Volume 13 | Number 2 | 20 January 2026

INORGANIC
CHEMISTRY

FRONTIERS

CHINESE
&N CHEMICAL ROYAL SOCIETY

Y SOCIETY OF CHEMISTRY rsc.li/frontiers-inorganic




CHINESE
CHEMICAL
SOCIETY

INORGANIC CHEMISTRY
FRONTIERS

View Article Online
View Journal | View Issue

RESEARCH ARTICLE

The role of the electron density of the acceptor in
efficient diphenylphosphino-gold() TADF emitters
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We report the synthesis of a series of diphosphino-gold()) complexes (1-4) using the cis-1,2-bis(diphenyl-
phosphino)ethylene (dppe), 1,2-bis(diphenylphosphino)benzene (dppBz), 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos) and 1,8-bis(diphenylphosphino)naphthalene (dppn) chelating ligands in com-
bination with the [Au(CgFs)(tht)] precursor. The bis(diphosphine)-gold()) complexes are designed for investi-
gating how thermally activated delayed fluorescence (TADF) depends on the ligand. The emission wave-
length of the intense luminescent emissions of 2, 3 and 4 at room temperature (RT) and at 77 K is modulated
by the electronic nature of the ligands. Temperature-dependent lifetime measurements and computational
studies suggest that 2, 3 and 4 exhibit TADF at RT. Rate constants of intersystem crossing (ISC) and reverse
ISC (RISC) were calculated at the ADC(2) level using an ONIOM approach to consider solid-state environ-
mental effects on the molecular structures and spin—orbit coupling matrix elements calculated at the
density functional theory (DFT) level. The photophysical studies show that the observed RT emissions arise
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Introduction

The design of a new generation of emitters based on thermally
activated delayed fluorescence (TADF) has been driven mainly
by the ongoing search for materials with higher quantum
efficiency, a key requirement for their application in electrolu-
minescent devices.

Various studies have provided a basic understanding of the
criteria that complexes must meet to exhibit TADF behaviour
that is suitable for practical applications.'™

A key requirement is that the materials must have short
decay times to reduce device stability problems and roll-off
effects. To achieve this goal, molecules incorporating electron
donor (D) and acceptor (A) groups have traditionally been
designed to promote charge transfer transitions, resulting in
TADF behaviour and shorter lifetimes compared to the pre-
vious generation of phosphorescent emitters.

In terms of energies, it is essential that there is a small
energy difference (AE(S,-T,)) between the lowest singlet (S;)
and triplet (T,) excited states. This condition is fulfilled by
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from TADF with contributions in the range of 67-84% depending on the diphosphine ligand.

molecules with a small HOMO-LUMO overlap. To structurally
reach this goal, two main strategies are usually employed:
rotating the D and A units around the D-A axis, which pro-
duces orthogonal D-A relative orientations, or increasing the
D-A distance by implementing a longer bridge.*® The small
difference between the two states ideally allows thermal energy
at room temperature to pass between the T, and S, states. In
addition, a fast radiative rate constant between the S; and S,
states is also required, which reduces the decay time.**”°
However, fulfilling both conditions in the same molecule can
be counterproductive, since achieving a low AE(S;-T;) with
minimal overlap between HOMO and LUMO can simul-
taneously result in small transition dipole moments and, con-
sequently, a small radiative rate constant k(S;-S,).*>
On the other hand, although the incorporation of heavy
metals into these molecules promotes intersystem crossing (ISC)
as a result of increased spin-orbit coupling (SOC), rapid radiative
inverse intersystem crossing (RISC) is also important for the
TADF process. The key factor for maximizing the RISC rate con-
stant is a small AE(S;-T;) as shown in eqn (1). Therefore, under-
standing how to minimize this difference through appropriate
molecular design is an important challenge."
krisc = kisc e AES1T/ksT (1)
The metals most commonly used in complexes exhibiting
TADF are Cu and Ag, as they are less expensive alternatives to
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Pt and Ir. However, although low-energy localized triplet
excited states, which could increase the singlet-triplet gap and
reduce efficiency, have not been reported in Cu(i) complexes,
its inherent susceptibility to oxidation remains a significant
drawback. Similarly, the Ag(i) analogues often exhibit photo-
sensitivity and poor luminescent properties. These problems
seriously compromise the stability and efficiency of light-emit-
ting-diode (LED) devices in which these metals are
incorporated.

Recently, in our laboratory, we have observed TADF pro-
cesses in gold-containing complexes of stoichiometries [AuR
(dppBz)] (R = C¢F5, CsCl,F3, CsCls, C¢BrF,, C¢F,1; dppBz = 1,2-
bis(diphenylphosphino)benzene) and [Au,R,(tpbz)] (R = CeFs,
CeCl,F5, C¢Cls; tpbz = 1,2,4,5-tetrakis(diphenylphosphino)
benzene)."'*? As for mononuclear complexes, we investigated
the origin of their TADF behaviour, which was attributed to
metal-ligand (AuPPh,) to ligand (C¢H,) charge transfer
(MLLCT) states that exhibit small AE(S;-T;) energy gaps. In
these compounds, the variation of the perhalophenyl groups
can modulate the electronic density of gold, and its SOC due
to the presence of heavy atoms, such as iodine. The dppBz
ligand, which contains two phosphorus centres that promote
chelate coordination, gives rise to a rigid geometry that pre-
vents non-radiative deactivation pathways. The TADF quantum
yields obtained at room temperature are remarkably high -
around 70% - although not spectacular.

For the dinuclear complexes, we adopted an alternative
strategy inspired by the Davydov model,"*"” which proposes
that coupling between two transition dipole moments in a
symmetric molecule yields two linear combinations. The anti-
symmetric (odd) combination, corresponding to antiparallel
alignment, leads to a vanishing net transition moment, while
the symmetric (even) combination results in a transition
dipole moment approximately twice that of the monomer. By
exploiting this effect, we achieved a four-fold enhancement in
the radiative rate constant (k,) relative to the mononuclear ana-
logue. As a result, the TADF process becomes highly efficient
at room temperature, with quantum yields exceeding 95%.

In summary, careful selection of the molecular structure
leads to more efficient processes. Unfortunately, understand-
ing the structural requirements necessary to achieve efficient
TADF behaviour remains a key challenge. In this context, it is
important to note that vibrational motion and non-radiative
deactivation pathways are strongly affected by surrounding
molecules, which may result from packing effects or even weak
interactions with the emitter molecule. For this reason, com-
putational studies provide valuable information.

A straightforward way to computationally account for
environmental effects on the rigidity of molecular systems is
the use of the ONIOM QM/MM approach. This method
efficiently combines different levels of theory to model large
molecular systems. A small part of the molecule, i.e. the emis-
sive molecular system, is computed at a high quantum
mechanical (QM) level of theory, while the surrounding mole-
cular environment is computed at the molecular mechanics
(MM) level of theory, permitting cost-effective computation
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with accurate results using, for example, the DFT level of
theory. However, although modeling chemical structures using
the ONIOM methodology is commonly used, excited state pro-
perties, as in full QM approaches, suffer from a large underes-
timation of the energy of charge-transfer states. Higher corre-
lated methods such as ADC(2) are more appropriate for a more
accurate description of the excited states involved in TADF pro-
cesses. The environment is then considered using the ONIOM
scheme. As far as we know, this approach has not been pre-
viously used in that context.

In this article, we investigate the influence of the structural
characteristics of the acceptor group (a diphosphine) and the
environment on the optical behaviour of gold compounds.
Thus, complexes of stoichiometry [Au(diphosphine),][Au(CgFs),]
(diphosphine = cis-1,2-bis(diphenylphosphino)ethylene (dppe),
1,2-bis(diphenylphosphino)benzene (dppBz), 4,5-bis(diphenyl-
phosphino)-9,9-dimethylxanthene (Xantphos) and 1,8-bis(diphe-
nylphosphino)naphthalene (dppn)) show different luminescent
behavior depending on their intrinsic structural characteristics
and their surrounding environment. The reasons for their
different optical properties are explored through both experi-
mental and computational approaches.

Results and discussion
Synthesis and characterization

The diphosphine-gold(1) complexes (1-4) have been syn-
thesized by reacting the [Au(C¢F5)(tht)] (tht = tetrahydrothio-
phene) gold(1) precursor with the dppe, dppBz, Xantphos or
dppn ligands in equimolar ratios, using dichloromethane as
solvent (Scheme 1). After 1 hour of stirring, evaporation of the
solvent to ca. 1 mL and addition of n-hexane led to a precipi-
tation of [AuL,][Au(C¢Fs),] (L = dppe (1), dppBz (2), Xantphos
(3), dppn (4)) as white (1-3) or orange (4) powders.

Analytical and spectroscopic data of the new complexes
agree with the proposed stoichiometries, except for complex 1,
which crystallizes as a solvate with a formula [Au(dppe),][Au
(C6Fs5),]-CH,Cl, (1-CH,CL,) (vide infra).

Their infrared spectra show absorption bands at v = 782,
953, 1498 cm™ (1); 779, 950, 1497 cm™ ' (2); 780, 948,
1501 ecm™" (3); and 770, 951, 1499 cm™ ' (4); associated with

Synthesis
R F 5 % || cefs
—~ C _ CH,Cl, \,./ |
2P P+ 2 —Au F — u Au
v -2 tht P b i
F F RO || Ces
— C0 GO
P P-= = o
PhP  PPh, PhyP  PPhy PPhy PPhy PPhy PPhy
dppe (1) dppBz (2) Xantphos (3) dppn (4)

Scheme 1 Synthesis of 1-4 (tht = tetrahydrothiophene).
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the anionic [Au(CeFs),]” fragments as well as bands related to
the diphosphines (Fig. S1-S8).

The 'H NMR spectra of the four complexes, measured in
CDCl;, display the aromatic protons of the ligands in the
7.11-7.35 (1), 7.03-7.52 (2), 6.59-7.48 (3) and 6.69-8.21 ppm
(4) ranges. Complex 1 shows additional signals at 7.51 and
5.30 ppm, corresponding to the hydrogen atoms of the ethyl-
ene moiety and the dichloromethane molecules, respectively;
while in 3, the methyl groups on the xanthene fragment
display a signal at 1.68 ppm (Fig. $9-512).

The [Au(C¢Fs5),]” counterion is as well confirmed through
"F{'H} NMR measurements showing the three characteristic
signals for the fluorine atoms in ortho, meta and para positions
(Fig. $19-522).18

The *'P{'H} spectra (Fig. S23-526), show singlets at 22.50
(1), 21.19 (2), 4.69 (3) and 7.58 ppm (4), indicating that the
phosphorous atoms are identical at RT.

Crystal structures

The crystal structures of 1-CH,Cl,, 2 and 4 were determined by
X-ray diffraction studies of single crystals obtained by slow
diffusion of n-hexane to saturated dichloromethane solutions.
Complex 1 crystallizes in the P1 space group of the triclinic
system, with one dichloromethane molecule per compound
molecule, while 2 and 4 crystallize in the C2/c space group of
the monoclinic system (Table S2). Although suitable crystals of

X-ray crystal structures
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3 could not be obtained, the structure of the cationic [Au
(Xantphos),]” moiety with a similar counterion ([Au
(Xantphos),][Au(CsCl,F3),]) (3*) has previously been reported
by us,'® and will here be used for comparison purposes.

The three structures show similarities and can be described
as formed by two ionic fragments, resulting from a reorganiz-
ation of the ligands during the crystallization process favoured
by the high polarity of the solvent (dichloromethane). The
atoms in the anionic [Au(CeFs),]” moieties adopt a nearly
linear environment in 3* and 4 with C-Au-C angles of
173.6(4)° and 176.1(3)°, respectively, while in 1.CH,Cl, and 2
they exhibit a perfectly linear arrangement (Fig. 1, top), since
these metal centres are located in special positions and the
entire [Au(Cg¢Fs),]” fragment is generated by symmetry.
Therefore, the perhaloaryl groups in 1.CH,Cl, and 2 are paral-
lel, while in 3* and 4, they are slightly rotated by torsion
angles of 29.4° and 26.5°, respectively.

The coordinated diphosphine ligands in the cationic [Au
(diphosphine),]" moieties are not very distorted from the struc-
ture of their free form.>*”** The gold atoms within the cationic
complexes display a pseudo-tetrahedral geometry with intrali-
gand P-Au-P angles of 86.33(3) and 86.98(3)° for dppe in
1-CH,Cl,, 84.62(4)° for the dppBz ligands in 2, 108.1(1) and
108.9(1)° for Xantphos in 3%, and 86.47(4) and 85.71(4)° for
dppn in 4 (Fig. 1, bottom). The cations containing dppe,
dppBz or dppn as ligands display narrower bite angles, which

2414

) 8460

2394

2.39 A\—/
0= 821
2

@

2.39 U
@ =886
1

3*

Fig. 1 Top: The molecular structure of 1-CH,Cl, (A), 2 (B) and 4 (C) (50% probability ellipsoids) with the labelling scheme adopted for the atom posi-
tions. Selected bond lengths (A) and angles (°): Aul-P1 2.3727(9), Aul-P2 2.3854(9), Aul-P3 2.3600(9), Aul-P4 2.4093(9), Au2—C53 2.054(4), Au2—
C59 2.044(3), P1-Aul-P2 86.33(3), P3—-Aul-P4 86.98(3), P1-Aul-P3 129.36(3), P1-Aul-P4 115.14(3), P2—Aul-P3 126.05(3), P2—Aul-P4 115.69(3),
C-Au2-C 180.0 (1-CH,Cl,); Aul-P1 2.4053(12), Aul-P2 2.3942(12), Au2—-C31 2.043(5), P1-Aul-P2# 84.62(4), P1-Aul-P2 118.83(4), P1-Aul—-P1#
124.17(6), P2—Aul-P2# 130.98(6), C-Au2-C 180.0 (2); and Aul-P1 2.3932(11), Aul-P2 2.3718(11), Aul-P3 2.3846(12), Aul-P4 2.3855(13), Au2-C69
2.039(7), Au2-C75 2.042(7), P1-Aul-P2 86.47(4), P3—Aul-P4 85.71(4), P1-Aul-P3 121.60(4), P1-Aul-P4 115.39(4), P2—-Aul-P3 117.12(4), P2—-Aul-
P4 134.89(4), C-Au2-C 176.1(13) (4). Hydrogen atoms have been omitted for clarity. Symmetry transformations are used to generate equivalent
atoms in 2. # —x+1, y, —z+%. Bottom: The coordination of the gold(i) centres of 1-CH,Cl, (left), 2 (centre-left), 3* (centre-right) and 4 (right).
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is due to the structural restrictions caused by the C=C bonds
connecting the phosphorus atoms. In contrast, the dipho-
sphine Xantphos can adopt a boatlike conformation by
folding its xanthene fragment along the CMe,---O axis, leading
to wider bite angles. Obviously, the narrower the P-Au-P intra-
ligand angle is, the wider is the interligand one. The environ-
ment of the gold atom in the cationic complexes is defined not
only by the diphosphine angles, but also by the Au-P dis-
tances, which range from 2.3600(9) to 2.4093(9) A in the struc-
tures of 1.-CH,Cl,, 2 and 4, containing rigid diphosphines,
while 3*, containing the more flexible Xantphos ligand, dis-
plays longer Au-P distances that vary from 2.452(3) to 2.497(4)
A. Therefore, it is possible to establish a relationship between
the diphosphine bite angle, and the distortion of the coordi-
nation sphere.

The dihedral angles between the planes defined by the
intraligand P-Au-P angles are 88.6 (1-CH,Cl,), 82.1 (2), 89.3
(3*) and 79.9° (4) (Fig. 1, bottom). Although Xantphos is more
flexible because it can adopt the boat-like conformation, the
dihedral angle in 1-CH,Cl, is very close to that in 3*.

Photophysical properties at room temperature and at 77 K

The absorption spectra in the solid state of 1-4 show bands
between 200 and 350-500 nm, which are also observed in
measurements of the absorption spectra of the diphosphine
ligands and the [Au(CeFs),]” anion (Fig. S27-S30; S31-S34
display the absorption spectra in solution). The high-energy
bands can be assigned to © — n* or 6 — n* intra-ligand tran-
sitions of the diphosphine ligands, or the perhalophenyl rings,
and charge-transfer transitions of the perhalophenyl rings and
the metal centre of the counterion.

The absorption bands between 330 and 500 nm have edges
at lower energies than for the precursors, which may be due to
charge-transfer processes between the gold(i) centre and the
diphosphine ligands.

The studied complexes, except [Au(dppe),][Au(CeFs).] (1),
have strong emission when irradiated with UV-vis light
(Fig. 2). At RT, 2 and 3 have an emission band at 491 nm with
quantum yields (@) of 0.60 (2), 0.21 (3), respectively, when
excited in the 250-400 nm range, whereas 4 exhibits an emis-
sion band centred at 686 nm (@ = 0.59) when it is excited in
the 250-600 nm range. The shift in the emission wavelength of
4 is probably due to the presence of fused aromatic rings in
the phosphine ligands that reduces the HOMO-LUMO gap
and therefore shifts the emission to lower energies.”® The
emission lifetimes are 3.3 (2), 3.1 (3) and 7.8 ps (4) at RT.

The emission bands at 77 K are somewhat shifted towards
the blue with maxima at 487 (2), 483 (3) and 704 nm (4). The
lifetimes are significantly longer than at RT, with values of
19.4 (2), 11.7 (3) and 23.8 ps (4).

The shorter emission lifetimes at RT and the small shift of
the emission bands when cooling the samples suggest TADF
emission at RT as previously discussed for other diphosphino-
gold(r) complexes.'™"?

380 | /norg. Chem. Front., 2026, 13, 377-388

View Article Online

Inorganic Chemistry Frontiers

Emission spectra- RT & 77 K

Q00

491 nm

1,24 O
1,04
0,8

0,6

0,4

Normalized intensity (a.u.)

0,2

Fig. 2 Experimental emission spectra in the solid state of [Au
(dppBz),][Au(CeFs),] (2) (turquoise), [Au(Xantphos),l[Au(CeFs),] (3) (blue)
and [Au(dppn),][Au(CgFs),] (4) (orange) measured at RT (solid) and at
77 K (dashed).

Thermally activated delayed fluorescence studies

The solid-state emission lifetimes were measured in the temp-
erature range of 77-348 K for 2 and 3 and 77-378 K for 4
showing that the lifetime decreases with increasing tempera-
ture. The emission lifetimes as a function of the temperature
were fitted to a Boltzmann-type function:*”*®

B 3/TT + 1/Ts exp(—AE(81 — Tl)/kBT)

Tav

(2)

where kg is Boltzmann’s constant, and 7z and g are the life-
times of the phosphorescence (T; — So) and the prompt fluo-
rescence (S; — Sy), respectively. The energy difference (AE(S;—
T,)) and the lifetime of the fluorescence were obtained by
fitting eqn (2) to the measured emission decay times using zr
values of 19.4 (2), 11.7 (3) and 23.8 ps (4), which were
measured at 77 K, which is assumed to be due to pure phos-
phorescence (Fig. 3, top, and Fig. S41-S43, SI).

The fit yielded AE(S,-T;) values of 592 (2), 925 (3) and
562 cm™" (4). The smallest AE(S;-T;) is obtained for 4 with the
naphthalene ring of the dppn ligand. Complex 2, with a pheny-
lene ring of the dppBz ligand, has almost the same AE(S;-T;)
gap as 4, whereas a much larger AE(S;-T;) is obtained for 3.

The emission lifetime of 2 is almost constant (z ~ 19 ps)
between 77 and 100 K, which can be assigned to the pure T; —
So phosphorescence process. Increasing the temperature leads
to a decrease in the lifetime due to the fluorescence from the
energetically higher lying S, state. The emission rate increases
with temperature until TADF dominates the emission, reach-
ing an almost constant lifetime at 338 K (7335 x & 2 ps). A con-
stant emission due to phosphorescence is also observed for
[Au(Xantphos),][Au(CeFs),] (3) between 77 and 180 K, with 7 ~
12 ps (Fig. 3, top). The TADF process begins at higher tempera-
tures, reaching a constant lifetime of 73353 x & 2 ps at 338 K.

This journal is © the Partner Organisations 2026
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Complex 3 - TADF

1244 5 =12 s
o o ®
)
2
= L ]
o
E
= w  AE(S,-T,)=925 cm
)
5]
Q 64 . J 3
s 3
2 ?
2 4 N
; 4 'y Bl
Trap = 3 HS ——
24
T T T T T !
100 150 200 250 300 350

Temperature (K)

Complex 3 - TADF & Phosphorescence

100
TADF
< 80 75 %
s ,-ﬁ:/
2 /7
2
S 60
=
s
S 404
2
£
w
0 25%
Phosp.
04
T T T T T 1
100 150 200 250 300 350

Temperature (K)

Combined emissions at RT

Si
AE(S,-T,)
592 cm
925 cm!
562 cm
T,
Kphos, + L = Keombinea
2:10%s 2 S 3.0-10
(19 ps) ( (3 ps)
8.6:10%*s’1 2.4105s1 3.3:105s’!
(12 ps) (4 ps) (3 us)
1.3-10%s 8.6:10%s 1.3-105s1
(32 ps) (12 ps) (8 ps)
So

Fig. 3 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: Relative emission intensities of 3 from TADF
and direct phosphorescence as a function of temperature calculated
from experimental data using egn (4) and (5). Bottom: Schematic energy
level diagram and decay times of 2 (turquoise), 3 (blue) and 4 (orange).

The TADF lifetime for [Au(dppn),][Au(CeFs),] (4) is almost con-
stant at 378 K yielding 73,5 ¢ &~ 4 ps. However, a plateau at low
temperature is not observed as for 2 and 3, suggesting that
TADF occurs even at 77 K.

When the populations of S; and T, follow the Boltzmann dis-
tribution, the relative contribution to the emission intensity of
phosphorescence and TADF at a given temperature is given by:*°

I(Ty) — |1t k:(S1)g(S1) e~ AE(SI—T1)/ksT - (3)
ke (T1)g(Ty)

I tot

This journal is © the Partner Organisations 2026
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where the k(S;) and radiative constants can be expressed as a
function of the quantum yield (&) and the emission decay
time (7). The radiative rate constant is given by k, = &7 ", g(S;)
=1 and g(T,) = 3 are the degeneracy factors of the singlet and
triplet states, respectively. I is the total emission intensity of
the singlet and triplet states.

eqn (3) can be simplified when assuming that photo-
luminescence quantum yields for the phosphorescence and
TADF processes are the same (&(S,) = &(T,)):***"

I(Ty) _ {1 7(Ty) e—AE(Sl—Tl)/kBT:| - (4)
Itot 3T(S1)
Using I, = I(S,) + I(T;) we obtain
-1
1(51) —1_ {1 7(Ty) e—AE(Sl—Tl)/kBT:| (5)
ItOt 31(81)

The temperature dependent ratio between the TADF and
phosphorescence intensities can be calculated by inserting the
emission parameters AE(S;-Ty) = 592 (2), 925 (3), 562 cm™" (4);
7(S1) = 69 (2), 15 (3), 247 ns (4); (T1) = 19 (2), 12 (3), 24 ps (4)
into eqn (4) and (5). In Fig. 3 (middle) and Fig. S44-S46 (SI),
one sees that the S; — S, TADF intensities reach values of 84%
(2), 75% (3) and 67% (4) at RT.

Due to the fast equilibrium between the S; and T; states,
only the averaged emission decay time from the S; — S, and
Ty — Sy transitions is experimentally accessible. Although the
contribution from T; to the total emission intensity decreases
as the temperature increases, it still contributes at RT.

The TADF and phosphorescence rate constants at RT can be
estimated by comparing the rate constants of the individual

processes using eqn (6):*°*>3

k(combined) = k(TADF) + k(T,), (6)

with k(combined) = k(298 K) = 3.04 x 10° (2), 3.28 x 10° (3),
1.29 x 10° s7* (4) and using k(T;) = 5.16 x 10* (2), 8.57 x 10* (3),
4.26 x 10* s™' (4), we obtain k(TADF) = 2.52 x 10° (2), 2.43 x 10°
(3) and 8.62 x 10" s™* (4) (Fig. 3, bottom).

Computational studies

We optimized the molecular structures of the Sy, S; and T,
states of 2, 3 and 4 in the gas phase®*>” at the DFT level
(models 2a-4a). Excitation energies, spin-orbit coupling (SOC)
matrix elements and rate constants were calculated using the
optimized structures of the S; state (Table S4). It is unlikely
that the molecules in the gas phase emit via the TADF mecha-
nism because the calculated AE(S;-T;) of 1899 (2a), 4498 (3a)
and 3836 cm™' (4a) are much larger than the typical TADF
energy threshold of about 1000 cm™.***° Gas-phase calcu-
lations cannot properly describe the luminescence properties
of the studied molecules in the solid state implying one must
use a more sophisticated computational approach. We
designed a two-layer QM/MM ONIOM scheme that considers
environmental effects, which we applied to clusters con-
structed from the crystal unit cell (models 2b-4b) and then
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some of the molecules or fragments at the cluster boundaries
were removed.*!™*¢

Comparison of the excitation energies calculated for 2
using various cluster sizes showed that the cluster built from
the 1 x 1 x 2 supercell (2b) (Fig. 4, top), consisting of the
central emitter and 16 surrounding molecules for 2, is a good
compromise between computational costs and the accuracy of
the obtained results (Table S5). The cluster model was also
used for studying 3 and 4, with 23 and 30 surrounding mole-
cules respectively, which were constructed from supercells

Model 2b - ONIOM cluster

S

Complex 2 - Sy

> Sp transition

gas

crystal

Fig. 4 Top: Cluster constructed from the unit cell with dimensions 1 x
1 x 2 illustrating the position of 2 in the crystal environment. The region
treated at the TDDFT level is shown in the ball and stick representation,
while the region treated with xTB is shown as lines to highlight the
spatial arrangement and packing effects. Bottom: Representation of the
optimized molecular structures of 2 in the S; gas-and crystal-phase
states along with their corresponding frontier molecular orbitals (HOMO
and LUMO, isovalue = 0.03). Hydrogen atoms have been omitted for
clarity.
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with dimensions 2 x 2 x 2 (3b and 4b, respectively) (Fig. S47-
S49). In the time-dependent DFT (TDDFT) calculations on the
ONIOM-based models (Table S6), the excitation energy of the
T, state calculated using the molecular structure of the S, state
is much larger than the excitation energies of the T, state cal-
culated in the gas phase. The AE(S;-T;) splitting in the
ONIOM calculations at the TDDFT level are 1214 (2b), 2112
(3b) and 2184 cm™' (4b), which are closer to the TADF
threshold, but still larger than the experimental values. In the
TDDFT calculations on the ONIOM-based models, the T, state
of the three molecules is energetically above the S; state,
which is not the case in the gas-phase calculations. The
environmental effect increases the energy of the S,-S; tran-
sition of 2 from 9505 cm™" in the gas phase (2a) to 21473 cm ™"
in the crystal (2b) (Tables S4 and S6), which is in good agree-
ment with the experimental value of 20367 cm ™ (e =
491 nm). The calculations show that it is necessary to consider
environmental effects for a proper description of the excited
states. However, the S;-T; gap is still too large for TADF at the
TDDEFT level.

The molecular structure of the S; state of model 2b
(Fig. S48) is closer to the structure of the S, state of model 2a
than the structure of the S; state of model 2a (Table S7). The
crystal environment prevents significant distortions of the
molecular structure of the excited state, whereas in the
absence of the molecular environment the molecular structure
of the S; state relaxes to an almost planar coordination of the
gold(1) centre, leading to a very small excitation energy.

The molecular structures of the S; state of models 2b, 3b,
and 4b are very similar to the ground-state structures of
models 2a-4a (Fig. S50-S52 and Tables S7-S9). The Au-P bond
lengths of the S; state are 2.43-2.55 (2b), 2.48-2.53 (3b) and
2.38-2.42 A (4b) as compared to those of the S, state of 2.42
(2a), 2.50-2.53 (3a) and 2.39-2.40 A (4a) and to the experi-
mental values 2.39-2.41 (2), 2.45-2.50 (3*) and 2.37-2.39 A (4).

The intraligand P-Au-P angles of 2 and 4 change slightly
from 86.23° (2a), 85.73 and 85.38° (4a) in the S, state to 80.81
and 81.48° (2b), 85.13 and 85.08° (4b) in the S, state. However,
the main distortions arise from a twist in the dihedral interli-
gand angles (fp_au-p), Which decrease from 85.48 (2a) and
79.58° (4a) in the S, state to 72.92 (2b) and 70.15° (4b) in the
S; state (Tables S7 and S9).

The structural relaxation of the excited state of 3 differs
from that of 2 and 4. The intra- and interligand P-Au-P angles
in 3 change significantly upon excitation to the S; state, while
the dihedral interligand angle increases by only one degree
(Table S8). The structural distortions are located in the
xanthene moieties, which adopt a more pronounced boat-like
conformation in the S; state, leading to a widening of the
angles from 141.37 and 146.35° in S, (3a) to 155.44 and
149.39°in S, (3b).

The dppBz and dppn ligands in 2 and 4 lead to a closer
structural similarity between the S, and S; states in the solid
state. The structural rigidity is more pronounced for dppn,
while Xantphos allows a greater structural distortion in 3. The
structural rigidity increases in the following order: Xantphos
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(3) < dppBz (2) < dppn (4), which is directly reflected in the
experimental S;-T, energy gaps of 925 (3) > 592 (2) > 562 cm ™"
(4). A more flexible environment leads to larger structural dis-
tortions of the excited states and to a larger energy difference
between them.

In the ONIOM calculations on 2b, the S,
transition leads to charge transfer from the phenylene group
on the dppBz ligand to the gold centre and the phosphorus
atoms, which is necessary for TADF. This charge transfer char-
acter was further confirmed by transition density analyses,
which clearly show the flow of electron density from the ligand
to the metal centre (Fig. S53). In the gas-phase calculations,
there is almost no charge transfer because the HOMO and the
LUMO orbitals are localized on the gold centre (Fig. 4,
bottom).

Although the optimized molecular and electronic structure
calculations in the solid state agree better with experimental
data than those performed in the gas phase, the computed
AE(S;-T;) values still exceed 1000 cm™, which is larger than
the experimental values (Table S6), and inconsistent with
emission via the TADF mechanism.

Excitation energies calculated at the TDDFT level in the
gas phase, from the molecular structure optimized for the S,
state using the ONIOM approach (models 2b*-4b*), are
close to those obtained when explicitly considering the
environment through the ONIOM model. The largest differ-
ence is obtained for 4, which has a deviation of 1414 cm™
between the gas-phase excitation energy of 18509 cm™" (4b*)
(Table 1) and the one of 17094 cm™" obtained for the S, state
using the ONIOM approach (4b) (Table S6). The small differ-
ence arises from the polarization of the electron density by the

- Sy

Table 1 Excitation energies (cm™), oscillator strengths (f), and spin—
orbit coupling (SOC) matrix elements (S;|Hso|Ty) (cm™) for 2b*, 3b*, and
4b* calculated at the TDDFT level. Excitation energies calculated for 2c,
3c and 4c at the ADC(2) level are also reported. The rate constants and
fluorescence lifetime (zs) are estimated based on the ADC(2) excitation
energies. The calculations were carried out in the gas phase using the
optimized molecular structure of the S; state obtained in the two-layer
ONIOM calculation. Experimental values are given in parenthesis

Level 2 3 4

TDDFT S, 22369.8 26 893.7 18508.8
T, 21092.2 23727.2 14 488.9
T, 24174.0 25890.4 18 629.0
AE(S;-Ty) 1277.6 3166.5 4019.9

ADC(2) Sy 23 658.9 26 040.8 16 562.8
T, 23091.5 24844.6 15714.9
T, 27205.8 28 682.6 19797.8
AE(S;-Ty) 567.3 1196.2 848.0
f(s1) 0.0208 0.0099 0.0426
(S1|Hso|Ty) 63.73 100.29 107.96
s 0.13 (0.07) 0.22 (0.02) 0.13 (0.25)
k(S1 = So) 7.8 x 10° 4.5 x10° 7.8 x10°
kic(S1 = So) 1.4 x 10° 2.2 x 10° 4.4 x 10°
kisc(S1 = Ty) 2.9 x 10*? 4.3 x 10"? 6.7 x 10*?
Krisc(Ty — S1) 1.9 x 10" 1.4 x 10*° 1.1 x 10"
@ 0.85 (0.60) 0.95 (0.21) 0.70 (0.59)

This journal is © the Partner Organisations 2026

View Article Online

Research Article

crystal environment. Accurate excitation energies can be
obtained by performing calculations at ab initio correlated
level of theory using the molecular structure optimized with
the ONIOM model.

We have employed the ADC(2) method that describes
singlet and triplet excited states with high accuracy and can be
applied to large molecules, improving the TDDFT/ONIOM
description of the TADF process (models 2c-4c) (see
Table 1).*”*® Calculations of the excitation energies, kisc(S; —
T,) and kgisc(T1 — S1) were performed as the single-point cal-
culations at the ADC(2) level using the molecular structure of
the S; state optimized at TDDFI/ONIOM level of theory,
whereas the SOC matrix elements were calculated at the
TDDEFT level.

The ADC(2) calculations yielded larger excitation energies
of the T, state energies than at the TDDFT level resulting in a
smaller energy difference of 567 (2c), 1196 (3c) and 848 cm™*
(4c) between the S; and T; states. The energy gaps calculated
at the ADC(2) level are much closer to the experimental values
of 592 (2), 925 (3) and 562 cm™ (4).

The prompt fluorescence lifetimes (zs5) were calculated
using k(S; — S,) and the Strickler-Berg formula.*® The exci-
tation energies and oscillator strengths were calculated at the
ADC(2) level in the gas phase using the molecular structure of
S, optimized at the TDDFT/ONIOM level. The obtained 75 of
0.13 (2¢), 0.22 (3c), and 0.13 ps (4¢) agree well with the experi-
mental values of 0.07 (2), 0.02 (3), and 0.25 ps (4) (Table 1).
TDDFT calculations using a supercell model, yielded z5 values
of 0.12 (2b*), 0.21 (3b*), and 0.09 ps (4b*) (Table S6). Lifetime
calculations using the molecular structure of the S, state opti-
mized in the gas phase yielded for 2a a 75 value of 20.75 ps,
which is more than two orders of magnitude larger than the
experimental value, whereas for 3a and 4a, the corresponding
7s values agree within one order of magnitude with experi-
mental values (Table S4).

The calculated photoluminescence quantum yields (@) of
0.85 (2¢), 0.95 (3c), and 0.70 (4c) are larger than the experi-
mental values of 0.60, 0.21, and 0.59, respectively, probably
because intermolecular quenching is neglected in the
calculations.

The ADC(2) calculations yielded rate constants for kisc(S; —
T;) of 2.9 x 10" (2¢), 4.3 x 10"* (3¢) and 6.7 x 10" s™* (4¢), and
for kpisc(T1 = S1) at RT is 1.9 x 10" (2¢), 1.4 x 10"° (3¢) and 1.1
x 10" s7! (4c), which are several orders of magnitude larger
than k; of the S; — S, transition (Table 1). The calculated spin-
orbit coupling matrix elements (S;|Hso|T;) are 64 (2b*), 100
(3b*) and 108 cm™" (4b*). Calculations at the ADC(2) level do
not underestimate the excitation energies between the S; and
T, states and the ground state, as in previous studies at other
levels of theory.'>'* Including the molecular environment at
the TDDFT/ONIOM level prevents large structural distortions,
leading to reliable optimized structures of the excited states.
The (S;|Hso|T;) values indicate a strong SOC effect in the
excited electronic states, which leads to large kisc and kgisc
values that promotes a fast transfer between T, and S;, which
is fundamental for TADF.
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Experimental
General considerations

The starting precursor [Au(CeFs)(tht)] was prepared as
described in the literature.’®>' The dppe, dppBz and Xantphos
ligands were purchased from Sigma-Aldrich, whereas dppn
was obtained from BLDpharm; all of them were used as
received. All solvents used for the synthesis of the new com-
pounds were obtained from commercial sources and were
employed without further purification.

Instrumentation

The infrared spectra were recorded in the 2000-450 cm™

range using a PerkinElmer FT-IR Spectrum Two with an ATR
accessory. The C and H analyses were carried out with a
PerkinElmer 240C microanalyzer. The ESI-MS spectra were
obtained using a Esquire3000 plus spectrometer equipped
with an API-ESI source and a QToF mass analyser (1, 2) and
using a Bruker MicroTOF-Q spectrometer with an ESI ioniza-
tion source (3, 4). The *'P{"H}, "’F{'H}, ’C{'H} and "H NMR
experiments were recorded in CDCl; using a Bruker ARX 300
and a Bruker AVANCE 400. Chemical shifts are reported relative
to H3PO, (*'P, external), CFCl; (*°F, external) and SiMe, ("H
and C{'H} external). Diffuse reflectance UV-vis spectra of
pressed powder samples diluted with KBr were recorded on 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 as well as lifetime measurements were recorded using an
Edinburgh FLS 1000 fluorescence spectrometer. The quantum
yields were measured in the solid state using a Hamamatsu
Quantaurus-QY C11347-11 integrating sphere with excitations
at 330 (2), 280 (3) and 450 nm (4).

Synthesis and characterization

[AuL,][Au(CeFs),] (L = dppe (1), dppBz (2), Xantphos (3), dppn
(4)) were synthesized by adding the [Au(C¢F;5)(tht)] gold precur-
sor (0.100 g, 0.221 mmol) in a 1:1 molar ratio to a dichloro-
methane solution (20 mL) of the corresponding diphosphine
ligand dppe (0.088 g, 0.221 mmol) (1), dppBz (0.098 g,
0.221 mmol) (2), Xantphos (0.128 g, 0.221 mmol) (3) or dppn
(0.110 g, 0.221 mmol) (4). After 1 hour of stirring at room
temperature, the solvent was evaporated under vacuum to ca.
1 mL. Finally, addition of n-hexane (20 mL) induced the pre-
cipitation of products 1 (0.109 g, 65%), 2 (0.151 g, 84%) or 3
(0.184 g, 88%) as white solids, and of product 4 (0.146 g, 77%)
as an orange one. The synthesis of 4 was performed under
inert atmosphere conditions using anhydrous solvents, due to
the high sensitivity of the dppn ligand to oxidation in the pres-
ence of oxygen or moisture.

Experimental data for 1. Anal. (%) caled for 1
(CosHasAU,CLF1oP,): C, 48.62; H, 2.89. Found: C, 50.71; H,
2.98. 'H NMR (298 K, CDCL,): 6 7.51 (m, 4H, Et), § 7.35 (t, 16H,
H,, PPh,, *Jy_u = 8 Hz), § 7.16 (t, 8H, H,, PPh,, *Jy_ = 8 Hz), §
7.11 (m, 16H, H,,, PPh,), § 5.30 (s, 2H, CH,CL,). “’F{"H} NMR
(298 K, CDCly): 6 —114.80 (m, 4F, F,), 6 —162.68 (t, 2F, F,), &
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-163.99 (m, 4F, F,,). *'P{'"H} NMR (298 K, CDCl;): § 22.50 (s,
4P). MS, ESI(-): m/z 530.95 [Au(CgFs),]". ESI(+): m/z 989.21 [Au
(dppe),]’. ATR-IR: v 782, 953, 1498 cm™" [Au(C¢Fs),] 5 v 691,
730, 1434, 1484 cm™" (dppe).

Experimental data for 2. Anal. (%) caled for 2
(C,,H4AU,FoP,): C, 53.35; H, 2.98. Found: C, 53.52; H, 3.11.
'H NMR (298 K, CDCl,): § 7.52 (m, 4H, C¢H,), § 7.46 (m, 4H,
CeH,), 6 7.31 (t, 16H, Hy,, PPh,, *Jz_; = 8 Hz), & 7.08 (t, 8H,
Hp, PPh,, ¥y = 8 Hz), § 7.03 (m, 16H, H,, PPh,). “F{'H}
NMR (298 K, CDCl3): § —114.93 (m, 4F, F,), § —162.88 (t, 2F,
Fp), § —164.18 (m, 4F, F,,)). >'P{'"H} NMR (298 K, CDCL): §
21.19 (s, 4P). MS, ESI(-): m/z 530.95 [Au(CeFs),]”. ESI(+): m/z
1089.24 [Au(dppBz),]". ATR-IR: v 779, 950, 1497 cm " [Au
(C6Fs)2]7; v 691, 741, 1434, 1482 cm™* (dppBz).

Experimental data for 3. Anal. (%) caled for 3
(CooHgsAU,F1,0,P,): C, 57.34; H, 3.42. Found: C, 57.32; H,
3.53. "TH NMR (298 K, CDCl,): & 7.48 (m, 4H, xanthene), 5 7.18
(m, 20H, xanthene and H,, in PPh,), § 7.05 (t, 8H, Hy,, PPh,,
e = 8 Hz), & 6.84 (m, 16H, H,, PPh,), § 6.59 (m, 4H,
xanthene), § 1.68 (s, 12H, CH;). "’F{'"H} NMR (298 K, CDCl,):
6 —114.73 (m, 4F, F,), 6 —160.93 (t, 2F, F;,), § —163.08 (m, 4F,
Fn). *'P{"H} NMR (298 K, CDCl;): & 4.69 (br, 4P). MS, ESI(-):
m/z 530.94 [Au(CcFs),]”. ESI(+): m/z 1353.35 [Au(Xantphos),]".
ATR-IR: v 780, 948, 1501 cm ™' [Au(C4F5),]; v 692, 741, 1227,
1406, 1434 cm™" (Xantphos).

Experimental data for 4. Anal. (%) caled for 4
(CgoHs2AU,F1P,): C, 55.83; H, 3.05. Found: C, 55.40; H, 3.08.
'H NMR (298 K, CDCl3): § 8.21 (m, 4H, naphthalene), § 7.54
(m, 4H, naphthalene), § 7.10 (m, 20H, xanthene and H,, in
PPh,), § 6.79 (t, 8H, H,, PPh,, °Jii = 8 Hz), 6 6.69 (m, 16H,
H,, PPh,). "F{'H} NMR (298 K, CDCl;): § —114.88 (m, 4F, F,,),
5 —162.95 (t, 2F, Fp), 6 —164.16 (m, 4F, F,,). *'P{'"H} NMR
(298 K, CDCly): 6 7.58 (s, 4P). MS, ESI(-): m/z 530.98 [Au
(CeFs)2]™- ESI(+): m/z 1189.26 [Au(dppn),]". ATR-IR: v 770, 951,
1499 em ™" [Au(C4F5),]; v 690, 742, 1434, 1478 cm ™" (dppn).

Computational details

The initial gas-phase calculations performed using TDDFT are
referred to as models 2a-4a. The subsequent ONIOM-based
models, in which the central molecules are treated at the
TDDFT level, are denoted as 2b-4b. When the geometries opti-
mized within these ONIOM models are used for further gas-
phase calculations, still employing TDDFT, the resulting
models are referred to as 2b*-4b*. When the same geometries
are used for gas-phase calculations at the ADC(2) level of
theory, the corresponding models are denoted as 2c-4c.

The molecular structures of the ground state (S,), and of
the first excited singlet state (S;) of 2, 3, and 4 were optimized
in the gas phase. The optimizations were performed at the
density functional theory (DFT) level for S, and the lowest
triplet state (T,), while time-dependent DFT (TDDFT)*” was
used for the S; state. The CAM-B3LYP exchange-correlation
functional®® was used in combination with the def2-TZVP
basis set,”® and Grimme’s D3(BJ) dispersion correction®® that
accounts for van der Waals interactions. The RIJCOSX approxi-
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mation** was used to accelerate the evaluation of Coulomb
and exact exchange integrals.

The structure optimizations and calculations of the exci-
tation energies in the gas phase were carried out with the
Turbomole program package.’>>® The influence of the solid-
state environment was modelled by applying a two-layer
ONIOM scheme using ORCA.*'*® The quantum mechanical
(QM) region was treated at the TDDFT level, while the environ-
ment was described using the semiempirical GFN2-xTB
method*® with electrostatic embedding, as implemented in
the xtb program.®’

Excitation energies of the S;, Ty, and T, states were also cal-
culated in the gas phase at the ADC(2) level of theory*”*® using
the def2-TZVP basis set, the molecular structures optimized
for the S; state in the crystal environment and the reduced-
virtual-space (RVS) approach.’®

In the QM—XTB calculations, a supercell was generated from
the experimental unit cell, and hydrogen atom positions were
optimized at XTB level. The QM region was then relaxed at the
TDDFT level with the XTB region kept frozen. Transition
density calculations were carried out at this same level. Spin-
orbit coupling (SOC) matrix elements were computed at the
TDDEFT level using the PySOC and MOLSOC programs.®®®® The
reverse intersystem crossing (kgisc) rate at RT (298 K) was esti-
mated using the approach described by Gadirov et al*°
Environmental effects were not included in the SOC and rate-
constant calculations.

Crystallography

The crystals were mounted in inert oil on a MiteGen Micro-
Mount and transferred to the cold nitrogen stream of a Bruker
APEX-II CCD diffractometer, equipped with an Oxford
Instruments low-temperature controller system (Mo Ka =
0.71073 A, graphite monochromator). Data were collected in w-
and ¢-scan modes. Absorption effects were treated by semiem-
pirical corrections based on multiple scans. The structure was
solved with the XT structure solution program using intrinsic
phasing and refined on F,> with SHELXL-97.%" All non-hydro-
gen atoms were treated anisotropically, and all hydrogen
atoms were included as riding bodies. CCDC 2477318-2477320
the supplementary crystallographic data for this paper.

Conclusions

The synthesized bis(diphosphine)-gold() complexes 1-4
reported in this work constitute a purposefully designed series
of compounds for investigating the TADF phenomena. A
detailed photophysical study of the molecules reveals that the
observed room-temperature (RT) emissions arise mainly from
TADF, with contributions ranging from 67 to 84% depending
on the diphosphine ligand. The emission wavelengths of the
molecules are affected by the electronic nature of the ligands
coordinated to the gold(r) centre. The presence of fused aro-
matic rings red shifts the emission. The experimental and
computational studies suggest that there is a relationship
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between the structural rigidity of the ligands and the singlet-
triplet energy gap (AE(S;-T;)). Localization of the LUMO on
moieties containing aromatic rings appears to be a key factor
for strong luminescence.

The combination of the ONIOM embedding scheme and
calculations at the ab initio correlated ADC(2) level of theory is
shown to be a promising computational approach for studying
TADF of solid-state materials. ADC(2) calculations on emitter
molecules in the gas phase provide results that closely match
experimental data when considering the effects of the mole-
cular environment on the molecular structure. The results
obtained at the ADC(2) level using the molecular structure of
the excited state optimized in TDDFT/ONIOM calculations are
significantly more accurate that those obtained in gas-phase
studies. The calculated (S;|Hgso|T1) values show that the spin-
orbit coupling is strong, leading to small AE(S;-T,) values and
large kisc and kgysc constants. These properties enable a rapid
population of the T, state upon excitation and an efficient
repopulation of the S; state leading to the efficient TADF
process that is observed for these molecules. The obtained
results highlight the crucial role of the molecular structure of
the ligands and the molecular environment in tuning photo-
physical properties. The present study demonstrates the poten-
tial of these gold(i) complexes as TADF emitters in OLEDS.
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