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Herein, we report the synthesis of a new family of extremely efficient TADF three-coordinated gold()
emitters based on the chelating and bridging abilities of the 1,2,4,5-tetrakis(diphenylphosphino)benzene
(tpbz) ligand and the neutral gold() [AuR] fragments (R = CgFs (1), CcCloF3 (2), C6Cls (3)). Their emission
energies appear in the orange range of the spectrum. The quantum yields of the emissions are directly
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related to the electronegativity of the perhalophenyl groups bonded to the metal center, even when
they are not directly involved in the orbitals responsible for the luminescence. DFT and TD-DFT
calculations suggest that the symmetry of the solid-state structures facilitates the coupling of the
transition dipole moments, which leads to a drastic increase in their quantum yields as the electronic
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Introduction

The evolution of materials used in the development of organic
light-emitting diodes (OLEDs) or in light emitting electroche-
mical cells has been very rapid and has taken place during the
past few years.' Light emitters have evolved from the primi-
tive purely fluorescent organic molecules to phosphorescent
transition metal compounds of high-cost heavy metals (Ir and
Pt), and more recently, to those displaying thermally activated
delayed fluorescence (TADF).*” The development has been
mainly motivated by the search for a higher efficiency, which
is not always easy to achieve. Thus, the evolution has taken
place from pure fluorescent compounds that harvest 25% of the
excitons,’™® to the next generation phosphorescent emitters
that through intersystem crossing (ISC) utilize all singlet and
triplet excitons for generating light (the triplet harvesting
mechanism).'”"® Nevertheless, these emitters have several
undesired properties such as high cost, toxicity, and problems
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accepting abilities of the perhalophenyl groups decreases.

with blue-light emission. TADF emitters, as an alternative to
phosphorescent ones, also allow for harvesting all generated
singlet and triplet excitons, but in this case, the emission stems
from the lowest singlet excited state (the singlet harvesting
mechanism) leading to a shorter lifetime and thereby avoiding
undesired effects of the longer emission time such as device
stability problems due to the decomposition or roll-off effects.™*
Another advantage of the TADF mechanism is the possibility
of using lighter metal (first- and second-row elements) com-
plexes or purely organic molecules. Among them, copper(i)
complexes have been extensively studied,">>° while silver(i)
complexes have been examined to a lesser extent.”' >

There are strict requirements that the complexes must fulfil
to exhibit the TADF behaviour. Basically, short decay times
require a small energy gap (AE(S;-T;)) between the lowest
excited singlet (S;) and triplet (T;) states, preferably small
enough that the gap can be surpassed at room temperature,
along with a fast radiative rate constant between the S; state
and the ground state (S,).>*>*?° The simultaneous appearance
of these two conditions in a single molecule may be challen-
ging. A small AE(S;-T;) can be achieved with small exchange
interactions, i.e., a small HOMO-LUMO overlap, usually result-
ing in charge-transfer transitions.?****”*® It may also lead to
small transition-dipole moments and, consequently, to small
radiative rate constants k(S; — So).””** In addition, a metal
such as copper(i) has weak spin-orbit coupling and a marked
tendency to oxidize, whereas silver(i) is more inert to oxidation
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but it often exhibits photosensitivity and limited luminescence
properties.>®

To overcome these problems, one can use a double strategy
consisting of a rational choice of ligands and metals. Recently,
we reported the synthesis and photophysical studies of gold(i)
complexes with a stoichiometry of [AuR(dppBz)] (R = CeFs,
C¢Cl,F3, CoCls, C¢BrF,, CeF4l; dppBz = 1,2-bis(diphenylphos-
phino)benzene).*>*" These complexes show TADF behaviour
originating from metal-ligand to ligand charge transfer states
(MLL’CT) with small AE(S;-T,) energy gaps resulting in an
efficient TADF mechanism at room temperature with a maxi-
mum quantum yield of luminescence of around 70%. The
dppBz ligand in these complexes has two phosphorus centers
allowing a chelate coordination to the metal atom, which leads
to a rigid geometry that precludes non-radiative deactivation
channels and provides energetically accessible n* orbitals that
can act as electron acceptors. Gold has a large SOC, thanks
to its heavy metal character. However, its contribution to the
frontier orbitals is not significant, which allows transitions with
distinct spatial separations of the HOMO and LUMO, resulting
in small exchange interactions and, consequently, a small
AE(S:-T,) energy gap. Moreover, gold(1) is inert towards oxida-
tion under normal ambient conditions, and it is not toxic.

Nevertheless, despite all these advantages, the obtained
values, although promising, are not spectacular. An essential
parameter that influences the rate of the radiative S; — S,
transition is the value of the transition dipole moment, which
is small in these complexes, reducing the efficiency of the TADF
process due to the competing phosphorescence at higher
temperatures.

A very clever strategy, which was originally used in a dinuc-
lear copper complex,®” was inspired by the Davidov model.>*7¢
The tpbz ligand (tpbz = 1,2,4,5-tetrakis(diphenylphosphino)-
benzene) coordinates to two metal fragments, which doubles
the number of transition dipole moments between the S, state
and S, as compared to a dppBz complex with the ligand
coordinated to only one metal. According to this model, the
coupling between two individual transition dipole moments
results in their two linear combinations. The first one of
ungerade parity corresponds to the sum of the individual
transition dipoles in an antiparallel orientation, giving rise to
an almost vanishing transition moment. The second linear
combination that has gerade parity leads to a transition dipole
moment that is approximately twice that of the monomer.
Thus, one expects a considerable increase in the radiative
transition rate from S; and, therefore, a much more efficient
TADF process. The changes in the energy of T, are also expected
to be small,>*7® which retains the small AE(S;-T,) energy gap.

In this work, we experimentally and computationally study
the photophysical properties of gold-containing dinuclear com-
plexes with a stoichiometry of [(Au-C¢Xs),(tpbz)] and compare
them with the ones for the corresponding mononuclear [(Au-
CeX;5)(dppBz)] complexes. We show computationally that an
adequate combination of gold and ligands may give rise to a
TADF efficiency of almost 100% at room temperature. The
studied dinuclear complexes may be ideal candidates as
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dopants in OLED devices and the strategy is useful for the
design of emitter molecules.

Results and discussion

Synthesis and characterization

The reaction of [AuR(tht)] with tpbz (R = CgFs5, C¢Cl,F3, CeCls;
tht = tetrahydrothiophene; tpbz = 1,2,4,5-tetrakis(diphenyl-
phosphino)benzene) in a 2:1 (Au: tpbz) molar ratio in dichlor-
omethane leads to products with a stoichiometry [(AuR),(tpbz)]
(R = G6Fs (1), C6CLyF; (2), CoCls (3)) in high yields (78% (1), 73%
(2), 75% (3)) as orange solids (see Scheme 1).

The complexes show analytical and spectroscopic data in
accordance with the proposed formulation. In the *'P{'"H} NMR
spectra, they display a single resonance at 15.4 (1), 15.1 (2) and
16.5 (3) ppm, respectively, indicating the equivalence of the
four phosphorus of the phosphine. Complexes 1 and 2 show
the expected resonances in their ’F NMR spectra. Complex 1
has three signals at —113.98 (m, 2F, F,), —159.03 (m, 1F, F,) and
—162.36 (m, 2F, F,,), and for complex 2, two resonances appear
at —87.91 (m, 2F, F,) and —112.38 (m, 1F, F,) corresponding to
the different types of F nuclei of the pentaflourophenyl or
dichlorotrifluorophenyl groups that occupy similar positions
at the two sides of the tetraphosphine, respectively. The IR
spectra of the complexes display absorptions at v = 1634, 954,
790 (1), 1591, 1573, 1564 (2) and 840, 620 (3) cm™* due to the
[Au'-R] groups, and those corresponding to the tpbz ligand
appear around 1435 and 1100 cm ™ for the three complexes
(see ESIY).

Crystal structures

The crystal structures of 1-C¢H;, and 3 were unequivocally
determined via X-ray diffraction studies from single crystals
obtained by slow evaporation of saturated cyclohexane solu-
tions. Complex 1 crystallizes in the C2/c space group of the
monoclinic system with one molecule of cyclohexane per
molecule of compound, while 3 crystallizes in the P1 space
group of the triclinic system (see ESIt and Fig. S12).

The two structures show similarities, and they can be
described as two neutral [AuR] fragments asymmetrically
bonded to the tpbz tetraphospane bridging ligand through its
phosphorus atoms (Fig. 1 and 2). The gold atoms are three-
coordinated in a very distorted trigonal geometry defined by the
perhalophenyl terminal group (Au-C = 2.047(9) A (1) and
2.042(5) A (3)) and two phosphorus from the tpbz ligand.
A marked asymmetry in the Au-P bond lengths is observed in
the two complexes [2.275(2)-2.897(3) A (1) and 2.2758(14)-
2.8442(15) A (3)]. This asymmetry also affects the C-Au-P angles

Ph, Ph,
Ph,P. PPh, P. P,
: CH,Cl, =/ N
+ 2 [AUR(thY)] —— R—AU u—R
-2tht
Ph,P PPh, P P
Ph, Ph,

R = CF5 (1), C4CloF; (2), C4Cls (3)

Scheme 1 Synthesis of complexes 1-3.
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Fig. 1 The molecular structure of 1-CgH1, (50% probability ellipsoids) with
the labelling scheme adopted for the atom positions. Selected bond
lengths (A) and angles (deg): Au—C(1) 2.047(9), Au—P(1) 2.275(2), Au-P(2)
2.897(3), C(1)-Au-P(1) 170.2(3), C(1)-Au-P(2) 111.9(2), P(1)-Au-P(2)
76.97(8). The solvent molecule and H atoms are omitted for clarity.
Symmetry transformations are used to generate equivalent atoms. #1 —
x+1 -y+1 —z+1

Fig. 2 The molecular structure of 3 (50% probability ellipsoids) with the
labelling scheme adopted for the atom positions. Selected bond lengths
(A) and angles (deg): Au-C(1) 2.042(5), Au-P(1) 2.2758(14), Au-P(2)
2.8442(15), C(1)-Au-P(1) 162.55(15), C(1)-Au-P(2) 119.34(15), and P(1)-
Au-P(2) 78.10(5). H atoms are omitted for clarity. Symmetry transforma-
tions are used to generate equivalent atoms. #1 —x + 1, —y + 1, —z + 1.

[170.2(3)-111.9(2)° (1) and 162.55(15)-119.34(15)° (3)], leading
to the nonequivalence of the phosphorus atoms of the tpbz
ligand in the solid state. Therefore, the environment of the
gold(1) centres could be better described as a distorted T-shaped
geometry rather than a trigonal planar one (Fig. 3(a)-(b)). Thus,
the phosphorus involved in the wider C-Au-P angle also dis-
plays the shortest Au-P distance, while the one with a narrower
C-Au-P angle is further away from the gold atom. Similar
distorted structures have been reported for three-coordinated
Au(1) complexes with dppBz (1,2-bis(diphenylphosphino)benzene)
and perhalophenyl groups (CgFs, C¢Cl,F3, CcCls, 0-C¢BrF,) as aryl
ligands to gold.***" The latter complexes could be defined as
monomers, while complexes 1-3 could be named dimers
according to the R-Au-diphosphino twin fragments. Compar-
ison of the molecular structures of the monomers and dimers
reveals some interesting differences. For the [(Au-C¢Fs)(dppBz)]
(1m)*" monomer and the [(Au-CgF;),(tpbz)] (1) dimer, the
shortest Au-P bonds are very similar with lengths of 2.2774(14) A
and 2.275(2) A, respectively. However, when the longest Au-P
distances are compared, an important shortening from
3.3461(14) A to 2.895(3) A is observed for the dimer (1).
By contrast, the [(Au-CeCls),(tpbz)] (3) dimer undergoes a slight

This journal is © The Royal Society of Chemistry 2024
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lengthening of the longest Au-P bond from 2.673(2) A to
2.8435(18) A in the [(Au-C4Cls)(dppBz)](3m)*° monomer.

The coordination of the gold centers does not lead to any
significant configurational changes of the ligand. The distances
between the phosphorus atoms remain very similar upon
coordination, being 3.224 A for the free tpbz®” and 3.255 A
for complexes 1 and 3. The coplanar eclipse-type configuration
with a centroid distance of 4.110 A for two phenyl rings at the
adjacent P centers of the free tetraphosphine ligand is also
observed in the gold(r) complexes. The near-lying phenyl rings
lead to intramolecular m---m stacking interactions with ring
distances of 3.769 A (1) and 3.972 A (3). (see ESIt and Fig. S13).

The central aromatic ring and the four phosphorus atoms of
the ligand are essentially planar (Fig. 3(c)). The two Au(i) atoms
in each molecule are located above and below the plane of the
central ring, respectively, leading to the formation of a chair-
like conformation. This kind of disposition has been previously
reported for other [M,tpbz] complexes containing d'° Ag(i) and
Cu(i) coinage metals.>'**?%9

The chelating and bridging coordination abilities of the tpbz
ligand with other metals such as Ni, Pd, Pt, Mo, W and Fe have
also been reported.>’*°"*> However, to the best of our knowl-
edge, this is the first time that this disposition has been
obtained for gold(i). In fact, Au(i) compounds bearing the tpbz
ligand have previously displayed a structure in which each
phosphorus atom is coordinated to one gold center leading to
a tetranuclear [Au,tpbzAu,] core, whose Au(i) ions are two-
coordinated with aurophilic interactions between the adjacent
gold atoms.**™*®

Photophysical properties

The three complexes show very interesting optical properties in
the solid state. They absorb at high energy (200-300 nm) in the
UV region that matches those observed for the precursor gold
complexes [AuR(tht)] (R = C¢F5, C¢Cl,F3, CsCls) and the tetra-
phosphine. These bands are therefore assigned to the same
origin, i.e., to 1 — m* transitions located in the perhalophenyl
groups and in the tpbz ligand. However, charge-transfer (Au —
7*) transitions cannot be excluded. Long absorption tails down
to 500 nm that are absent in the precursors [AuR(tht)] and tpbz

J. Mater. Chem. C, 2024, 12, 13255-13267 | 13257
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Fig. 4 The emission spectra in the solid state of complexes [(Aux(CgFs),-
(tpb2z))] (1) (maroon), [(Aua(CeClaF3)2(tpbz))] (2) (red) and [(Aua(CeCls)a(tpbz))] (3)
(orange) measured at room temperature. The FWHM values for the emission
bands at RT are 3599 (1), 3707 (2) and 3396 cm™ (3).

appear in the spectra of the complexes. The absorption band of
the precursors ends at 400 nm suggesting that there are charge-
transfer transitions, probably of forbidden nature, between the
donor (Au™-R) and acceptor (phosphine) parts of the complexes.

Powder samples of the three complexes display a very
intense orange luminescence at room temperature (RT) and
at 77 K when they are irradiated with UV-Vis light (Fig. 4 and
Fig. S17-S20, ESIt). Complex 1 emits at 645 nm (exc. 375 nm,
RT) with a quantum yield of luminescence (¢,) of 24% and at
661 nm (exc. 400 nm, 77 K), complex 2 at 638 nm (exc. 365 nm,
RT) (¢, = 46%), and 667 nm (exc. 400 nm, 77 K) and complex 3
at 682 nm (exc. 450 nm, RT) (¢3 = 61%) and 707 nm (exc.
430 nm, 77 K). The observed red-shift of the emissions of
complexes 1-3 upon cooling would be related to the fact that
the sample cooling produces a contraction of the interatomic
bonds, leading to a shortening of the energy difference between
the frontier molecular orbitals.

The lifetimes of 3.93 ps (RT) and 41.20 ps (77 K) for 1, 0.90 ps
(RT) and 27.83 ps (77 K) for 2, and 2.50 ps (RT) and 60.78 ps
(77 K) for 3 suggest that the lowest triplet state in each case is
involved in the emissions. The emission bands are unstructured
even at low temperature, which is typical for charge-transfer
transitions. The difference in the energy of the emission bands
for complexes 1-3 does not show remarkable shifts when varying
the temperature. In addition, the emission lifetimes are in the
microsecond range, and they are also significantly shorter at RT.
Thermally activated delayed fluorescence (TADF) processes are
therefore most likely responsible for the emission of the studied
complexes at RT. The adjustment of the emission decay at RT and
at 77 K gives a mono-exponential function in the whole tempera-
ture range (see ESL{ Fig. S21-S23), suggesting a fast thermal
equilibrium process. Plots of the lifetime versus the temperature
follow Boltzmann-type expressions for the three complexes (ESL T
Fig. 524-526). The data obtained for complex 3 are given in Fig. 5.

The analysis of the data of these representations gives small
energy differences of 416 (1), 395 (2) and 530 (3) cm ™ between
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Fig. 5 Top: The emission decay times of complex (3) versus temperature.
The solid line represents a fit of the experimental data to a Boltzmann-type
expression. Middle: The emission intensity of complex 3 stemming from
S (delayed fluorescence), and from T, (phosphorescence) as a function of
the temperature according to eqn (2) and (3). Bottom: Schematic energy
level diagram and decay times of complex (3).

the S; and T, states. The complexes are likely to have mainly
phosphorescent emissions at 77 K, whereas the population of
S, increases at higher temperature. This leads to shorter decay
times at RT, which most likely corresponds to emissions mainly
from S; to S, at RT.

The reported AE(S;-T;) values of the monomers (656, 966,
1165 cm ™) for the C¢F5 (1m), C¢CL,F; (2m) and CeCls (3m),
respectively, are larger than those of the corresponding dimers.
The lifetime at room temperature is longer. The radiative rate

This journal is © The Royal Society of Chemistry 2024
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constants obtained from the expression k. = ¢ t~ ', for the
dimers are 6.33 x 10 (1), 51.12 x 10* (2) and 24.52 x 10* s (3).
This leads to faster radiative constant for the dimers by a factor
of two for the pentafluorophenyl, a factor of sixty six for
the dichlorotrifluorophenyl and a factor of forty six for the
pentachlorophenyl.’" (see ESIt and Table S2).

In metal complexes with TADF behavior, the emission at RT
usually contains non-negligible contributions from phosphor-
escent transitions, resulting in a mixture of fluorescence and
phosphorescence. To determine the phosphorescence contri-
bution to the TADF at a given temperature, we use eqn (1)
where we assume that the populations of S; and T, follow a
Boltzmann distribution and where g(S,) and g(T,) represent the
degeneracy of the two states.

I(Ty) _ 1+kr(sl)g(sl)e—AE(Sl—T])/kBT B (1)

Itot kr(Tl)g(Tl)

Considering equal quantum yields for both processes when
they are pure (S; — Spand T; — S,), and the total luminescence
intensity as the sum of the partial intensities from the radiative
emissions of the singlet and triplet excited states, we can
simplify eqn (1) to

1-1
_ s T(Tl)e—AE(Sl—Tl)/kBT D)

31’(51)

I(Ty)
Itot

By considering that I, = I(S;) + I(T;) one obtains

1(S1) _ _1 + 7(Ty) e—AE(Sl—TI)/kBT_ - 3)

Itot L 3T(S1)

where 7 is the decay time at each temperature.

Using the fitted parameters (AE(S;-T): 530 (1), 416 (2) and
395 (3) em™ % 7 (S1): 3.9 ps (1), 0.9 ps (2), 2.50 (3) ps; and t (Ty):
41.2 ps (1), 27.8 ps (2) and 60.8 ps (3)), we can calculate the
temperature-dependent ratio between the TADF and the phos-
phorescence intensities at a given temperature (see Fig. 5(b)
and Fig. S27, S28, ESIT). When the temperature increases from
77 K to RT, the relative emission intensity from T; (phosphor-
escences) decreases rapidly, while the emission intensity from
S; increases. For the three dimers (1-3), the temperature at
which the TADF process begins to dominate is lower than for
monomers (below 150 K for the dimers and around 250 K for
the monomers). The TADF contribution dominates at RT with a
very small phosphorescence contribution of 8% (1), 5% (2) and
7% (3), respectively, whereas the monomers (ESL, Fig. $29-S31)
have TADF contributions of 68%, 73% and 65% at 300 K
for the CeFs (1m), C¢CL,F; (2m) and CeCls (3m) derivatives,
respectively.

We calculated the rate constants of the individual processes
from the fitted data (Fig. 5(c) and Fig. S27-S31, ESIt) using
eqn (4)47—49

k(combined) = k(TADF) + k(T,) (4)

and obtained k(combined) values of 26.7 x 10* (1), 1.1 x 10* (2)
and 401.2 x 10* (3) s~' at 300 K when k(T,) rate constants are
2.7 x 10* (1), 4 x 10* (2) and 1.7 x 10* (3) s~ ', respectively, and
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k(TADF) values are 24 x 10 (1), 107 x 10* (2) and 38.5 x 10" (3)
s

These data show that the double coordination in the dimers
induces an increase in the TADF rate by a factor of 3.5, 31 and
12 for 1, 2 and 3, respectively, as compared to the ones for the
corresponding monomers.

Computational studies

Absorption-excitation. The photophysical properties were
calculated for the model systems 1a-3a at the density func-
tional theory (DFT), time-dependent DFT (TD-DFT), and the
second-order algebraic diagrammatic construction (ADC(2))
levels of theory. The model systems represent the experi-
mentally studied complexes 1-3 (see Computational details).

The molecular structures of the ground-state (S,) were
optimized at the DFT level. The vertical excitation energies
were calculated at the TD-DFT level. The first excited singlet (S,)
and triplet (T,) states of 1a-3a were fully optimized at the TD-
DFT level. The molecular structures of the S; and T; states
differ significantly from the S, ones, whereas the optimized S,
and T; are almost identical. The Au(i) coordination changes
significantly when the molecules are excited from S, to S; or T;.
(see Fig. 6(a) and ESI,T Table S3 and Fig. S32, S33). The gold
atoms are asymmetrically coordinated to the atoms of the P
donor of the tetraphosphine in the S, state. The Au-P1 bond of
2.33 A is short in the S; state of 1a-3a, whereas the Au-P2
distance of 2.52 (2.54) A is longer for 1a and 2a. For 3a, it is
2.50 (2.52) A. The corresponding distances for the T, state are
given in parenthesis. The asymmetric coordination is also
observed in the experimental structures. Previously, it was
reported that for the dppBz mononuclear complexes,***! the
Au-P2 distance of the T, state is 2.70 A for 1a and 2a, and 2.68 A
for 3a. Structural changes upon the S, — T; excitation involve
the C-C distances of the phenylene ring (see Table S3, ESIT),
leading to an expansion of the ring, which suggests that the n*
orbital in the aromatic ring is occupied in the T, state.

The structural distortions observed in the S, — T, transition
suggest that there is a charge transfer from the electron-rich
Au-P2 atoms to the phenylene moiety of the tpbz ligand (vide
infra). Calculated ESP surfaces for 1a-3a in the S, and T; states
show that the molecules are very polarized in the S, state,
whereas they are less polarized in the T, state due to the charge
transfer from the electron-rich R-Au-P2 fragment to the
electron-deficient phenylene group (see Fig. 6(c) and Fig. S41,
ESIf). We also computed the frontier molecular orbitals
(HOMO and LUMO for S, as well as SOMO and SOMO-1 for
T,) (see Fig. 6(b) and Fig. S34, S35, ESIf). The shape and
population analysis of the frontier orbitals show that the origin
of the emission is the SOMO — HOMO transition, which agrees
well with the metal-ligand (Au-P2) to ligand (phenylene) charge
transfer transition MLL’CT discussed above (see Tables S4-S6,
ESIY).

The electronic structure of the solid state of 1 (1b) was
obtained using periodic DFT calculations, which confirm that
the frontier orbitals of the solid-state structure are the same
as those obtained in gas-phase calculations. Analysis of the
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-0,03 I I 0,03 model 1b (HOMO)

(a) The optimized molecular structure of 1a in the ground (Sp) and lowest singlet (S;) and triplet (T1) excited state; (b) the frontier molecular orbitals

(HOMOs and LUMO:s) of the Sy state; (c) the ESP surfaces of the Sg and T states of 1a; (d) the frontier MOs of the solid-state material of 1b obtained using

periodic DFT calculations.

density of states (DOS) shows that the higher energy states of
the valence band have mainly Au d character, whereas the lower
energy states of the conduction band have mainly carbon p
character (see Fig. 6(d) and Fig. S37, ESI¥).

The excitation energies of the 10 lowest S, and T,, states of
the A, and A, irreducible representations were calculated at the
time-dependent density-functional theory (TD-DFT) level using
the PBEO functional and the molecular structure of the ground
state. The obtained excitation energies are compared with the
experimental absorption spectra. The calculated excitation
energies of the singlet states agree with the low energy part of
the absorption band of the solid-state material of 1-3. The
transitions with larger oscillator strengths correspond to
metal-ligand (Au-P2) to ligand (phenylene or PPh,) charge
transfer transitions (see Fig. 7, Fig. S42-S43 and Tables S7-S9,
ESIt). The calculated excitation energy of the lowest triplet state
agrees well with the experimental excitation spectra of 1-3, which
are red shifted as compared to the absorption spectra. The frontier
orbitals are involved in the lowest S, — T, transition, leading to a
metal-ligand (Au-P2) to ligand (phenylene) charge transfer transi-
tion (*MLL’CT), which is also the origin of the observed lumines-
cence, Le., the phosphorescence at 77 K and the TADF at RT
(see Fig. 7 and ESI,T Fig. S38-540).

The Davidov model

Structurally, complexes 1-3 have inversion symmetry (1) with
respect to the center of the phenylene ring, leading to two
photophysically active units (quasi-monomers) with their
corresponding transition-dipole moments ({i(mon)). Each
quasi-monomer has an allowed metal-ligand (Au-P) to
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Fig. 7 (left) Comparison of solid-state absorption spectra (black), excita-
tion spectra (red), the calculated singlet excitation energies (green), and
the calculated excitation energy of the T, state (red line). (right) The
transition density of the So — T; excitation calculated at the TD-DFT level.
The excitation increases the electron density in the green areas and
decreases it in the red ones.

ligand (phenylene) charge-transfer transition to the S, state
("MLL'CT — S,). The transition-dipole moments (ji(mon))
couple in either parallel or antiparallel fashion, leading to
two total transition-dipole moments ({i(dim)). The addition of
the transition dipole moment vectors leads to the S, state, while
their subtraction leads to the S; state. The transition dipole
moment for the S; state is approximately twice that of the
monomer, while for the S, state, it is approximately zero (see
Fig. 8). These resulting transition dipole moments are related
to the radiative constants (k) and oscillator strengths (f), being
four times larger than those for the monomers (1m-3m) (see
Fig. 8).>*" This four-fold increase of the oscillator strength can
be directly related to the experimental trend in quantum yield
of 1,2, and 3 (¢1 < ¢, < P3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Schematic representation of the emission properties of 1-3 as
compared to the corresponding monomers (Im-3m). We analysed the
experimentally observed quantum yields trend at the TD-DFT level.

Table 1 Oscillator strengths (f) of the S,, — Sq transitions for 1la—3a and
Im-3m calculated at the TD-DFT level using the optimized molecular
structures of T,

f(dim)/f(mon)//
Aryl Molecule  Osc. strength® i(dim)/g(mon)”
CeFs 1a S; — Sp: 01022 S, — So: 0.00  3.4//1.8
im S, — Sp: 0.0302
CeCLF; 2a S; — Sg: 0.1093 S, — S: 0.00  3.6//1.9
2m S;1 — Sp: 0.0305
CeCls 3a S; — Sp: 0.1392 S, — Sy: 0.00  4.9//2.2
3m S, — Sg: 0.0283

“ The oscillator strengths of the vertical excitations calculated at the TD-
DFT level using the optimized T, geometries of 1a-3a. ” Ratio between
the oscillator strengths of the dimers and monomers, and ratio between
the transition-dipole moments of the dimers and monomers.

Table 1 shows the computed data for models 1a-3a and 1m-
3m. The TD-DFT calculations provide very good results and
confirm that the Davidov model can be applied to these
dinuclear Au(i) TADF emitters 1a-3a. An almost four-fold
f(dim)/f(mon) ratio and radiative rate constant are obtained
in the calculations since (f;(dim)) is about twice larger than
(A(mon)).

The values of quantum yields depend on the perhalophenyl
groups bound to gold(1) as observed experimentally. Computa-
tionally, the oscillator strengths follow the same trend. This
result is to some extent surprising because the ligands are not
directly involved in the electronic transition that is responsible
for the luminescence. The different donor properties of the
perhalophenyl ligands probably influence the MLL’CT leading
to different transition dipole moments. The smallest oscillator
strength is obtained for 1, with C¢F5 ligands, while the largest
one is obtained for 3 having CesCls groups. The smallest
oscillator strength is probably obtained when the aryl groups
have more electronegative substituents such as fluorine,
whereas the fastest radiative rate and largest quantum yield
of luminescence are obtained when the aryl groups have less
electronegative chlorine atoms.

We have also calculated the excitation energies of the S;, S,,
Ty, and T, states at the TD-DFT level that yielded the energy
differences AE(S;-S,) and AE(S;-T;) in Table 2. The spin-orbit

This journal is © The Royal Society of Chemistry 2024
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Table 2 The excitation energies (eV) of the S;, S, and T, states and the
energy differences AE(S;—-S,) and AE(S;—T,) (cm™) calculated using the
molecular structure of the S; state; the SOC matrix elements (S1|Hso|T1)
(cm™Y); the rate constants kisc (s7Y) and krisc (s7Y) between S; and Ty of
1a-3a calculated at the TD-DFT level; excitation energies (eV) of the Sy, S,
and T, states calculated using the molecular structure of the S; and the
T, states

la 2a 3a
T, 1.50 1.50 1.51
S, 1.65 1.65 1.66
S, 1.89 1.89 1.88
AE(S:-S,) 0.24 0.24 0.22
(S1|Hso|T1) 70.8 70.7 68.2
kisc(S1 = Ty) 2.3 x 10" 2.3 x 10" 2.1 x 10*?
krisc(T1 = Sy) 2.3 x 10° 2.3 x 10° 2.1 x 10°
kic(S1 — So) 3.3 x 108 3.2 x 108 1.8 x 10®

coupling (SOC) matrix elements (S;|Hgo|T;) calculated at the
TD-DFT level were used for calculating rate constants for
intersystem crossing (kisc) and reverse intersystem crossing
(krisc) between S; and T; of 1a-3a.

Calculations of vertical excitation energies at the TD-DFT
level yielded AE(S;-T;) energy splittings of 2175, 2179 and
2049 cm ' for 1a-3a, respectively, when using the molecular
structure of the S, state. Since TADF occurs when the AE(S;-T;)
energy gap is less than 1000 cm™*,>°>* the AE(S;-T;) values
obtained at the TD-DFT level are slightly too large for an
efficient TADF process at RT. The corresponding AE(S,-S,)
values for 1a-3a calculated at the TD-DFT level are 2894, 2878
and 2606 cm™ ", respectively. The Davidov model is valid when
the energy difference between S; and S, is small. More accurate
AE(S,-T,) values of 1234, 1258 and 1210 cm ™ are obtained for
1a-3a by calculating the excitation energies using the molecular
structures optimized for the S, state. At the TD-DFT level, the
AE(S,-S,) energy gaps are 1928, 1928 and 1766 cm™ ' for 1a-3a
when using the molecular structure optimized for the S, state.

Since the luminescence energies obtained at the TD-DFT
level are smaller than the experimental ones and the energy
splittings are slightly too large, we also performed calculations
at the ab initio correlated ADC(2) level. In the ADC(2) calcula-
tions of the lowest singlet and triplet excitation energies, we
used the optimized molecular structures of the S; and T; states.
The obtained excitation energies are given in Table 3. The
ADC(2) calculations yielded significantly smaller AE(S;-T;)
values of 202, 194 and 161 cm ™' for 1a-3a, respectively, when
using the optimized molecular structure of the S, states. When
using the optimized molecular structure of the T, state, the
AE(S;-T,) values of 476, 347 and 278 cm ™" for 1a-3a are slightly
larger. The AE(S;-T,) values calculated at the ADC(2) level agree
well with the energy differences deduced from the experiment.
At the ADC(2) level, the AE(S,-S,) energy gaps are 1914, 1906
and 1706 cm™* for 1a-3a when using the molecular structure
optimized for the S, state.

The RISC rate constants kgisc(Ty — S;) of 2.3 x 10° (1a),
2.3 x 10° s (2a) and 2.1 x 10° s™' (3a) calculated at the TD-
DFT level, and the RISC rate constants kgisc(T1 — S1) of 8.4 X
10" (1a), 5.4 x 10" (2a) and 7.8 x 10" s™" (3a) calculated at the
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Table 3 The excitation energies (eV) of the S;, S, and T, states and the
energy differences AE(S;-S;) and AE(S;-T,) (em™Y) calculated using the
molecular structure of the Sy state; the SOC matrix elements (Sq|HsolT1)
(cm™Y); the rate constants kisc (s71) and krisc (s71) between S; and Ty of 1la—
3a calculated at the ADC(2) level; excitation energies (eV) of the S, S, and
T, states calculated using the molecular structure of the S; and T, states

la 2a 3a
T, 2.09 2.06 2.04
S: 2.11 2.09 2.06
S, 2.35 2.33 2.27
AE(S;-S,) 0.24 0.24 0.21
AE(S;-T)) 0.03 0.03 0.02
(S1|Hso|Ty) 71.6 71.5 68.2
kisc(S1 —Ty) 5.5 x 10'? 5.5 x 10'? 5.1 x 10'?
krisc(T1 = Sy) 8.4 x 10 5.4 x 10 7.8 x 10
kic(S1 — So) 3.7 x 107 4.1 x 107 2.7 x 107

ADC(2) level are of the same size as previously obtained for
mononuclear gold(r) complexes with the diphosphine ligand
dpbz.?®?! The RISC rate constants calculated at the ADC(2) level
are two-orders of magnitude larger than the ones obtained at
the TD-DFT level because AE(S;-T;) is much smaller at the
ADC(2) level. The AE(S;-T;) splitting is overestimated at the TD-
DFT level because double excitations are not explicitly consid-
ered at that level of theory.”® The calculated SOC matrix
elements of 71.6 (1a), 71.5 (2a), and 68.2 cm™ " (3a) are larger than
the ones previously reported for mononuclear complexes.’**!

Experimental section

General

The starting products [AuR(tht)] (R = C¢F5, C¢CL,F3, CCls; tht =
tetrahydrothiophene)®>™” and the ligand 1,2,4,5-tetrakis-
((diphenylphosphino)benzene)*® (tpbz), were prepared accord-
ing to the literature. All solvents used for the synthesis of the
new complexes were obtained from commercial sources and
were used without further purification.

Materials and physical measurements

Infrared spectra were recorded in the 2000-450 cm ™" range on
a PerkinElmer FT-IR Spectrum Two with an ATR accessory.
'H, "°F and *'P{"H} NMR spectra were recorded on a Bruker
Avance 400 MHz spectrometer in toluene-dg solutions.
Chemical shifts are quoted relative to SiMe, ("H external),
CFCl; (*°F external) and H;PO, (*'P, external). The C, H, N
analyses were carried out with a C.E. Instrument EA-1110
CHNSO microanalyzer. Diffuse reflectance UV-vis spectra of
the pressed powder samples diluted with KBr were recorded
using a Shimadzu UV-3600 spectrophotometer (with a Harrick
Praying Mantis accessory) and recalculated following the
Kubelka-Munk function. Excitation and emission spectra in
the solid state were recorded using an Edinburgh FLS 1000
fluorescence spectrometer. Luminescence lifetime was mea-
sured on an Edinburgh FLS 1000 fluorescence spectrometer.
Quantum yields were measured in the solid state using a
Hamamatsu Quantaurus-QY C11347-11 integrating sphere with
excitation at 375 nm (1), 365 nm (2) and 450 nm (3).
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Complexes [Au,R,(tpbz)] (R = Cg¢F5 (1), CcCL,F; (2) and CeCls
(3)). To a dichloromethane solution (20 mL) of [Au(C¢F5)(tht)]
(0.222 g, 0.491 mmol) (1), [Au(CeCl,F;)(tht)] (0.238 g, 0.491 mmol)
(2), and [Au(CeCls)(tht)] (0.262 g, 0.491 mmol) (3) was added
1,2,4,5-tetrakis(diphenylphosphanyl)benzene  (tpbz) (0.200 g,
0.245 mmol) (1), (0.200 g, 0.245 mmol) (2) and (0.200 g, 0.245 mmol
(3)) in a 2:1 molar ratio. After 30 min of stirring at room
temperature, the solvent was evaporated under a vacuum to ca. 5
mL. Finally, addition of n-hexane (15 mL) led to the precipitation
of products 1 (0.591 g, 0.383 mmol), 2 (0.573 g, 0.356 mmol) and 3
(0.628 g, 0.368 mmol), all as orange solids. Yield: 78% (1), 73% (2)
and 75% (3).

Experimental data for 1. Anal (%) caled for 1:
(CeeHasPsAULFy): C, 51.38; H, 2.74. Found: C, 50.15; H, 2.57.
'H (298 K, toluene-dg): 6 7.73-6.72 (m, 42H, Hy,). °F (298 K,
toluene-dg): 6 —113.98 (m, 2F, F,), 6 —159.03 (m, 1F, F,), ¢
—162.36 (m, 2F, F,,,). >'P{"H} (298 K, toluene-dg): 6 15.36 (m, 4P).
MS(EST ): m/z 531.00 [Au-(CeFs),]”. ESI(+): m/z 1543.18
[Ce6Ha3PsAULFyo]". ATRIR: v 1101, 1436 cm ' (tpbz); v 790,
954, 1634 cm ™' (Au-CgFs).

Experimental data for 2. Anal (%) caled for 2: (CeeHao-
P,Au,CLF): C, 49.28; H, 2.63. Found: C, 50.02; H, 2.71.
"H (298 K, toluene-dg): 6 7.31-6.73 (m, 42H, H,,). °F (298 K,
toluene-dg):  —87.91 (m, 2F, F,), 6 —112.38 (m, 1F, F,,). *'P{'H}
(298 K, toluene-dg): 6 15.12 (m, 4P). MS(ESI"): m/z 596.88 [Au-
(C¢CLF3)2] . ESI(+): m/z 1609.06 [CecH,3P4AU,CLFe]". ATR-IR: v/
1098, 1434 cm ™' (tpbz); v 1564, 1573, 1591 cm™ ' (Au-C4Cl,F3).

Experimental data for 3. Anal (%) caled for 3: (CeeHao-
P,Au,Cl,,): C, 46.43; H, 2.48. Found: C, 47.38; H, 2.36. 1H
(298 K, toluene-dg): § 7.37-6.67 (m, 42H, Hy,). *'P{'H} (298 K,
toluene-dg): 6 16.52 (m, 4P). MS(ESI ): m/z 694.69 [Au-
(CeCls)z] ™. ESI(+): m/z 1708.77 [CecHasP4AU,Cly,] . ATR-IR: v
1091, 1435 cm™ " (tpbz); v 620, 840 cm ™" (Au-CCls).

Crystallography

The crystals were mounted in inert oil on a MiteGen Micro-
Mount™ and transferred to the cold gas stream of a Bruker
APEX-II CCD diffractometer equipped with an Oxford Instru-
ments low-temperature controller system. Data were collected
using monochromated Mo Ka radiation (4 = 0.71073 A). Scan
type: w and ¢. Absorption corrections: semiempirical (based on
multiple scans). The structures were solved with the XT struc-
ture solution program using Intrinsic Phasing and refined with
the SHELXL refinement package using Least Squares minimi-
zation and refined on F,”> using the program SHELXL-97.°®
Hydrogen atoms were included using a riding model. CCDC
2303804 and 2303805 contain the supplementary crystallo-
graphic data for this article.}

Computational details

The molecular structures of the ground state (S,) of 1a-3a were
optimized at the density functional theory (DFT) level using
the B3LYP functional,’*®' the def2-TZVP basis sets®* and the
semiempirical D3(BJ) term to account for van der Waals

This journal is © The Royal Society of Chemistry 2024
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63,64 The molecular structures of the lowest excited

interaction.
singlet state (S;) and the lowest excited triplet state (T,) were
optimized at the time-dependent DFT (TD-DFT)® level using
the PBEO functional,®® the def2-TZVP basis sets and the D3(BJ)
van der Waals term.®*®* The molecular structures are given in
the ESLt The Gaussian 16 program package®” was used for
calculating the ESP surfaces, the transient density isosurfaces,
and for investigating the validity of the Davidov model.

The Turbomole program package was used in the optimiza-
tion of structures and in the calculations of the excitation
energies at the TD-DFT level.®®*®® The energies of the S; and
T, states were also calculated at the algebraic diagrammatic
construction of second order (ADC(2)) level>”" using the spin-
opposite-scaling approximation’>”® and the Laplace trans-
formation (LT) approach as implemented in Turbomole.”*”>
Split-valence polarization (def2-SVP) quality basis sets’® were
used in the ADC(2) calculations. The LT-SOS-ADC(2)/def2-SVP
level of theory can be applied to large molecules when using the
reduced virtual space (RVS) approach where all virtual orbitals
above a given orbital-energy level are omitted in the correlation
calculation.””””® Here, we freeze all virtual orbitals with an
orbital energy larger than 50 eV (RVS-50) in addition to the
core orbitals that Turbomole freezes as default.

The molecular structures of S, of 1a-3a optimized at the DFT
level using the PBE0®® functional and the def2-TZVP®” basis sets
were used in the calculations of the spin-orbit coupling (SOC)
matrix elements (S;|Hso|T,) and the rate constants of inter-
system crossing kisc and reverse intersystem crossing krisc
between the S; state and the two lowest triplet states (T; and
T,). The excitation energies of the 10 lowest S,, and T, states of
the A, and A, irreducible representations were calculated at the
time-dependent density-functional theory (TD-DFT) level using
the PBEO functional and the molecular structure of the S, state.
The spin-orbit coupling (SOC) matrix elements (S,|Hso|Tx)
were calculated at the TD-DFT/PBEO level using the MOLSOC”®
program. The rate constant of reverse intersystem crossing (krrsc)
at room temperature T = 298 K was estimated as proposed in ref.
30 and 80-82.

Periodic DFT calculations were performed using Quantum
Espresso 7.0%® using pseudopotentials for plane-wave calcu-
lations.®*

Conclusions

The new tetraphosphine perhalophenyl gold(i) complexes
reported in this work constitute an improved designed set of
compounds that display a very efficient TADF behaviour.
A detailed photophysical study of the three dinuclear com-
plexes revealed that the observed emission at room tempera-
ture (RT) stems from an almost pure TADF phenomenon
(92-95%), which is a higher percentage than that estimated
for the corresponding quasi-monomers (ca. 70%). The emission
wavelengths of the new compounds do not depend significantly
on the nature of the perhalophenyl group bonded to the gold(r)
center since all complexes display an orange emission at room
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temperature and at 77 K. The experimental and computational
studies reveal that there is a relationship between the efficiency
of the emission at RT and the electron withdrawing ability of
the aryl groups. Application of the Davidov model on the
complexes 1-3, which is possible thanks to the inversion
symmetry of the molecular structures, provides a relationship
between the radiative rate constants, the oscillator strengths
and the transition dipole moments of the monomer and the
dimer. The transition dipole moment of S; — S, of the
dinuclear complexes with inversion symmetry (1-3) is about
twice that of the corresponding monomer. The larger transition
dipole moments lead to four times larger oscillator strengths
(f) and radiative rates (k) of the S; — S, transition of the dimer
complexes. Therefore, the quantum yields obtained for 1-3 are
much higher than those for the monomers.

The calculations show that the perhalophenyl groups bearing
more electronegative substituents, such as fluorine (1), give rise
to a smaller transition dipole moment than those bearing less
electronegative atoms such as chlorine (2 and 3). By adjusting the
withdrawing ability of the perhalophenyl groups, one can control
the quantum yield of the complexes. The larger transition dipole
moment of 3 results in a faster radiative rate and consequently an
enhanced quantum yield of emission as compared to those of 1
and 2. This study gives a new clue to design complexes that show
more efficient TADF behaviour at room temperature and, hence,
suggest promising candidates for use as emitter molecules in
OLEDs. New studies of this kind are currently in progress.
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