ms� 275 200/2300d 98 170 
t (plateau, 10/15 K)b / ms� 2.3 -e 0.19 2.6 
kr(plateau, 10/15 K)c / s-1 4.2�102 -e 4.7�103 3.6�102 
knr(plateau, 10/15 K)a,c / s-

1 0.22�102 -e 5.3�102 0.23�102 

DE(S1- T1)
b / cm-1� 390 -e 370 370 

kr(S1� S0)
b / s-1 11.3�106 -e 12.3�106 15.1�106 

 

a. The non-radiative rate is expressed by  knr = (1 - F PL)/t .  
b.  Obtained from a fit using eq.(1).  
c.  For this approach, it is assumed that F PL(10 K) �  F PL(77 K, measured).  
d. Bi-exponential decay.  
e.  Strongly non-mono-exponential decay. 
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A comparison shows that all compounds emit at similar wavelengths with maxima 
between � max = 562 and 577 nm and exhibit almost the same emission quantum yields 
at T = 300 K between F PL = 80 and 84 % and at 77 K between F PL = 90 and 95 %. 
Also the relevant parameters that are responsible for the landmarkingly short t (TADF) 
decay times, amounting to 1.2 to 1.4 ms, are similar. In particular, DE(S1-T1) values lie 
between 370 cm-1 (46 meV) and 390 cm-1 (48 meV). Also the radiative rates of the 
singlet S1 to the singlet S0 transition vary only slightly from kr(S1� S0) �  1.1·107 to 
1.5·107 s-1 and, thus, are much faster than found for other Cu(I) complexes 
reported36,37,49 that show similarly small DE(S1-T1) values. 
However, one parameter of this series deviates significantly. The phosphorescence 
decay time, measured at a temperature below about T = 40 K (� (plateau), compare 
Figure 3.10), is by factor of more than ten shorter for the iodide complex (compound 8) 
than for the other dimers. This is assigned to result from more effective SOC to the T1 
state. The higher SOC may be induced by the iodide atom that shows a large SOC 
constant of x = 5069 cm-1 144 compared, for example, to Cl with x = 587 cm-1 144. On 
the other hand, SOC may also be enhanced due to the smaller ligand field strength of 
the I- compared to the Cl-bond,99 because this reduces the d-orbital splitting and, 
hence, the energy separation between the T1 state and that higher lying singlet state 
that is relevant for SOC (S3 state for compound 6). A deeper discussion of this aspect 
is beyond the subject of the study. 

 
3.6. Highlights of the guiding-model dimers 
 
The Cu(I) dimers presented in this work show distinctly shorter TADF emission decay 
times than reported for most other Cu(I) compounds so far. This property is crucial if 
the OLED device lifetime or the roll-off behavior are addressed.125 The TADF decay 
time depends essentially on DE(S1-T1) and kr(S1� S0). These parameters should be as 
small and as fast as possible, respectively. (Compare eq. (3.1)) In Table 3.3, important 
parameters for the monomer 5 and the related benchmark dimer 6 are compared. 
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Table 3.3: Summary and comparison of photophysical data of the monomer 5 and the 
dimer 6 

powder Cu(dppb)(PPh3)Cl 5 Cu2(tppb)(PPh3)2Cl2 6 

l max(300 K) 548 nm 577 nm 

F PL(300 K) 58 % 80 % 

t (TADF, 300 K) 6 ms 1.2 ms 

kr(TADF, 300 K) 9.7�104 s-1 67�104 s-1 

knr(300 K) 7.0�104 s-1 17�104 s-1 

DE(S1- T1) 490 cm-1 390 cm-1 

kr(S1� S0) 1.9�106 s-1 11.3�106 s-1 

ƒcal(S1 – S0)
a 0.0127 0.0499 

t (T1, 15 K) 2.45 ms 2.3 ms 

a. Calculated for the ground state S0 geometry; compare Tables SI-3 and 
SI-9 of ref. 38. 

 

The guiding model predicts an increase of the important allowedness of the S1 ®  S0 
transition by a factor of four (section 3.3). This is largely reproduced by TD-DFT 
calculations that indicate a factor of 3.9 increase, while the experimental value is even 
by a factor of about 6 larger. (Table 3.3) This tells us that the guiding model leads us 
to very valuable material design rules. However, the model should not be 
overestimated quantitatively. Interestingly, the singlet-triplet gap is also distinctly 
smaller for the dimer 6 with DE(S1-T1) = 390 cm-1 than for the monomer 5 with a 
splitting of 490 cm-1. This behavior is at least not in contradiction to the guiding 
model, because the singlet energy splitting of the dimer shifts the resulting lower lying 
singlet to lower energy towards the T1 state. In particular, these two parameters, the 
energy gap DE(S1-T1) and the radiative rate kr(S1� S0), highlighted in Table 3.3, are 
responsible for the very short TADF decay time of 1.2 ms (t r(TADF) = 1.5 ms).�
For completeness, it is mentioned that the triplet T1 (phosphorescence) decay time is 
not altered distinctly if dimer and monomer are compared. Also this behavior is not in 
contradiction to the guiding model, since a significant interaction between the triplets 
or changes of the SOC strength are not expected. The observed increase of the 
emission quantum yield from F PL(monomer) = 58 % to F PL(dimer) = 80 % may be a 
consequence of the higher dimer transition rate at ambient temperature (factor �  7) and 
the higher rigidity of the dimer structure in the crystalline environment as compared to 
the monomer structure.  
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Figure 3.12: Radiative decay rate kr(S1-S0) plotted versus the energy splitting DE(S1 -
T1) between the lowest excited singlet S1 and triplet T1 state. The black point data are 
reproduced from Table SI-1736. The green and red point data refer to the monomer 5 
and the dimer 6, respectively. The curve represents an exponential fit function to guide 
the eye. 

 

Moreover, it is instructive to compare the properties of the dimer 6 to a trend which 
relates the energy separation DE(S1-T1) to the radiative rate of the S1� S0 

transition.36,37 This trend, as displayed in Figure 3.12 for a large number of Cu(I) 
monomers and dimers, is related to simple quantum mechanical considerations. In a 
situation in which the S1 and T1 states are described by a transition from HOMO j H to 
LUMO j L, the radiative rate and the singlet-triplet splitting, respectively, can be 
expressed by: 36,37,145,146  

�������������������G� � � ' � ) � . # � HI J K � ,<� �,<�JL� ,<� �* 3,� H
@

��������������������������������������� ����� 

and 

�D � � � ' � � � . # @I J K �,<� �J L�,<� �
�

B,<@' ,< � B
J K �,<@�J L�,<@� * 3, � * 3,@���������������4�  

Herein, c1 and c2 are constants,36  and r, r1, and r2 are the electron coordinates. 
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Both kr(S1� S0) and DE(S1-T1) depend quadratically on the product of j H(r)�j L(r). 
Thus, the described trend, as found for all Cu(I) complexes described so far (Figure 
3.12) becomes obvious. Small DE(S1-T1) is related to slow kr(S1� S0). The monomer 5 
properties follow just the trend as described in Figure 3.12 (green point). 

Obviously, the data of the dimer 6 do not fit the general trend. For a given value of 
DE(S1-T1) = 390 cm-1, the radiative rate is by a factor of about three faster than 
expected from the plot as shown in Figure 3.12 (red point). This significantly faster 
radiative rate, in particular, in the range of very small DE(S1-T1), leads to one of the 
shortest TADF decay time reported so far. A value of only t  = 1.2 ms (t r = 1.5 ms) is 
found, thus, highlighting Cu2(tppb)(PPh3)2Cl2 6 as a benchmark material. 

3.7. Conclusion and outlook 
 
It is a challenge to develop short-lived TADF emitters which are required for obtaining 
better OLED device stability and lower roll-off effects.125 Frequently, it is assumed 
that reducing the energy gap DE(S1-T1) will represent an adequate design method. 
However, a small gap is related to a small radiative rate kr(S1� S0) and this sets a limit. 
36,37,126  For example, as has been shown for Cu(I) complexes, monomers and dimers, 
the lowest radiative TADF decay time obtainable lies at around 5 µs36,37 In this chapter, 
it is shown that a new molecular design strategy allows to overcome this close relation 
between both molecular parameters and open a step towards shorter-lived TADF of 
Cu(I) compounds. The design concept, inspired by the Davidov model known from 
molecular crystal theory,129-132 is applied here for the first time to TADF molecules. It 
is essentially based on the effects of couplings of symmetry-related transition dipole 
moments of the same molecule. The concept may be realized by two quasi-Cu(I)-
monomer units that combine to a dimer. Accordingly, one finds two resulting 
combinations for the transition dipole moments. For example, if they are arranged in a 
parallel or anti-parallel way, the transition dipoles approximately cancel or add up to 
give about a twice as large resulting transition dipole moment. This is equivalent to a 
factor of about four times faster radiative rate kr(S1� S0) of the dimer than that of the 
monomer. In this model, the triplet state properties of the dimer are largely similar to 
those of the monomer, while the gap DE(S1-T1) of the resulting dimer may become 
even smaller than of the related monomer. Indeed, by designing new Cu(I) dimers 
according to our guiding model, it is demonstrated by TD-DFT calculations and 
experimental studies that this new design concept is highly successful. In particular, it 
guides to a Cu(I) dimer, Cu2(tppb)(PPh3)2Cl2 6, with a landmark short TADF decay 
time of only t  = 1.2 ms (t r = 1.5 ms) being a factor of about three shorter than found for 
most other Cu(I) monomer or dimer. (For completeness, it is remarked that meanwhile 
another group118 reported a similarly short decay time for a different Cu(I) compound.) 
Thus, the TADF decay time of this new Cu(I) dimer is as short as found for the 
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phosphorescence of the well-known Ir(ppy)3 complex.12,16,17,21,23,147,148 The design 
strategy preented could be used to increase the fluorescence rate at a small energy gap 
and can lead in future investigations to molecules that show TADF decay times even 
in a sub-microsecond range. 

Conclusion 
�

In the last years the demand for OLED displays rose steadily and is expected to 
continue rising in the next years. Especially, in the mobile device sector, where power 
efficiency is important, OLED displays are superior to displays with liquid crystal 
technology. However, there is always a demand for even more efficient emitter 
materials and lower production costs. In this thesis, it was shown that copper 
complexes prove to be promising materials to meet these criterions. Due to their 
special electronic properties, all induced excitions formed may be used for light 
generation due to the singlet harvesting effect or even with a combined singlet and 
triplet harvesting effect.  
For a deeper understanding of the desired effects, a detailed investigation of the triplet 
state properties, including the influence of SOC, was performed. Important is also a 
more detailed understanding of the structure-property relation. Insights were achieved 
by fine-tuning emission properties by variation of steric rigidity. 
Furthermore, a deep blue emitter with an outstanding photoluminescence quantum 
yield of F PL = 76 % in solution was studied.   
Also, it was shown that Cu(I) complexes are able to show radiative emission decay 
times of around 1 µs,38,118  which is among the shortest radiative emission decay time 
published in literature so far.  
Thus, this thesis presents the successful design of new Cu(I) complexes with desired 
properties of high quantum yields and short emission decay times. It also contributes 
to a deeper understanding of the structure-property relationship and therefore, may 
serve as a contribution for further research. 
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Experimental 
�

Experimental details as being relevant for the investigation of all compounds studied 
in this thesis have been published in ref. 59.  
For measuring UV-Vis absorption spectra, a Varian Cary 300 double beam 
spectrometer was used. The photoluminescence quantum yields at 300 K and 77 K, 
respectively, were determined with a C9920-02 system of Hamamatsu Photonics. For 
measuring of emission spectra, a Fluorolog 3-22 system (Horiba Jobin Yvon) with a 
cooled photomultiplier for noise reduction was used. Emission decay times were 
determined by using a multichannel scaler PCI card from FAST ComTec (time 
resolution 250 ps) in combination with a pulsed diode laser (Picobrite PB-375L) with 
an excitation wavelength of � exc = 378 nm (pulse width < 100 ps). Measurements at 
lower temperatures were carried out in a cryostat (Cryovac Konti Cryostat IT) in 
which the temperature is adjustable by liquid helium flux and heating.� (With the 
exception of the 77 K emission spectrum and emission decay curve shown in figure 
1.3 and 1.4, respectively, which were measured in a dewar filled with liquid nitrogen.) 
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