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Deep-blue phosphorescence from platinum(i)
bis(acetylide) complexes with sulfur-bridged
dipyridyl ligands+

Ka-Ming Tong, (2 Jessica Toigo® and Michael O. Wolf 2 *

New approaches to prepare rarer emitters such as those that are deep-blue are needed to advance OLED
technologies. Here, we demonstrate that a series of new platinum(i) bis(acetylide) complexes [Pt(N-
N)(C=CPh),] containing sulfur-bridged dipyridyl ligands (N-N) with various sulfur oxidation states:
sulfide (S), sulfoxide (SO) and sulfone (SO,) give access to variable emission colors from green to deep-
blue. Spectroscopic, electrochemical and computational studies show that mixed character excited
states have energies which are significantly influenced by the oxidation state of sulfur and the presence
of substituents. The sulfide and sulfoxide complexes are non-emissive in the solution state, while the
sulfone complexes display *MLCT/3LLCT excited-state yellow phosphorescence. In PMMA films the
sulfide and sulfoxide complexes show intense deep-blue phosphorescence and green phosphorescence
for the sulfone complexes, with photoluminescence quantum yields ranging from 0.35-0.91. Here we
demonstrate the capability of changing the photophysical properties of these metal emitters by varying
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Introduction

Over the past few decades, ever growing demands for advanced
lighting technologies and color displays for electronic devices
have promoted extensive research into organic light-emitting
diodes (OLEDs). Phosphorescent organometallic compounds
are ideal for application in OLEDs as such triplet emitters can
harvest both singlet and triplet excitons, and theoretically
achieve 100% internal quantum efficiency." A large library
of organometallic compounds, such as those based on
iridium(m),> platinum(u)® and gold(m)* have been explored for
application as light-emitting materials in OLEDs. Despite
substantial advances, the development of blue emitters for
OLEDs remains challenging. According to the International
Telecommunication Union (ITU), the standard for blue OLED
displays (BT.2020) requires Commission Internationale de
I'Eclairage (CIE) coordinates of CIE,, = (0.131, 0.046).° To
achieve blue phosphorescence, compounds with high triplet
excited-state energies are necessary, however such triplet states
are often quenched by metal-centered (MC) states and deacti-
vate through ligand substitution reactions that lead to decom-
position.® Blue emitters typically suffer from poor color purity,
low emission efficiency and low photostability, hindering
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the oxidation state of sulfur to achieve intense deep-blue and green emitters.

application in commercial devices.” To overcome these issues,
substantial work has been done towards advanced molecular
design, especially incorporating strong c-donor ligands such as
N-heterocyclic carbenes (NHCs) and cyclometallating ligands.
Various highly efficient platinum(u) and iridium(m) deep-blue
emitters have been designed using this strategy, where the
dark MC states are destabilized.® Another approach to design
blue emitters is replacing phosphorescent transition metal
complexes with organic thermally activated delayed fluores-
cence (TADF) emitters. Rigid polycyclic aromatic TADF emitters
with heteroatom dopants such as boron and nitrogen can
exhibit short-range charge-transfer (SRCT) excited states, which
can result in narrow-band blue TADF emission with high
quantum efficiency.® A downside of these strategies is that they
typically require lengthy synthetic efforts for the construction of
the ligands or TADF emitters, which limits practical industrial
application.

We have reported a simple approach to control the photo-
physical properties of metal complexes involving the installa-
tion of a sulfur bridge between the rings in 7-conjugated
aromatic ligands such as dipyridyl or dithiazolyl. The electronic
properties of the ligand can be changed by simple oxidation of
the sulfur bridge from sulfide (S) to sulfoxide (SO) and then
sulfone (SO,), with the significant advantage that the geometry
of the ligand is not affected as the addition of oxygens to the
sulfur does not change the bent geometry at sulfur significantly.
Examples of successfully incorporating these sulfur-bridged
dipyridyl ligands into iridium(um)* and copper(1)** centers by
our group has shown that the nature of the emissive excited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state and the emission color change with different sulfur
oxidation states, together with opening up thermochromic
properties of the copper(i) complexes.”> We have also demon-
strated that the solid-state phosphorescence quantum yields of
rhenium(1) complexes are enhanced significantly when the
oxidation state of the ligand is changed from sulfide or sulf-
oxide to sulfone, with a bathochromic shift of emission color
from blue to yellow.” However, none of the aforementioned
complexes show deep-blue solid-state photoluminescence.

Inspired by our success in controlling the solid-state phos-
phorescence of rhenium(i) complexes with the oxidation state of
the sulfur bridge, we now apply this strategy to a platinum(u)
system by introducing sulfur-bridged dipyridyl ligands to plat-
inum(u) bis(acetylide) complexes, [Pt(N-N)(C=CPh),]. The
sulfur bridge not only can be used as a handle to tune the
photophysical properties of the complexes via changes in
oxidation state, but also reduces the w-conjugation in the
dipyridyl ligand. Interrupting m-conjugation of the ligand by
inserting sp’-carbons has been demonstrated as a useful
strategy to increase the emission energies of platinum(i)
complexes.'* We therefore anticipated that the sulfur bridges
could also increase the emission energy and achieve blue
phosphorescence. At the same time, the strong-field acetylide
ligands are capable of destabilizing the MC state, which is ex-
pected to result in higher photoluminescence quantum yield.

Spectroscopic studies of the platinum(n) complexes in
PMMA films shows that all the sulfide and sulfoxide complexes
display intense deep-blue phosphorescence, with CIE, coordi-
nates ranging from 0.15-0.16 and CIE, coordinates from 0.10-
0.14, comparable to other blue phosphorescent or TADF emit-
ters in PMMA films'® and devices;'® while the sulfone complexes
emit in the green region, with CIE,, coordinates = (0.34, 0.55)
and (0.29, 0.53). Furthermore, these complexes show photo-
luminescence quantum yields as high as 0.91 in PMMA films
with submicrosecond to microsecond lifetime. The relatively
short emission lifetimes, which indicate fast radiative decay
rates of the excited state, and high quantum yields of the
emitters are crucial criteria for OLED applications, as these
features should result in better device efficiency. Previous
studies have demonstrated that platinum(u) complexes with
similar properties can be used for OLED fabrications.”” The
results demonstrate a simple strategy to achieve deep-blue
phosphorescent platinum(u) emitters by installing a sulfur
bridge to the dipyridyl ligand, where the emission color can be
readily controlled by changing the oxidation state of the ligand
with quantum yields that make these viable as candidates for
application in OLEDs.

Results and discussion
Synthesis and characterization

Six platinum(n) complexes (1-6) containing sulfide- (S), sulf-
oxide- (SO) or sulfone- (SO,) bridged dipyridyl ligands were
synthesized. Complexes 4-6 with methyl groups in the 4- and 4'-
positions of the pyridyl rings were designed to study the
substituent effect. The sulfide ligands were prepared using the
literature methods from 2-bromopyridine or 2-chloro-4-
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methylpyridine with thiourea.’® The sulfoxide and sulfone
ligands were synthesized by oxidizing the sulfide ligand using
30% H,0, or m-chloroperoxybenzoic acid (m-CPBA). The reac-
tion between the corresponding ligands with potassium tetra-
chloroplatinate(u), K,[PtCl,] gave the dichloro-platinum(u)
complexes bearing the sulfur-bridged dipyridyl ligands. The
platinum(u) acetylide complexes 1-6 were synthesized by
coupling the dichloro-platinum(u) complexes with phenyl-
acetylene in the presence of diisopropylamine and copper(i)
iodide (Scheme 1). All complexes were characterized by 'H, *C
{'H} NMR spectroscopy, infrared spectroscopy (FT-IR) and high-
resolution mass spectrometry (HR-ESI). The structures of the
complexes 1, 2 and 4-6 were also confirmed by single-crystal X-
ray diffraction. Similar to the previously reported rhenium()
and iridium(m) complexes bearing sulfur-bridged dipyridyl
ligands, the "H and "C{"H} NMR spectra show symmetrical
signals for the pyridyl rings, suggesting the ligands coordinate
to the metal via the N,N binding mode (Fig. S9-S20t). The IR
spectra of complexes 1-6 show two bands from 2109-2121 cm ™"
and 2125-2135 cm ™', corresponding to the symmetric and
asymmetric C=C stretches. The presence of two C=C stretches
indicates that the phenylacetylide ligands are in the cis-
conformation.™**

Perspective drawings of the single crystal structures of
complexes 1, 2 and 4-6 are depicted in Fig. 1, S21 and S22. The
crystal structure determination data, and selected bond lengths
and bond angles are summarized in Tables S1-S8.f The
complexes adopt square-planar geometries with the N-Pt-N and
C-Pt-C bite angles in the range of 88.03(5)-88.88(6)° and
88.42(6)-91.81(9)° respectively. The four-coordinate geometry
indices™ 7, are in the range of 0.02 to 0.05, indicating the
complexes are close to perfectly square planar. The N-Pt-N bite
angles are larger than in other platinum(u) diimine acetylide
complexes, which generally have bite angles between 77 and
79°.#?° The increase in bite angles is due to the presence of
sulfur bridges that reduces the strain from the pyridyl rings to
the platinum(u) center. On the other hand, the sulfur bridge
also introduces non-planarity in the ligands such that the
angles between ring planes are between 109.6 and 120.3°. The
Pt-N bond lengths are in the range of 2.0828(14)-2.1048(18) A,
slightly longer than in the platinum(u) bipyridine acetylide
complex in the literature.”® This can be attributed to the
electron-withdrawing sulfur bridge reducing the o-donating
ability of the ligands compared to bipyridine. The Pt-C bond
lengths of 1.947(2)-1.9699(17) A are comparable to those in
other platinum(u) diimine acetylide complexes.??

An examination of the crystal packing reveals that the
complexes adopt an antiparallel stacking pattern, the shortest
Pt---Pt distance ranges from 4.783 to 6.298 A, indicating there
are no metallophilic interactions between the molecules
(Fig. S231). Complexes 1, 2, 4 and 5 show the shortest inter-
molecular phenyl or pyridyl rings distances of 3.451-3.801 A,
suggesting that these complexes exhibit 7---7v interactions in
the crystal structures.”® However, the shortest separation
between the aromatic rings in complex 6 is 4.313 A confirming
-7 interactions are not present in the solid structure.

Chem. Sci., 2025, 16, 5948-5956 | 5949
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Scheme 1 Synthesis of the platinum(i) complexes 1-6.

The thermal stability of the complexes was assessed by
thermogravimetric analysis (TGA), and the data are shown in
Fig. S24.7 The onset temperature for the thermal degradation of
complexes 1, 2 and 3 are 200, 234 and 201 °C respectively,
indicating the thermal stability is comparable to that of other
platinum(u) acetylide complexes.*>**

Electronic absorption spectroscopy

The electronic absorption spectra of complexes 1-6 in
dichloromethane solutions at 298 K are shown in Fig. 2a, and
the absorption data summarized in Table 1. In addition to high
energy ligand-centered absorptions, the complexes also exhibit
moderately intense low-energy absorption bands between 340
and 400 nm. According to previous studies on related plati-
num(n) complexes,**>** and computational studies (see below),
these absorptions can be assigned to an admixture of MLCT
[dm(Pt) — =*N-N)] and ligand-to-ligand charge-transfer
(LLCT) [t(C=CPh) — m*(N-N)] transitions. The lowest-energy
absorptions are in the order of 1 (340 nm) > 2 (343 nm) > 3
(397 nm) and 4 (333 nm) > 5 (335 nm) > 6 (389 nm), which are in
line with the electron-withdrawing ability of the sulfur bridge:
sulfide (S) < sulfoxide (SO) < sulfone (SO,). It is worth noting
that the absorption bands of sulfone complexes 3 and 6 tail
beyond 450 nm while the bands of the sulfide and sulfoxide
complexes do not. This is attributed to better stabilization of the
7* orbital in the more electron-withdrawing sulfone ligand. The
lowest-energy absorptions in complexes 4-6 are more blue-
shifted than those of complexes 1-3, attributed to the
electron-donating methyl groups destabilizing the 7* orbital of
the dipyridyl ligands. In comparison with [Pt(bpy)(C=CPh),]
which shows the lowest-energy absorption shoulder at ca.
430 nm and tailing to 520 nm (Fig. S251), the absorption
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shoulders of complexes 1-6 are more blue-shifted, suggesting
the sulfur bridge between the pyridyl rings reduces the extent of
conjugation of the ligand and results in a blue-shift in the
absorption.

Photoluminescence spectroscopy

The photoluminescence properties of complexes 1-6 in
dichloromethane solution, solid-state neat thin films and
PMMA films at 298 K, and 2-MeTHF glass at 77 K are summa-
rized in Table 2. While the sulfide and sulfoxide complexes 1, 2,
4 and 5 are non-emissive in solution at 298 K, the sulfone
complexes 3 and 6 display yellow photoluminescence with
a structureless emission profile and submicrosecond lifetime in
the solution state under argon (Fig. 2b). The excitation spectra
for complexes 3 and 6 are shown in Fig. S26-27.f Based on
studies on related complexes,* the emission origin is ascribed
to phosphorescence from a mixture of *MLCT [d7(Pt) — 7*(N-
N)] and *LLCT [r(C=CPh) — m*(N-N)] excited states. More-
over, computational studies also show that the first triplet
excited state (T,) involves MLCT and LLCT transitions, consis-
tent with the aforementioned argument (see below). Complex 6
shows a blue-shift in emission energy of ca. 20 nm, presumably
due to the methyl groups increasing the energy of the emitting
T, state. The non-emissive nature of the sulfide and sulfoxide
complexes in the solution state can be explained by their higher
non-radiative decay rates (k,,) and the lower spin-orbit coupling
(SOC) from the respective T; and ground states (see the
computational studies for details). Therefore, the oxidation
state of the sulfur bridge can serve as a tool to turn on the
photoluminescence properties of the complexes in the solution
state. The photoluminescence quantum yield of complex 6 (Pep,
= 0.06) is higher than that of complex 3 (@, = 0.03), possibly

Fig.1 Crystal structures of complexes (a) 4, (b) 5 and (c) 6. Ellipsoids are plotted at the 50% probability level, and H atoms are removed for clarity.
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(a) Electronic absorption spectra of complexes 1-6 in dichloromethane. (b) Photoluminescence spectra of complexes 3 and 6 in

dichloromethane at 298 K (Ae, = 365 nm). (c) Photoluminescence spectra of complexes 1-6 in 2-MeTHF glass at 77 K (ex = 365 nm). (d) Solid-
state photoluminescence spectra of neat thin films of complexes 1-3, 5 and 6 drop-casting from dichloromethane (A, = 365 nm). (e) Pho-
toluminescence spectra of complexes 1-6 in PMMA films with 2 wt% of Pt complexes (Aex = 365 nm). (f) CIE 1931 chromaticity diagram for

complexes 1-6 in PMMA thin films.

Table 1 Electronic absorption data of complexes 1-6

Complex Absorption Aups” [nm] (¢ dm® mol " cm ™)

1 269 (48900), 285 sh (38800), 340 (13700)

2 266 (43900), 286 sh (29100), 343 (9870), 373 sh (6840)
3 264 (40100), 288 sh (24000), 397 (4920)

4 268 (30200), 285 sh (23600), 333 (9550)

5 264 (42800), 283 sh (31300), 335 (10800)

6 264 (31400), 219 sh (18200), 389 (423)

% Recorded in 2 x 10> mol dm * dichloromethane solution at 298 K.

due to the stronger o-donating methyl-substituted ligand
destabilizing the non-emissive MC excited states, reducing non-
radiative decay.

All the complexes display strong photoluminescence in 2-
MeTHF glass at 77 K (Fig. 2c). Interestingly, the sulfide and
sulfoxide complexes 1, 2, 4 and 5 show drastically different
emission profiles from the sulfone complexes 3 and 6. The
sulfide and sulfoxide complexes show almost identical emission
spectra with maxima at 432 nm and vibronic structures between
440-550 nm. Previous studies of platinum(u) phenylacetylide
complexes,* and the insensitivity of the energies to the dipyr-
idyl ligands, suggest that the emission originates from the
ligand-centered (LC) [t — m*(C=CPh)] excited state. On the
other hand, the sulfone complexes 3 and 6 show more struc-
tureless emission bands at 482 and 476 nm respectively, sug-
gesting that the emission predominately arises from the *"MLCT

© 2025 The Author(s). Published by the Royal Society of Chemistry

and *LLCT excited states. These results reveal that changing the
sulfur oxidation state not only can manipulate the emission
energies but can also influence the origin of emission of the
complexes at low temperatures.

The solid-state photoluminescence spectra of the neat thin
films prepared by drop-casting a dichloromethane solution of
each complex onto a quartz plate were recorded (Fig. 2d). All
complexes, except for complex 4, show photoluminescence
between 482 and 562 nm in the solid state. The non-emissive
nature of complex 4 is probably due to the methyl groups
enhancing vibrational relaxation facilitating non-radiative
decay.” The emission energies of the complexes follow the
trend 1 (482 nm) > 2 (514 nm) > 3 (562 nm) and 5 (497 nm) > 6
(547 nm), and complexes 5 and 6 with methyl groups possess
higher emission energy than their unsubstituted analogs. The
energy is dependent on the electron-withdrawing ability of the
dipyridyl ligands, further supporting the assignment of the
emission origin to the mixture of *MLCT and *LLCT excited
states. Complexes 3 and 6 show a blue-shift in energies
compared to their solution-state emission. The blue-shift can be
explained by the rigidochromic behavior of the complexes,
which is typically observed in photoluminescence involving
charge-transfer character.”” Interestingly, the platinum(u)
complexes show broad emission profiles in the neat thin films,
with the sulfide and sulfoxide complexes showing a tail
extending to the low-energy region. According to previous
studies on phosphorescent platinum(u) materials, Pt---Pt
interactions are possible in the powder form due to aggregation,

Chem. Sci., 2025, 16, 5948-5956 | 5951
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Table 2 Photoluminescence data of complexes 1-6 in dichloromethane solution, neat thin film, PMMA films and 77 K glass

Complex Medium (7/K) Emission Aem, (Nm) Tem (1S) Perm

1 CH,CI, (298) - — —
Solid (298) 482 0.11 (38%), 0.02 (32%), 0.71 (30%) —
PMMA (298) 442, 2.13 (38%), 8.02 (6%), 0.39 (56%) 0.40
Glass (77)° 432 13.3 (66%), 28.0 (34%) —

2 CH,CI, (298) —r — —
Solid (298) 514 0.16 (42%), 0.74 (41%), 0.03 (17%) 0.14
PMMA (298) 453 2.90 (48%), 0.96 (45%), 7.84 (7%) 0.82
Glass (77)° 432 10.8 (65%), 25.5 (35%) —

3 CH,Cl, (298) 590 0.09 (81%), 0.14 (19%) 0.03
Solid (298) 562 0.03 (56%), 0.01 (24%), 0.12 (20%) 0.02
PMMA (298) 532 0.38 (73%), 0.97 (27%) 0.49
Glass (77)° 482 3.29 (62%), 5.16 (38%) —

4 CH,CI, (298) —r — —
Solid (298) b — —
PMMA (298) 436 14.1 (55%), 4.03 (41%), 0.47 (4%) 0.35
Glass (77)° 432 16.8 (60%), 21.6 (40%) —

5 CH,CI, (298) —r — —
Solid (298) 497 0.11 (38%), 0.63 (31%), 0.02 (31%) —
PMMA (298) 439 3.47 (44%), 0.95 (44%), 9.7 (11%) 0.71
Glass® (77) 432 13.9 (64%), 28.5 (36%) —

6 CH,Cl, (298) 570 0.09 (95%), 0.22 (5%) 0.06
Solid (298) 547 0.14 (54%), 0.36 (36%), 0.03 (10%) 0.09
PMMA (298) 519 0.44 (68%), 1.05 (32%) 0.91
Glass® (77) 476 3.09 (55%), 4.76 (45%) —

“ In 2-MeTHF. ? Non-emissive under the experimental conditions. © Quantum yield too low to be accurately measured (@, < 0.01).

even these are not observed in the single crystal lattice.”®
Therefore, the low energy emission feature could potentially
originate from a metal-metal-to-ligand charge-transfer
(MMLCT) excited state arising from the Pt---Pt interaction in
the neat film.

To further investigate the luminescence behavior of the
complexes in the solid state, the emission of 1-6 in PMMA films
containing 2 wt% of the complexes were measured (Fig. 2e, S28
and S297). In sharp contrast to the neat thin films, the sulfide
and sulfoxide complexes display intense blue phosphorescence
with significantly narrower emission bands in the PMMA films.
The sulfone complexes also show slight narrowing and a hyp-
sochromic shift in the emission bands. Similar to in the neat
thin films, the sulfone complexes show higher emission ener-
gies in PMMA films than in solution, this can also be attributed
to rigidochromic effects in the PMMA films. The absence of
a low-energy emission tail supports the hypothesis that Pt---Pt
interactions are present in the powder form due to the aggre-
gation. In the PMMA film containing a 2 wt% loading of the
complex, aggregation is significantly suppressed, so Pt---Pt
interactions and, therefore, the MMLCT transitions are less
viable, leading to the disappearance of the low-energy emission
feature. Moreover, complex 4, which is non-emissive in the neat
thin film, becomes brightly emissive at 436 nm in PMMA. This
can be attributed to the suppression of aggregation and self-
quenching due to the low doping concentration. The CIE 1931
chromaticity diagram was used to analyze the luminescence
color of the PMMA films (Fig. 2f). The sulfide and sulfoxide
complexes 1, 2, 4 and 5 emit in the deep-blue region, as char-
acterized by the CIE coordinates CIE, < 0.15 and (CIE, + CIE,) <

5952 | Chem. Sci,, 2025, 16, 5948-5956

0.30 (Table S9t1)* with photoluminescence quantum yields
between 0.35 and 0.82, which is generally higher than in other
recently  reported  platinum(u) deep-blue  emitters
(Table S1071)."**** As compared to the bipyridyl analogue,
[Pt(bpy)(C=CPh),], which emits at 543 nm in the PMMA film
with CIE coordinates of (0.35, 0.57) (Fig. S30 and Table S97), the
simple addition of a sulfur bridge between the pyridyl rings can
result in deep-blue emission, a desirable feature for fabricating
blue-emitting devices. On the other hand, the sulfone
complexes 3 (Pem, = 0.49) and 6 (P, = 0.91) emit in the green
region, demonstrating the influence of sulfur oxidation state on
the solid-state emission color.

Photoluminescence lifetimes of complexes 3 and 6 in dea-
erated dichloromethane solutions were measured; both
complexes exhibit submicrosecond lifetimes with biexponential
decay, the lifetimes are comparable to other related platinum(u)
diimine acetylide systems.?**** The biexponential decay could
arise from different emitting states due to the presence of
aggregated species in solution,* or from different sublevels in
the lowest triplet state (T;).** Biexponential decay behavior has
also been observed in solutions of other platinum(i) complexes
in previous studies.’** All the complexes show submicrosecond
to microsecond decay lifetime with two or three components in
the solid-state neat thin film and PMMA films. Multiexponential
decay of platinum(u) complexes is typical in the solid state,
which might arise from the difference in structural environ-
ments.*” The lifetimes in PMMA films are generally longer than
in neat films, due to reduced self-quenching in PMMA. The
short emission lifetime suggests fast radiative decay rate (k) is
observed in these complexes, which is crucial for OLED

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications as that could surpass the non-radiative decay rate
and increase the quantum efficiency of the device.*® When the
complexes are cooled down to 77 K in 2-MeTHF, the sulfide and
sulfoxide complexes 1, 2, 4 and 5 show biexponential decays
with both components longer than 10 ps, while for the sulfone
complexes 3 and 6, the two components are shorter than 10 ps.
This result is due to the difference in emission origin with the
sulfide and sulfoxide complexes emitting from the *LC excited
state and the sulfone complexes emitting from the LLCT/MLCT
excited state. The biexponential decay at 77 K can be attributed
to the individual and aggregated molecules in the glass
medium, which is commonly observed in platinum(u)
complexes.*

Electrochemical studies

Cyclic voltammetry data of complexes 1-6 are summarized in
Table 3 and the cyclic voltammograms are shown in Fig. S31
and S32.1 All the complexes show an irreversible oxidation wave
between +0.93 and +1.12 V vs. F¢/F¢" with a small anodic shift
when the sulfur oxidation state is increased. Based on electro-
chemical studies of related compounds, the oxidation wave is
tentatively assigned to the Pt""™ metal-centered oxidation and
acetylide-based oxidation.**”** Complexes 1, 2 and 5 display an
irreversible reduction wave in the range —2.03 to —2.22 V vs. Fc/
Fc', while complexes 3 and 6 show an irreversible reduction
couple at —1.68 and —1.83 V vs. Fc/Fc' respectively. These
reduction potentials are sensitive to the oxidation state of the
sulfur with 1 (—=2.22 V) <2 (—2.03 V) < 3 (—1.68 V) and 5 (—2.19
V) < 6 (—1.83 V), suggesting these reductions are pyridyl ligand-
centered. The second reduction peak at —2.13 V in complex 3
and -2.26 V in complex 6 can be assigned to the reduction of the
sulfone group in the ligand.' No reduction wave to ligand-
centered reduction is observed in complex 4 within the poten-
tial window studied. This is likely due to the higher energy of
the LUMO in complex 4 as the methyl groups destabilize the 7*
orbital of the pyridyl ligand. Cathodic shifts are also observed
when comparing complex 2 with 5 and complex 3 with 6.

Computational studies

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were performed with
the PBEO/def2-TZVP(-f) and ZORA scalar relativistic corrections

Table 3 Electrochemical data for 1-6 in acetonitrile solution (0.1 mol
dm~> "BusNPFg) at 298 K*

Complex Oxidation,” E,,, vs. Fe/F¢” [V]  Reduction,’ Ej vs. Fe/Fc' [V]

1 +0.96 —2.22
2 +1.07 —2.03

3 +1.12 —1.68, —2.13
4 +0.93 —d

5 +1.01 —2.19

6 +1.05 —1.83, —2.26

“ Scan rate: 100 mV s~ . ? Irreversible oxidation; anodic peak potential

(Epa vs. Fe/Fc?). © Irreversible reduction; cathodic peak potential (Ep, vs.
Fc/Fc*). ¢ Not observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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level of theory on the optimized geometries of complexes 1-6 to
gain more insight into their electronic and excited-state prop-
erties. The ground-state geometries (Tables S11 and S127)
showed excellent agreement with the X-ray crystal structures,
with average errors for the bond length of 0.70-0.92% and bond
angles of 0.73-1.72% on average across the series. The opti-
mized geometry for the first triplet state (T;) was also obtained
(Tables S11 and S127), where a decrease in the Pt-C and Pt-N
bond lengths and an increase in the C=C bond length were
observed compared to the ground-state geometry. This aligns
with the expected LLCT/MLCT excited state for these complexes.
The electronic density contours for the frontier orbitals of the
complexes are depicted in Fig. S33 and S34,} and the energies
are tabulated in Table S13.f The HOMO and HOMO-1 are
mainly localized on the platinum(u) center and the phenyl-
acetylide ligands, with minor contributions on the dipyridyl
ligand. The energies of the HOMO are in the range of —5.91 to
—6.07 eV, only slightly affected by the oxidation state of the
sulfur due to the limited contribution from the dipyridyl ligand.
Nevertheless, the HOMOs are more stabilized with increasing
sulfur oxidation state, which is in line with the trend of the
oxidation potentials in electrochemical studies. The LUMOs are
mainly localized on the dipyridyl ligand, and the energies are
significantly influenced by the sulfur oxidation state with
sulfide (—1.93 eV) > sulfoxide (—2.15 eV) > sulfone (—2.58 eV) in
the non-methylated series. The stabilization of the LUMO arises
from the increasing number of electron-withdrawing oxygen
atoms in the ligand that lowers the energy of the 7* orbital. On
the other hand, installing methyl groups on the pyridyl rings
destabilizes the 7w* orbital and results in higher LUMO energies
in complexes 4-6. The DFT calculations are in agreement with
the results of the photophysical and electrochemical studies.
Based on the optimized structures, the electronic transition
energies and simulated electronic absorption spectra of
complexes 1-6 were calculated by TD-DFT and SOC-TD-DFT.
Selected singlet and triplet excited states are listed in Tables
S14-S16,1 and the spectra with the electronic difference plots
showing charge accumulation (blue) and depletion (red) are
shown in Fig. 3 and S$35-S39.f The simulated electronic

(a) (b)
1.2
—— Simulated 2.0
1.0 —— Experimental
2 o
08 1.5 8
£ 5 . o3
° ] Sy—> S S,—> S
ﬁ 0.6 100 0 1 0 2
g0 &
5 2
202 ‘ 055
0.0 ||||u‘ 1| N 0.0
250 300 350 400 450 500 \ .
Wavelength (nm) So—> Ty ST,

Fig. 3 (a) Simulated (black trace) and experimental (red trace) elec-
tronic absorption spectra for complex 1. Transition energies and
oscillator strengths calculated from TD-DFT calculations are shown by
blue vertical lines, and the simulated spectrum is deconvoluted with
Gaussian functions. (b) Electronic difference plots with the accumu-
lation (blue) and depletion (red) of charge for the lowest-energy
transitions and the triplet states.
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absorption spectra closely resemble the experimental spectra.
The first singlet excited states (S;) in all complexes consist of
more than 90% of HOMO — LUMO transition, while the S,
state corresponds to either the HOMO-1 — LUMO transition or
a combination of HOMO-1 — LUMO and HOMO — LUMO+1
transitions. Similarly, the first triplet excited state (T;) is
composed primarily of the HOMO — LUMO transition, with an
increase in the contribution of this transition as the oxidation
state of the sulfur is increased. State T, is energetically acces-
sible through the S, excited state only for complexes 1, 2, 4 and
5, and is composed primarily of HOMO-1 — LUMO (61-80%).
These transitions are composed of predominantly MLCT
[dw(Pt) — =*N-N)] and LLCT [w(C=CPh) — m*(N-N)]
transitions.

Spin-Orbit Coupling Matrix Elements (SOCMEs) between
the S; and triplet states and between the ground and triplet
states were calculated at the ground-state geometry (Table
S177). Intersystem crossing (ISC) primarily occurs from the S;
state and is influenced by the magnitude of the SOCME between
S; and the lower-energy triplet states. Complexes 1, 2, 4, and 5
possess high SOCME values, ranging from 584 to 714 cm ™
mainly due to the high SOCME between T, and S, states. This
may open additional decay channels that are not energetically
accessible in complexes 3 and 6. In contrast, complexes 3 and 6
show higher SOCME values between the T; and ground states
compared to 1, 2, 4, and 5, leading to an increased radiative
decay rate (k). These results align with the shorter lifetime
observed in these complexes, resulting in a higher @...*”
Additionally, the adiabatic and vertical transition energy
difference between T, and the ground state in vacuum were
calculated and compared to the experimental emission energies
in the solid-state PMMA films (Table S181). The theoretical
values showed good agreement with the maximum wavelength
of emission. This agrees with experimental data, where
oxidizing the ligands from sulfide to sulfoxide and sulfone
results in a red-shifted emission, and the addition of the methyl
groups results in a small blue-shift in the emission.

Conclusions

In conclusion, a series of platinum(u) bis(acetylide) complexes
with sulfur-bridged dipyridyl ligands in various oxidation states
have been investigated. These complexes have been character-
ized by "H and “C{"H} NMR spectroscopy, infrared spectros-
copy and high-resolution mass spectrometry. Complexes 1, 2,
and 4-6 were also structurally confirmed by single-crystal X-ray
diffraction. Spectroscopic studies reveal that the absorption
energy of the complexes is sensitive to the oxidation state of the
sulfur bridge and the substituents present on the pyridyl rings.
The increase in sulfur oxidation state leads to a red-shift of
absorption energy while the introduction of methyl groups
results in a blue-shift in energy. In solution, only the sulfone
complexes (3 and 6) display yellow *MLCT [d7(Pt) — 7*(N-N)]
and *LLCT [r(C=CPh) — m*(N-N)] excited-state phosphores-
cence. The solid-state neat thin films of the complexes, except 4
which was found to be non-emissive, show broad emission
bands with a tail extending into the low-energy region in the

5954 | Chem. Sci,, 2025, 16, 5948-5956

View Article Online

Edge Article

photoluminescence spectra, suggesting the possibility of Pt---Pt
interactions due to the aggregation of molecules in the neat
films. All solid-state PMMA films with 2 wt% of the sulfide and
sulfoxide complexes display intense deep-blue phosphores-
cence while the sulfone complexes show green phosphores-
cence with a short decay lifetime. We have illustrated a simple
approach to prepare deep-blue phosphorescent platinum(u)
complexes via incorporating a sulfur bridge to the dipyridyl
ligand and demonstrated the capability of controlling the
solution- and solid-state photophysics by changing the sulfur
oxidation state. This approach enables the fabrication of light-
emitting devices with a wide range of colors by simple struc-
tural modification of the platinum(u) complexes.
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