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1
Rate constants for radiative and non-radiative transitions of
the [Au(HN COH)]3 complex and its dimer were calculated
within the Herzberg-Teller approximation based on quantum
mechanical principles. A high triplet quantum yield was
estimated for the monomer. Internal conversion (IC) was
found to be the major competing process to the intersystem crossing (ISC) from the lowest excited singlet state (S1 )
to the lowest triplet state (T1 ). ISC and IC from the spinmixed T̃1 state also dominate the triplet relaxation process
resulting in a negligible phosphorescence quantum yield
for the monomer. The IC and ISC rate constants of the
dimer are considerably smaller due to much lower FranckCondon factors. For the dimer a triplet quantum yield of
0.71 was estimated using the extended multi-configuration
quasi-degenerate second-order perturbation theory (XMCQDPT2) method to calculate the transition energies. Fluorescence is the major competing process to the ISC relaxation of the S1 state of the dimer. The ISC and IC processes are insignificant for the relaxation of the T1 state,
resulting in unity phosphorescence quantum yield. The
high triplet and phosphorescence quantum yields of the
[Au(HN COH)]3 dimer make it and its higher oligomers potential candidates as dopants for phosphorescent organic
light emitting diodes and as down-converters in solid-state
lighting systems.
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Introduction

The incorporation of gold atoms into organic molecules to form
organogold compounds has lead to many interesting structures
that have been studied experimentally and theoretically for
their optical properties and their ability to form metallophillic
bonds. 1–17 Many organogold complexes exhibit high intensity
and short phosphorescence lifetime at room temperature. 6,7,9,18
Therefore, compounds such as the trinuclear gold(I) carbeniate
complexes [Au(RN COR’)]3 studied in this work are of considerable interest due to their optoelectronic properties. Gold(I)
complexes are often able to form intermolecular bonds energetically comparable to hydrogen bonds that are based on strong
aurophilic interactions. 11,19–21 These interactions influence the
solid state structures and are strong enough to affect the properties of the molecules in solution. 22–25 Due to these interactions
[Au(RN COR’)]3 complexes can assemble into dimers, trimers
and oligomers and form extended chains in the solid state. 18,26–30
The [Au(HN COH)]3 compound studied in this work has to
our knowledge not been synthesized experimentally. Therefore
there are no comparable experimental properties available. However, [Au(HN COH)]3 can be treated as a model system for
the [Au(RN COR’)]3 group of compounds. The prominent example for this structure is [Au(MeN COMe)]3, first synthesized
by Minghetti et al. 31 . There has been much experimental and
computational investigation into this compound, especially concerning its solvoluminescent properties. 18,26–29,32–37 After irradiating the hexagonal crystals of this compound with near-UV
light and adding a drop of solvent a bright yellow flash can
be observed. 26,32 This solvoluminescence has been explained by
the excitation of [Au(MeN COMe)]3 in the solid state resulting in luminescence emission from dimers in the solution. 37 Better solvents for this compound lead to higher luminescence intensity. 33 In its solid state [Au(MeN COMe)]3 exhibits white
light emission in the visible region (400 nm to 700 nm) which has
been explained through the combination of two bands: A blue
band that results from the solid state band gap and leads to a
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contraction of the intermolecular Au-Au-distances upon excitation and an orange-red band that arises from trapped excitons
within the disordered stacks of the structure. 18 Crystallized needles of [Au(MeN COMe)]3 have also been used as a molecular
nanowire to fabricate p-type semiconductors in an organic field
transistor. 18
[Au(MeN COMe)]3 could be of interest for diode lighting applications due to its broad white light emission. The white color
produced by one phosphor is not susceptible to visual discoloration effects over the diodes lifespan, which is problematic
when mixing the colors of multiple fluorophors or phosphors with
different lifetimes. 18 Therefore, this phosphor could be used as a
down-converter in conjunction with regular light emitting diodes
(LEDs) or organic light emitting diodes (OLEDs). 38,39 Due to
their high phosphorescence intensity in the solid state, gold(I)
carbeniate complexes are also possible candidates as dopants in
phosphorescent organic light emitting diodes (PhOLEDs). 38,40
These potential applications validate an investigation into the
energies, kinetics and lifetimes of the electronic states of these
systems. Efficient PhOLED applications require short phosphorescence lifetimes and large intersystem crossing (ISC) rates to
ensure that both triplet and singlet excitons generated through
charge injection are utilized effectively for visible light emission.
This would yield near 100% quantum efficiency that could potentially reduce the power consumption by 75% compared to
high quantum yield fluorescent OLEDs. 38,40 The ability to transform singlet excitons into triplet excitons through ISC is even
more important for down-conversion phosphor applications as
this method solely produces singlet excited states. 39

and phosphorescence rate of the triplet state can be calculated
from the transition strengths. 46 The non-radiative transition rate
constants are calculated using a method developed by Valiev et
al., 43,44 where the expression for the rate constant of internal
conversion is

kIC =

2
3N−6

∑

d jb j

φT =

kISC
kISC + kIC + kr

can be analogously calculated from the radiative rate constant
(kr ) of fluorescence and the non-radiative (kISC and kIC ) rate constants. The rate constants of non-radiative transitions such as the
ISC and IC rates are experimentally difficult to access. Computational studies make estimates of these rate constants on the basis
of quantum mechanical principles possible. 43,44
The fluorescence rate from state S1 can be approximated from
oscillator strengths using the Strickler-Berg equation. 45 Spinorbit coupling has to be considered for transition processes between states of different multiplicity such as ISC and phosphorescence. Instead of using the exact two-component or the BreitPauli-Hamiltonian the spin-orbit coupling can be approximated
as an effective one-electron operator (ĤSO ). This operator can be
treated as a perturbation if the spin-orbit coupling is small compared to the transition energy of the involved states, which was
found to be true for all systems treated in this work. The lifetime
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(3)
where Γf is the line width. The Comb summation runs over those
linear combinations of vibrational frequencies that add up to the
electronic transition energy Eif = n1 ω1 + n2 ω2 + ... + n3N−6 ω3N−6 ,
where nk is the excitation level of the kth vibrational mode. This
ensures that the energy conservation is fulfilled during the transition. All linear combinations within a margin of 200 cm−1 of Eif
are taken into account. The corresponding expression for calculating the rate constant for intersystem crossing is

kISC =

4
Γf

Comb

∑

n1 ,n2 ,...,n3N−6

3N−6  e−yk ynk
k

∏


 φi (r, s, R) ĤSO φf (r, s, R

 12

nk !

k=1

(1)

(2)

∏

k=1
k6= j

×

where kphos is the rate constant of the phosphoresce, kIC is the
rate constant for internal conversion (IC), and kISC is the one for
the ISC process. The triplet quantum yield

3N−6  e−yk ynk
k

j=1

The phosphorescence quantum yield is obtained as 41,42
kphos
φphos =
kphos + kIC + kISC

 3N−6  −yk nk  21
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(4)

where φi (r, s, R) and φf (r, s, R) are the initial and final electronic
states. r and s denote electronic space and spin coordinates. The
spin-orbit coupling element is calculated at the equlibrium geometry R = R0 of the initial electronic state. The rest of the terms in
Eqs. (3) and (4) are given by
*
+
∂2
1
D = −∑∑
φi (r, s, R)
φf (r, s, R)
∂ R2qν
ν q 2Mν
R=R0

Lνq j
dj = −∑∑ √
Mν
ν q

b j = χi0 j (Q j )


φi (r, s, R)


∂
χfn j (Q j ) =
∂Qj

D

E
t j = χi0 j (Q j ) Q j χfn j (Q j ) =

W

j j0

∂
∂ Rqν

Lνq j Lν 0 q0 j0
=−∑ ∑ p
0
0
Mν Mν0
ν,ν q,q

s

s


φf (r, s, R)
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1
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Wj = ∑ ∑ √
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,
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(5)

where Mν is mass of ν-th nucleus and q = x, y, z. χ denotes the
nuclear wave functions in the harmonic approximation. The integrals of the nuclear wave function have been transformed into
−1/2
normal coordinates Q j using Rνq − R0νq = Mν Lνq j Q j , where
Lνq j is the linear relation between the Cartesian and normal coordinates. These integrals including Franck-Condon factors are
written in terms of Huang-Rhys factors:
1
y j = ω j Qf0 j − Qi0 j
2

2

,

(6)

where ω j is the vibrational frequency of mode j. Matrix ele2
ments of the non-adiabatic coupling operator ∂∂R2 and the electronic wave functions are needed for calculation of kIC between
S1 and S0 . Matrix elements of the spin-orbit coupling operator
and the electronic wave functions are needed for calculation of
kISC between S1 and T1 and between T1 and S0 .
Spin-orbit coupling between the triplet state T1 and the singlet
states of the system leads to a spin-mixed T̃1 state. IC from T̃1
to S0 is possible and is another process that competes with the
phosphorescence and ISC transition from T1 . 47,48

2

Computational Methods

Density functional theory (DFT) optimizations of the ground and
excited state molecular structures and calculations of the vibrational frequencies were carried out with Turbomole 49–52 using
the Karlsruhe triple-zeta basis set augmented with a double set
of polarization functions (def2-TZVPP) 53,54 , the B3-LYP functional 55–57 and the m5 integration grid. 58 No symmetry constraints were imposed. The 60 inner electrons of the gold atoms
were replaced by an effective core-potential (ECP) to consider
scalar relativistic effects and to reduce computational costs. 59
Dispersion corrections have to be taken into account to describe
gold-gold interactions accurately. The D3-BJ dispersion correction was used in all DFT calculations. 60 The optimized ground
state molecular structures are shown in Figure 1. The singlet excited state geometries were optimized using the time-dependent
DFT (TD-DFT) method using the B3-LYP functional. 55–57,61–64 .
The molecular structures of the lowest triplet state were calculated using unrestricted ground state DFT with a triplet occupation. 51

(a) Monomer
(b) Dimer
Fig. 1 Molecular ground state structures of the studied molecules. H in
white, C in grey, N in blue, O in red and Au in yellow. The graphics were
created using Avogadro 65,66 .

The ground state vibrational frequencies were calculated from

the analytic second derivative of the energy using the AOFORCE
module 67,68 . The second derivatives of the excited states of the
molecules were calculated numerically from the analytical gradients using the NUMFORCE module.
The excitation energies and oscillator strengths were calculated using the molecular structures optimized at the DFT and
TD-DFT levels. We employed TD-DFT calculations 61,62,64 and
second-order approximate coupled-cluster theory (CC2) calculations using the resolution-of-the-identity approximation 69,70
implemented in the Turbomole program 49,50,52 as well as calculations at the extended multi-configuration quasi-degenerate
second-order perturbation theory (XMCQDPT2) level 71 implemented in the Firefly program. 72 This procedure was chosen because the involved states may exhibit multireference character
and because accurate excitation energies are needed for the calculation of rate constants. Active spaces consisting of 12 electrons
in 12 molecular orbitals and 8 electrons in 9 molecular orbitals
were chosen in the multireference calculations of the monomer
and the dimer, respectively.
The non-adiabatic coupling matrix elements 73 were calculated with Turbomole at the TD-DFT level using the S1 geometry. 49,50,52 The spin-orbit coupling (SOC) matrix elements 74 were
computed with GAMESS-US 75,76 at the CAS-SCF level using the
full Breit-Pauli spin-orbit operator. The molecular structures of
the S1 and T1 states were used in the SOC calculations.
The fluorescence rates (kr ) were obtained from the oscillator
strengths using the Strickler-Berg equation 45 . The phosphorescence rates (kphos ) were calculated using perturbation theory (PT)
with Turbomole 49,50,52 at the SOC-PT-CC2 level 46 using the TDDFT geometries. The IC and ISC rate constants (kIC and kISC )
were calculated within the Herzberg-Teller approximation 77 using the methodology developed by Valiev et al. 43,44 The IC rate
constant from the T̃1 state to the S0 ground state was calculated
from the state mixing coefficients and the excitation energies using the formula by Artyukhov et al. 47,48

3
3.1

Results and discussion
Monomer

The ground state of the [Au(HN COH)]3 complex is a planar
molecule belonging to the C3h point group. The lowest excited
singlet and triplet states break the planar symmetry of the ground
state by moving an OH group and a NH group out of the plane.
Two enantiomers are possible due to the chiral nature of the
molecular structure of the excited states. The optimized ground
and excited state structures of the [Au(HN COH)]3 complex are
shown in Figure 2. The vertical excitation energies calculated for
the molecular structure of the excited states of the monomer at
the TD-DFT, CC2 and XMCQDPT2 levels are reported in Table 1.
The de-excitation energies for the S1 → S0 transition calculated at the three levels of theory agree within 0.12 eV, whereas
the calculated values for the transition energy from the lowest
triplet state (T1 ) to S0 calculated at the B3-LYP level is 0.4 eV
smaller than the XMCQDPT2 value. The phosphorescence energy of the T1 state calculated at the CC2 level is 0.25 eV smaller
than obtained in the XMCQDPT2 calculation. The differences beJ
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(a) S0

(b) S1

(c) T1

Fig. 2 The molecular structures of the lowest electronic states of the
[Au(HN COH)]3 complex. H in white, C in grey, N in blue, O in red and
Au in yellow. The graphics were created using Avogadro 65,66 .
Table 1 Transition energies in cm−1 (eV) of the S0 , S1 and T1 states of
the [Au(HN COH)]3 complex at the respective equilibrium geometries of
the excited state calculated at the TD-DFT, CC2 and XMCQDPT2 levels.

Structure
S0

Transition

TD-DFT

CC2

S0 → S1

38741
(4.803)
16197
(2.008)
11333
(1.405)

43224
(5.359)
15973
(1.980)
12448
(1.543)

S1

S1 → S0

T1

T1 → S0

Photophysical properties have also been calculated at the different levels of theory. The calculated oscillator strengths, spinorbit coupling matrix elements and phosphorescence lifetimes at
their respective level of theory are presented in Table 2. The
radiative and non-radiative rate constants were calculated using
both CC2 and XMCQDPT2 transition energies. The phosphorescence lifetime was only calculated at the CC2 level. The obtained
results are presented in Table 3.
Table 3 The rate constants of the fluorescence (kr ) and phosphorescence
(kphos ) transitions as well as the rate constants of the non-radiative transitions (kIC and kISC ) between the lowest singlet (S0 and S1 ) and triplet
(T1 ) states of the [Au(HN COH)]3 complex calculated at the CC2 and
XMCQDPT2 levels of theory.

XMCQDPT2
42100
(5.220)
16939
(2.100)
14503
(1.798)

Level

kr

kIC

CC2
5 × 105 s−1
XMCQDPT2 5 × 105 s−1

Table 2 Oscillator strength ( f (S1 → S0 )), spin-orbit coupling matrix elements (hS1 |ĤSO |T1 i and hT1 |ĤSO |S0 i) and phosphorescence lifetime (τ)
of the [Au(HN COH)]3 complex calculated at the given levels of theory.

CC2

f (S1 → S0 )
XMCQDPT2

0.003

4|

0.003

S1 ĤSO T1
CAS-SCF

T1 ĤSO S0
CAS-SCF

τ
CC2

4 cm−1

28 cm−1

0.13 s
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kphos

2 × 1010 s−1
7 × 109 s−1
S1 → T1
3 × 1010 s−1
2 × 1010 s−1

CC2
XMCQDPT2
tween the singlet and triplet excitation energies calculated at the
B3-LYP, CC2, and XMCQDPT2 levels using the S1 geometry are
0.247, 0.122, and 0.186 eV, respectively. B3-LYP has a tendency
to underestimate excitation energies of triplet states, 78 whereas
a comprehensive benchmark study showed that CC2 triplet energies are in good agreement with reference data. 79 It is not elucidated whether the excitation energies calculated at the CC2 or
the XMCQDPT2 level are more accurate, since XMCQDPT2 excitation energies have never been properly benchmarked. However, the employed multi-state XMCQDPT2 approach is expected
to treat the excited states in a more balanced manner than loworder single-reference methods implying that the energy difference between the S1 and T1 states is most likely more accurate at
the XMCQDPT2 level than obtained in the CC2 calculations.
A very large Stokes shift of more than 2.7 eV was obtained using all three methods, which can be attributed to the differences
in the equilibrium structures of the ground state and the excited
states. The molecular structures of the singlet and triplet excited
states as well as their excitation energies are similar, which means
that little vibrational relaxation is necessary for the ISC process
from S1 to T1 . The [Au(MeN COMe)]3 molecule absorbs light
in the UV region and emits between 400 nm and 450 nm in chloroform solution. 18,26,32 The fact that the calculated de-excitation
energies are much smaller than the experimental emission energies suggests that the monomer is not the emitting species in
solution.

kISC

S1 → S0

T1 → S0
CC2
XMCQDPT2

2 × 103 s−1
2 × 103 s−1

1 × 104 s−1
8 × 103 s−1

8 s−1
-

The strong spin-orbit coupling between S1 and T1 and the large
Franck-Condon factors of the S1 → T1 transition are responsible
for the fast ISC rate, which leads to large triplet quantum yields.
The Franck-Condon factors are large, because high-energy vibrational modes have significant vibronic coupling due to small differences in the molecular structures of the two excited states. The
small energy gap between S1 and T1 also leads to large FranckCondon factors, because only low excitations of the vibrational
modes are needed to fulfill the energy conservation condition of
the transition.
The IC from S1 to S0 is the main competing process to ISC, even
though the energy difference between S1 and S0 is much larger
than between S1 and T1 . Large Franck-Condon factors were obtained for the S1 → S0 transition due to a strong non-adiabatic
coupling, which results in a large rate constant for the IC process.
Fluorescence from S1 is insignificant because the oscillator
strength between S1 and S0 is very small. A slow phosphorescence rate was obtained for the monomer, which leads to a long
phosphorescence lifetime of 0.13 s. Strong spin-orbit and vibronic
coupling between T1 and S0 cause the ISC and IC processes from
the spin-mixed T̃1 state to dominate the triplet relaxation process
resulting in a negligible phosphorescence quantum yield.
The results calculated at the CC2 and XMCQDPT2 levels are
quite similar. The very small differences in the IC and ISC rate
constants obtained at the two levels stem from the similar energy differences reported in Table 1. The XMCQDPT2 calculations yield larger energy gaps as well as smaller kISC and kIC rate
constants. A larger number of combined vibrational transitions
is therefore necessary to fulfill the energy conservation condi-

tion, which leads to smaller Franck-Condon factors and slower
IC and ISC rates. The larger kISC /kIC ratio obtained in the XMCQDPT2 calculations leads to a slightly larger triplet quantum
yield. The calculated triplet and phosphorescence quantum yields
are reported in Table 4. The rate constants calculated at the XMCQDPT2 level are summarized in the Jablonski diagram in Figure
3.
Table 4 Triplet and phosphorescence quantum yields φT and φphos of the
[Au(HN COH)]3 complex calculated at the CC2 and XMCQDPT2 levels.

Level
CC2
XMCQDPT2

φT

φphos

0.60
0.74

0.0007
0.0007

(a) S0

Table 5 Transition energies in cm−1 (eV) of the S0 , S1 and T1 states of
the [Au(HN COH)]3 dimer at the respective equilibrium geometries of
the excited state calculated at the TD-DFT, CC2 and XMCQDPT2 levels.

Structure

kISC = 2 × 1010 s−1
kvib ∼ 1014 s−1

16,000

S1

T1

8,000
6,000
4,000

kISC = 8 × 103 s−1
kIC = 2 × 103 s−1

10,000

kphos = 8 s−1

12,000

kr = 5 × 105 s−1
kIC = 7 × 109 s−1

Energy in cm−1

14,000

2,000
0

S0

Fig. 3 The Jablonski diagram of the [Au(HN COH)]3 complex calculated
at the XMCQDPT2 level.

The monomer is not suitable for optoelectronic applications because non-radiative transitions dominate the relaxation of the singlet and triplet excited states. Comparison of excitation energies
and prior research also suggest that the monomer is neither the
emitting species in the solution nor in the solid state.
3.2

Dimer

In the ground state, two planar monomers form a stacked slided
dimer. The intermolecular Au-Au distances are reduced upon excitation and the parallelism of the monomers is broken. The OH
and NH groups move out of the monomer planes. The structural differences between the equilibrium structures of the singlet and triplet excited states of the dimer are larger than for the
monomer. The optimized ground and excited state structures of
the [Au(HN COH)]3 dimer shown in Figure 4 were obtained by
using the staggered structure as initial structure. Excitation energies for different molecular structures of the dimer calculated at
the TD-DFT, CC2 and XMCQDPT2 levels are reported in Table 5.
The Stokes shift of the S1 state of about 1 eV between absorption and fluorescence is much smaller than for the monomer. The
de-excitation energies of the S1 and T1 states as well as the difference between them are larger than in the case of the monomer.

(c) T1

Fig. 4 The molecular structures of the lowest electronic states of the
[Au(HN COH)]3 dimer. H in white, C in grey, N in blue, O in red and Au
in yellow. The graphics were created using Avogadro 65,66 .

S0

18,000

(b) S1

Transition

TD-DFT

CC2

XMCQDPT2

S0 → S1

32089
36225
32150
(3.979)
(4.491)
(3.986)
S1
S1 → S0
23981
27414
25931
(2.973)
(3.399)
(3.215)
T1
T1 → S0
13202
14745
16507
(1.637)
(1.828)
(2.047)
The peak maximum of the solvoluminescence emission band
between 510 and 620 nm is at 552 nm, which corresponds to
18100 cm−1 or 2.25 eV. 26

A large amount of vibrational relaxation is therefore necessary
for the ISC process from S1 to T1 due to the large difference
between the singlet and triplet de-excitation energies. The difference between the singlet and triplet excitation energies calculated using the S1 geometry is small. At the B3-LYP, CC2, and
XMCQDPT2 levels they are only 0.102, 0.090, and 0.038 eV, respectively. Thus, structural relaxation leads to the large energy
difference between S1 and T1 . The large structural differences
between S0 and T1 result in a very large Stokes shift of more
than 2.3 eV between absorption and phosphorescence, which is
also observed experimentally for [Au(MeN COMe)]3. Experimentally, [Au(MeN COMe)]3 absorbs at 230 nm and 300 nm,
while the emission occurs between 400 nm and 450 nm. 18,26,32
The same emission can also be assigned to the molecule-like
orange-red component of the solid-state emission, which has been
explained by the de-excitation of dimer subunits in the solid state
that also exhibits a large Stokes shift. 18 The calculated excitation energy of the [Au(HN COH)]3 dimer fits well into the experimental absorption energy range of [Au(MeN COMe)]3. The
triplet emission energy is too small compared to the one measured for [Au(MeN COMe)]3. Calculations have shown that
the higher emission energies can be reproduced when studying
[Au(MeN COMe)]3 instead of the [Au(HN COH)]3 model compound. 37 A direct comparison of the calculated dimer emission
energies and the experimental emission spectrum may be difficult due to complexities of aggregate emission. 80
Photophysical properties of the dimer have been calculated at
different levels of theory. The calculated oscillator strengths, spinorbit coupling matrix elements, and phosphorescence lifetimes at
their respective level of theory are listed in Table 6. The rate constants of the radiative and non-radiative transitions were calculated using CC2 and XMCQDPT2 transition energies. The phosJ
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Table 6 Oscillator strength ( f (S1 → S0 )), spin-orbit coupling matrix elements (hS1 |ĤSO |T1 i and hT1 |ĤSO |S0 i) and phosphorescence lifetime (τ)
of the [Au(HN COH)]3 dimer calculated at the given levels of theory.

Table 8 Triplet and phosphorescence quantum yields φT and φphos of the
[Au(HN COH)]3 dimer calculated at the CC2 and XMCQDPT2 levels.

Level
τ
CC2

0.27 cm−1

1.6 cm−1

0.19 s

phorescence lifetime was calculated only at the CC2 level. The
obtained rate constants are summarized in Table 7.
Table 7 The rate constants of the fluorescence (kr ) and phosphorescence
(kphos ) transitions as well as the rate constants of the non-radiative transitions (kIC and kISC ) between the lowest singlet (S0 and S1 ) and triplet
(T1 ) states of the [Au(HN COH)]3 dimer calculated at the CC2 and XMCQDPT2 levels of theory.

Level

kr

kIC

kISC

kphos

S1 → S0
1 × 107 s−1

CC2
XMCQDPT2 2 × 107 s−1

CC2
XMCQDPT2

S1

0 s−1

5 s−1

0 s−1

0 s−1

-

Energy in cm−1

0 s−1

20,000
16,000
12,000
8,000

The oscillator strength of the de-excitation from S1 to S0 is
an order of magnitude larger than for the monomer leading to
a higher fluorescence rate, which makes fluorescence the main
competing process to the ISC from S1 to T1 . The spin-orbit couplings between the ground state, the lowest excited singlet state
and the lowest triplet state of the dimer are much smaller than
for the monomer. Therefore, the ISC and the phosphorescence
processes of the dimer are slower than for the monomer. The ISC
process from S1 to T1 is still much faster than the IC process and
slightly faster than the fluorescence due to the small transition
energy for the S1 structure. The significant differences between
the excited state structures leads to strong vibronic coupling of
the vibrational modes, which results in a high yield of the triplet
state at the XMCQDPT2 level. The IC rate from S1 is slow due
to the small Franck-Condon factors and the large energy of the
S1 → S0 transition. The small Franck-Condon factors can be explained by the strong intermolecular aurophilic interactions that
lead to dimer formation. The out-of-plane vibrational modes are
sterically hindered in the dimer preventing vibrational relaxation
through these modes. The constraints on the vibrational modes
also affect the IC and ISC processes of the T1 state. The IC and ISC
rates are therefore insignificant for the T1 → S0 transition leading
to unity phosphorescence quantum yield. An increased quantum
yield has been attributed to small Franck-Condon factors in the
past. 81
For the dimer, there are significant differences between the rate
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ergies. The IC and ISC rate constants from S1 are larger at the XMCQDPT2 level, because the de-excitation energy of the S1 state is
smaller than obtained in the CC2 calculations. The XMCQDPT2
triplet quantum yield is therefore much higher than obtained at
the CC2 level. The fluorescence rate from the S1 state is also
faster at the XMCQDPT2 level, because the oscillator strength is
twice as large as the value calculated with CC2. The calculated
triplet and phosphorescence quantum yields are reported in Table 8. The rate constants calculated at the XMCQDPT2 level are
summarized in the Jablonski diagram in Figure 5.
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Fig. 5 The Jablonski diagram of the [Au(HN COH)]3 dimer calculated
at the XMCQDPT2 level.

The dimer displays long lifetime phosphorescence with unity
quantum yield and may therefore be the species responsible for
the solvoluminescent properties of [Au(MeN COMe)]3. Thus,
when dissolving [Au(MeN COMe)]3 crystals, the excited state
transfers from the solid state to the dimer in solution leading to
a long-lived phosphorescent emission that is visible by the naked
eye. 26,32,37 The fact that the intensity increases in good solvents
of [Au(MeN COMe)]3 further supports this notion. 33 There is a
large difference between the triplet quantum yields calculated using the two methods. The high phosphorescence quantum yield
of the [Au(MeN COMe)]3 dimer could validate further investigations of the [Au(RN COR’)]3 group of compounds as potential candidates for down-conversion phosphors and as dopants
for PhOLEDs. The relaxation of the excited states of the dimer
is dominated by the radiative channels. Depending on the employed method, 30% to 70% of the generated singlet states lead
to fluorescence at the violet side of the visible spectrum, while
the rest of the excited state relaxation happens through phosphorescence at the orange-red side of the spectrum. Triplet and
singlet excited states are obtained in a ratio of 3 to 1, when

they are created through charge injection. Therefore, a high
triplet quantum yield is not as important as the unity phosphorescence quantum yield for PhOLED applications. In the solid
state of [Au(MeN COMe)]3, the orange-yellow phosphorescence
band resulting from dimer subunits within the solid state structure and the blue band resulting from the solid state band gap
combine leading to white light emission. 18 The high efficiency of
the dimeric emission could qualify this compound for the use in
solid-state lighting systems.
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