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ABSTRACT: Understanding the factors affecting the ISC rate constant (kisc) of transition metal complexes is crucial to
material design with tailored photophysical properties. Most of the works on ISC to date focused on the influence by the
chromophoric ligand and the understanding of ISC efficiency were mainly drawn from steady-state fluorescence to phos-
phorescence intensity ratio and ground state calculations with only a few high-level calculations on kisc that take excited
state structural change and solvent reorganization into account for quantitative comparisons with experimental data. In
this work, a series of [Pt(thpy)X)]* complexes were prepared (Hthpy = 2-(2’-thienyl)pyridine; X = auxiliary ligands) and
characterized by both steady-state and time-resolved luminescence spectroscopies. A panel of auxiliary ligands with varying
o-donating/n-accepting characters have been used. For comparison, analogues of [Pt(ppy)(P"P)]* (Hppy = 2-phenylpyri-
dine, PAP = diphosphino ligand) were also examined. The [Pt(thpy)(PAP)]* complexes exhibit dual fluorescence-phospho-
rescence emissions with their ISC rate constants varied with the electronic characteristics of the auxiliary ligand: the more
electron-donating ligand induces faster ISC from the S, excited state to the triplet manifolds. DFT/TDDFT calculations of
the kisc(S,—T.,) at the optimized excited state geometries give excellent quantitative agreement with the femtosecond time-
resolved fluorescence measurements; it was revealed that the more electron-donating auxiliary ligand increases metal con-
tributions to both occupied and virtual orbitals and decreases the energy gap of the coupling excited states, leading to a
decrease in activation energy and an increase in spin-orbit coupling (SOC). Furthermore, the ISC rate constants of
[Pt(thpy)(PAP)]* complexes are found to depend on excitation wavelengths. The deviation from Kasha-Vavilov’s rule upon
photo-excitation at Aex < 350 nm is due to the ultrafast S,—T, and S,—T; ISC as demonstrated by the calculated tisc < 100
fs, giving hints as to why S,—S, internal conversion (tic ~ ps) is not competitive with this hyper intersystem crossing.

and thus display rich photo-chemistry. Moreover, phos-
phorescence is generally more sensitive to local environ-

INTRODUCTION

Singlet and triplet excited states exhibit different photo-
physical and photochemical properties. For example, the
natural radiative lifetime (t;) of a triplet excited state is
usually on the microsecond timescale for transition metal
complexes and could exceed 1 s for pure organic com-
pounds, whereas 1, of a singlet excited state is on the na-
nosecond regime. As singlet excited states are usually
short-lived, they have relatively little chemistry of their
own particularly with regard to bi-molecular reactions. On
the contrary, triplet excited states are generally long-lived

ment and is therefore highly responsive to the presence of
quenchers. Therefore, molecules that display dual fluores-
cence-phosphorescence at ambient temperature are po-
tential candidates of luminescent ratiometric sensory ma-
terials."”® In general, upon photo-excitation, singlet excited
states are populated because this is a spin-allowed process;
triplet excited states are, on the other hand, usually formed
via intersystem crossing (ISC) from a singlet excited state
after photo-excitation. Depending on the singlet—triplet
ISC efficiency (with rate constant ksc), the molecule would
display (1) steady state fluorescence if kr>> kisc (kr= singlet



decay rate constant), (2) phosphorescence if kisc >> krand
there are no efficient deactivation channels for triplet radi-
ative decay, and (3) dual fluorescence-phosphorescence if
kr and kisc are of comparable magnitudes. Therefore, un-
derstanding the factors governing the ISC rate is crucial to
the tailoring of emission properties of transition metal
complexes.

Normally, ISC is expected in regions of near resonance
and non-zero spin-orbit coupling (SOC) between the sin-
glet and triplet excited states. As such, larger SOC and
smaller singlet-triplet energy gap would lead to a faster ISC
rate. Incorporation of heavy atom(s) in the molecule is a
straightforward way to increase SOC due to “heavy atom
effect”. However, there are a number of literature reports
revealing that there may not be direct correlation between
the ISC rates and SOC constants.924 Rather, the nature of
ligand(s) coordinated to the metal ion appears to play a
more decisive role in determining the ISC rate. For in-
stance, Vl¢ek and co-workers demonstrated that changing
the chromophoric ligand L in [ReCl(CO);L] from phen or
bpy to impy (phen = phenanthroline, bpy = bipyridine, and
impy = 1-(2-pyridyl)-imidazo[1,5-a]pyridine) slows down
the ISC rate by a factor of 200-300.% We and Chou inde-
pendently reported that increasing the chain length n of
oligophenylacetylene (C=C-1,4-Ph), and oligophenylene
(1,4-Ph), respectively in the corresponding Au(I) com-
plexes could lead to a decrease in ISC rate by about 4 orders
of magnitude.?63° In addition, the ISC dynamics also de-
pends on the substitution pattern of the oligophenylacety-
lene (meta- vs para-). We previously reported a theoretical
basis of how changing the bridging ligand of a tetragold(I)
complex from ethylene to phenyl could switch its lumines-
cence from fluorescence to phosphorescence.> However,
all these works were focused on the effect of the chromo-
phoric ligand on the ISC rate. There are, to the best of our
knowledge, only few reports which explicitly address the
effect of an auxiliary ligand on the ISC efficiency. Herein
the auxiliary ligand is referred to as a ligand that is not di-
rectly involved in the emissive excited state(s) (i.e., orbitals
involved in the emissive excited state have little or no con-
tributions from the auxiliary ligands). Karttunen, Chou,
and Koshevoy reported that increasing the electron-donat-
ing characteristics of the alkynyl auxiliary ligand of a family
of dinuclear gold(I) diphosphine complexes enhanced the
participation of metal dn and alkynyl orbitals to the S, ex-
cited state and inferred this to be the cause of the corre-
sponding increase in kisc.® Winter et. al. showed that the
intensity ratio of the phosphorescence to fluorescence var-
ies with the auxiliary anionic ligand X in trans-
Pt(BODIPY)X(PEt;), (BODIPY = 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacen-8-yl); X = Cl, I, NO,, NCS, CH,) and
the ratio parallels the trans-influence of the ligand X.5 They
have also found that replacing the PEt; ligands with PPh;
ligands in trans-Pt(BODIPY)Br(PEt;), gives rise to retarded
S,—T, ISC as reflected by the higher fluorescence quantum
yield in the PPh; complex than in the PEt; analogue.* How-
ever, in these reports, neither the ISC rates for the
Pt(BODIPY)X(PEt;), complexes have been determined

from time-resolved measurements nor detailed calcula-
tions on ISC rate constants have been performed to delin-
eate the factors that modulate the ISC efficiency. As re-
search on dual fluorescence-phosphorescence has been
gaining momentum, it would be of profound interest to use
more rigorous approach to figure out how changing the na-
ture of an auxiliary ligand would affect ISC efficiency and
hence, the relative fluorescence-to-phosphorescence in-
tensities, without significantly altering the energies of the
emissive singlet and triplet excited states. In the literature,
Gray* and Chergui? reported studies on the excited state
dynamics of intersystem crossing of a diplatinum(ILII)
complex; nonetheless, systematic investigation of the role
of auxiliary ligand in tuning the ISC and a direct compari-
son between experimental and calculated results have not
yet performed.

It is known that SOC between 3MLCT states (MLCT =
metal-to-ligand charge transfer) is effective and leads to
large zero-field splitting (zfs) and facile ISC (in the fs re-
gime).33 But when the singlet and/or triplet excited states
have more IL character (IL = intraligand), SOC would be-
come smaller, giving rise to smaller zfs and slower ISC rate.
In the literature, the emissive triplet excited state of the
Pt(IT) complexes supported by substituted thienylpyridine
ligands have been found to be largely ligand-centered and
thus spin-orbit coupling between the T, excited state and
singlet excited states are expected to be not large, as re-
vealed by low-temperature high-resolution luminescence
studies with zfs < 20 cm™.34 Inclusion of additional thienyl
rings further induces a slowdown of S,—T, ISC and results
in the dual fluorescence/phosphorescence emission.>3
Notably, the S,—T, ISC rate constants for substituted
[Pt(thpy)(acac)] (acac = deprotonated acetylacetone) com-
plexes were estimated to be 2 orders of magnitude smaller
than that of the [Pt(ppy)(acac)] analogues (Hppy = 2-phe-
nylpyridine).>> These findings convinced us that
[Pt(thpy)X]* complexes, the subject of the present study,
offer a possibility to systematically investigate the ISC effi-
ciency by varying the auxiliary ligand X from a n-accepting
bis(di-R-phosphino)alkane (P"P) ligand (R = electron-do-
nating cyclohexyl or electron-withdrawing phenyl; Figure
1) to a o-donating bis-carbene (NHC) one. In this article,
the effect of PAP ligand on the ISC rates and the lumines-
cence properties of [Pt(thpy)(P/AP)]* complexes, Pt1—Ptg,
was investigated. The combined spectroscopic and
DFT/TDDFT analyses allow one to characterize the path-
ways that lead to different photo-physical behavior, viz.,
fluorescence only, dual fluorescence-phosphorescence, or
phosphorescence only. The photophysical studies of the
[Pt(thpy)(bis-NHC)]* and [Pt(ppy)(P"P)]* (Hppy = 2-phe-
nylpyridine) analogues, Ptio—Pti4, were also performed
for comparisons.
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Figure 1. Chemical Structures of the [Pt(thpy)X]* and
[Pt(ppy)(P"P)]* complexes.

RESULTS AND DISCUSSION

Synthesis and Structures. Reaction of
[Pt(thpy)(Hthpy)Cl]3* with a panel of diphenyl- or dicyclo-
hexylphosphino ligands (P"P) in 1:11 molar equivalent in ac-
etonitrile afforded [Pt(thpy)(P"P)]* complexes, Pti-Ptog,
which were precipitated as perchlorate salts upon addition
of LiClO, and obtained in moderately good yields
(50—76 %). The complexes Ptii—Pti4, were prepared using
a similar procedure but from dinuclear (p-chloro) complex
[Pt(ppy)(p-Cl)L.. The synthesis of Ptio has been reported
previously.3” All complexes were characterized by multinu-
clear (*H, 3C and 3'P) NMR spectroscopy, FAB or high-res-
olution mass spectrometry (HRMS), and satisfactory ele-
mental analyses. The synthetic procedures and characteri-
zation data for all complexes are given in the SI. These
complexes are air- and moisture-stable at room tempera-
ture in solid state.

Single crystals of the [Pt(thpy)(P"P)](CIO,) complexes
Pt1-Ptg and [Pt(ppy)(P"P)](ClO,) complexes Ptn—Pti13
were obtained by slow diffusion of diethyl ether into ace-
tonitrile solutions. The crystal data with selected bond
lengths and angles are given in SI (Table S1-S2). The
ORTEP diagrams with P-Pt—P bite angle of Pti—Pt4 are de-
picted in Figure 2. The platinum atom resides in an approx-
imately square planar coordination environment. The
Pt-N and Pt-C bond distance and the N-Pt—C bite angle
of the [Pt(thpy)]* moiety are ca. 2.1 A, 2.1 A, and 80°, re-
spectively. The P-Pt—P bite angle of the complexes Pti-Pt4
increases with the number of methylene spacers n: 73.13°
(n=1;Pt1) < 85.53° (n = 2; Pt2) < 92.50° (n = 3; Pt3) < 96.34°
(n = 4; Pt4).3® Complex Pt6, having the same number of
CH. units in the diphosphine ligand as Pt1, has a P-Pt-P
bite angle (£/P-Pt-P = 73.77/73.84°) very close to that in
the analogue Pt1 (Figure S1). Similarly, the bite angles in
Pt2, Pt5, Pt7-Ptg, and Ptin—Pt13 which have a 5-mem-
bered metallocycle, are in the narrow range of 83.75-87.65°,
revealing that the bite angle is mainly determined by the

Pt3 Pt4

Figure 2. Single crystal X-ray structures of Pti—-Pt4 showing
the tuned bite angle by varying the number of methylene units
(H atoms have been omitted for clarity).

Electronic Absorption. Figure 3 displays the electronic
spectra of complexes Pti—Pt10 in acetonitrile (MeCN) so-
lution at room temperature. All complexes show intense
vibronically structured absorption at 250—325 nm with mo-
lar absorptivity on the order of 104 M* cm™ which are at-
tributed to ligand-centered transition from S, states to
high-lying electronic states (S,, n>1). The less intense,
structureless, broad absorption bands at 350—430 nm with
maxima molar absorptivity of 3—5 x 103 M cm™ are as-
signed to S,—S, transition. The low energy absorption peak
maxima (Amax) for the [Pt(thpy)(PAP)]* complexes at ca.
389—403 nm span only a small range of 893 cm™ upon var-
ying the auxiliary PAP ligand. This is attributed to the fact
that this lowest absorption peak, being derived from the S,
excited state, is assigned to a dominantly thpy-localized in-
traligand 'n-n* transition. This assignment is supported by
the minor solvatochromic effect (3-10 nm) on this lowest
absorption peak upon changing the solvent from acetoni-
trile to dichloromethane. The absorption of Ptio, which
bears the auxiliary carbene ligand, lies at a similar regime,
thus further reveals that the ancillary ligand has little char-
acter in the orbitals involved in this transition. In contrast,
the lowest-energy absorption of the [Pt(ppy)(PAP)] ana-
logues, Pt11—Ptiy, are blue-shifted (< 400 nm) and are as-
signed to phenylpyridyl ligand-localized 'n-n* transition
(Figure Sz in the SI). Such blue shifts are likely due to the
lower-lying HOMOs which are localized on the phenyl
moiety in comparison to that on the thiophene moiety in
Pt1-Ptio (as an example, see Figure S18 and Si9 in SI).



Table 1 Photophysical data of [Pt(thpy)X]* complexes?

. Absorption Fluorescence Phosphorescence
Medium (T/K) Dend
Aabs / nm (g / 103 M~tcm™) Amax / nm (t / ps)® Amax / nm (t / ps)®
Ptl  CHsCN (298) 267 (22.0), 275 (20.2), 297 (sh, 12.5), 454 (167) 564 (2.0), 605 4.6x<10°3
316 (sh, 10.1), 397 (3.60)
PMMA (298) 456 560 (35.3), 603 0.31
Glass (77) 456 554 (59.8), 599
Solid (298) 487 583 (32.4), 602
Solid (77) 476 554, 583 (55.2), 596, 634
Pt2  CHsCN (298) 260 (sh, 19.8), 266 (sh, 19.0), 273 454 (165) 558 (2.2), 598 4.4x10°8
(17.0), 299 (11.3), 393 (3.96)
PMMA (298) 449 554 (41.4), 596 0.25
Glass (77) 447 548 (70.4), 594
Solid (298) 463 575, 601 (35.3)
Solid (77) 454 563 (46.2), 601
Pt3  CH3CN (298) 266 (sh, 15.7), 274 (14.4), 299 (10.8), 448 (42.6) 551 (-) 1.1<103
322 (7.65), 389 (4.15)
PMMA (298) 446 551 (43.4), 592 0.19
Glass (77) 442 545 (76.1), 591
Solid (298) 459 569, 597 (45.7)
Solid (77) 457 549 (44.5), 597, 608
Pt4  CHsCN (298) 265 (sh, 16.5), 274 (15.0), 299 (11.4), 446 (107) 553 (1.6) 594 6.0x10*
320 (sh, 8.25), 390 (4.42)
PMMA (298) 448 552 (39.2), 594 0.14
Glass (77) 444 541 (104.9), 585
Solid (298) 481 564, 599 (2.1, 10.7)
Solid (77) 470 559 (39.3), 605
Pt5  CHsCN (298) 269 (sh, 20.6), 299 (12.3), 317 (9.61), 454 555 (1.9), 599 4.3x10°2
393 (3.90)
PMMA (298) 449 556 (41.3), 596 0.26
Glass (77) 447 549 (76.9), 597
Solid (298) 477 575 (15.0), 606
Solid (77) e 575 (54.2), 626
Pt6  CHsCN (298) 256 (14.6), 281 (15.5), 300 (sh, 11.8), 459 (87.4) 561 (10.0), 602 1.2x102
317 (sh, 9.70), 394 (3.80)
PMMA (298) 451 558 (32.4), 599 0.25
Glass (77) 448 552 (47.9), 598
Solid (298) 470 564 (19.2), 609
Solid (77) 482 564 (30.9), 611
Pt7  CHsCN (298) 261 (10.7), 278 (13.2), 301 (10.9), 452 553 (0.4), 594 261073
317 (8.63), 389 (4.10)
PMMA (298) 444 552 (35.0), 592 0.28
Glass (77) 445 548 (59.7), 595
Solid (298) 466 572 (40.2), 600
Solid (77) 465 572 (55.2), 623
Pt8  CHsCN (298) 264 (sh, 12.4), 273 (12.8), 318 (8.05), 453 556 (11.7), 600 1.2x1073
393 (3.87)
PMMA (298) 446 555 (36.0), 592 0.17
Glass (77) 448 550 (76.4), 596

Solid (298) 464 568 (8.3, 1.5), 609



Solid (77) 468 568 (38.3), 619
Pt9  CHsCN (298) 261 (15.7), 277 (14.2), 301 (11.9), 453 556 (22.6), 600 6.8x10°3
317 (9.89), 389 (4.60)
PMMA (298) 445 554 (33.3), 594 0.23
Glass (77) 445 551 (68.4), 595
Solid (298) 471 583 (11.8, 2.3), 612
Solid (77) 463 577 (43.9), 627
Pt10  CHsCN (298) 278 (20.8), 297 (sh, 17.4), 308 (sh, ¢ 559 (26.8), 601 0.08
14.6), 330 (11.6), 397 (2.95)
Glass (77) e 552 (30.0), 600
Solid (298) e 580 (0.8), 606
Solid (77) e 573 (14.8), 624
Pt11  CHsCN (298) 269 (24.7), 319 (5.64), 328 (5.61), —° e
360 (brd, 2.29)
PMMA e 477 (32.4), 510 0.24
Glass (77) e 472 (64.0), 507, 537 (sh)
Solid (298) e 478 (20.1), 513, 544 (sh)
Solid (77) e 479 (31.1), 516, 546 (sh)

afxcitation wavelength at 390—400 nm for all measurements. The glass emissions were measured in 77 K butyronitrile. PDeter-
mined from fs time-resolved emission spectra (error = +3%). “Determined using a8 Quanta Ray GCR 150-10 pulsed Nd:YAG laser
system with 355 nm output. 9Photoluminescence quantum yield (PLQY) for solution was estimated with reference to quinine
sulphate in 0.1 M H,SO, (® = 0.546). PLQY for thin film sample was measured using Hamamatsu C11347 Quantaurus-QY Absolute
PL quantum yields measurement system. The error for PLQY measurement is +10%. *weak or not observed.
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Figure 3. UV-visible absorption spectra of (a) Pti—Pt5 and (b)
Pt6-Pt10 in acetonitrile at room temperature (concentration
=4 %1075 M).

Excitation Dependent Dual Fluorescence-Phospho-
rescence Emission. The photoluminescent properties of
all complexes in various states have been examined. First,
the steady-state emission of the [Pt(thpy)(P/~P)] complexes
Pt1-Ptg show interesting features. As shown in Figure 4
and Figure S3-Su, all [Pt(thpy)(P~P)] complexes show dual
emission comprising a high-energy (HE), broad band at
Amax = 466—473 nm and a low-energy (LE), vibronic struc-
tured band at Amax = 558-564 nm in solutions at room tem-
perature. The steady state emission spectra show that both
the HE and LE emission peak maxima do not shift signifi-
cantly upon varying the auxiliary ligand (~318 cm™ for the
HE peak and ~191 cm™ for the LE peak). The presence of
trace amount of strongly emissive impurity that may give
rise to the HE emission has been excluded on the basis of
reproducible dual HE and LE emission bands observed for
different batches of samples including those from single
crystals. In addition, the excitation spectra at the HE and
LE emission maxima for Pti-Ptg match well with their ab-
sorption in the low energy region, showing that these two
emitting states share the same origin that absorbs the
photo-excitation.

Information regarding the nature of these two emitting
states were gained by time-resolved photoluminescence
studies. The lifetimes of LE emission lie in the microsecond
regime (2—29 ps, Table 1) in degassed solutions. In aerated
solutions, the LE emission bands are drastically quenched
(Figure 4c and Figure S3—Su1). The LE emission bands are
assigned to phosphorescence from T, states. On the other
hand, the HE emission bands are insensitive to molecular
oxygen. The femtosecond time-resolved fluorescence spec-
troscopy (fs-TRF) of Pti—Pt4 and Pt6 show emission bands



at ca. 460 nm with decay constants of 43-167 ps (Table 1
and Figure 4d). Thus, the HE emission bands for Pti—Ptg
are ascribed to fluorescence. Comparing to the ultrafast de-
cay of fluorescence for many other Pt(II) complexes (<1
ps),#4 the much longer fluorescence lifetimes of the pre-
sent complexes reveal significantly retarded ISC which are
estimated to be on the order of 10" s™.

Another important feature associated with the dual flu-
orescence/phosphorescence property is the excitation
wavelength dependence of the relative intensity of the LE
to HE emission band for each complex (Figure 4a and Fig-
ure S3-Su); short wavelength excitation favors the LE
emission. The excitation spectra monitored at both the HE
and LE bands also reveal that short wavelength absorption
leads to dominant phosphorescence. These properties are
reminiscent of Os(IT) and Ag(I) complexes reported by Chi,
Chou and co-workers which show excitation wavelength-
dependent dual fluorescence-phosphorescence emission
behavior.’> Accordingly, it is postulated that such a behav-
ior for the present Pt(II) complexes is a result of the inter-
system crossing from higher-lying singlet excited state to
triplet excited state, i.e., hyper inter-system crossing
(HISC). Although there are a handful of Pt(II) complexes
exhibiting dual fluorescence/phosphorescence due to inef-
ficient ISC, the present type complexes is one of the few

reports on HISC for Pt(II) emitters.® The photophysical
properties of Pti—4 and Pt6 in dichloromethane have also
been examined and they show similar dual fluores-
cence/phosphorescence behavior (Figure Si2 in the SI).
Whereas, the carbene-bearing Ptio shows only dominant
phosphorescence in both acetonitrile and dichloro-
methane. All of the [Pt(thpy)(P"P)] complexes Pt1—Ptg in
thin film (5 wt% in PMMA), solid state (298 K and 77 K),
and glassy solution (77 K) exhibit dual fluorescence/phos-
phorescence emission behavior with the relative intensity
ratio dependent on the local environment (rigidity and
temperature etc.). In contrast, when the chromophore lig-
and is changed to phenylpyridine as that in Ptun—Ptig,
these complexes become non-emissive in solutions at
room temperature. Only one dominant vibronic structured
band that is attributable to phosphorescence is observed
for these complexes in other condensed phases (Figure S13).
The predominant phosphorescent emission for this series
of complexes is probably due to the higher metal character
of HOMO and the close-lying triplet excited state which
facilitate SOC between S, and triplet state (vide infra, the
calculation) and thus faster ISC process. Fs-time resolved
spectroscopic measurements revealed ISC < 1 ps (Figure

S14).
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Figure 4. (a) Normalized emission spectra of Pt1 in degassed acetonitrile at different excitation wavelengths (concentration =
4x1075 M). (b) Comparison of the normalized UV-vis absorption and excitation spectra monitored at different emission wave-
lengths for Pt1. (¢) Comparison of the emission spectra of Pt1 in the absence and presence of oxygen. (d) fs-TRF spectra of Pt1 in
acetonitrile upon excitation at 390 nm. Normalized emission spectra of (e) Pti—Pt5 and (f) Pt6—Ptio in degassed acetonitrile

(concentration = 4x1075 M; Aex = 400 nm).

Auxiliary Ligand-Dependent Intersystem Crossing
Rate. Altering the auxiliary ligand of [Pt(thpy)X]* does not
change the emission energy considerably but results in
very different relative intensities of the phosphorescence
(LE) to fluorescence (HE) emission. Specifically, the series

Pt1-Pt5 which bear Ph,PAPPh, auxiliary ligand, show dis-
cernible HE and LE emission bands, except Pt3 where only
the HE peak is conspicuous (Figure 4e); for the dicyclo-
hexyl analogues, Pt7 and Pt8 exhibit predominant HE
emission while Pt6 and Ptg display both HE and LE dual-



emissions with the latter pair having higher intensities
(Figure 4f). When the auxiliary ligand is a strong c-donat-
ing bis-NHC (Pt10), the LE emission is predominant and
HE emission is barely observed. Manipulation of the ISC
rate through changing auxiliary ligand is inferred as the
key to achieving dual fluorescence/phosphorescence emis-
sion. Tuning of radiative and non-radiative rates of S, and
T, states through synthesis and molecular design has been
the major focus for the development of fluorescent and
phosphorescent emitters, respectively. Nevertheless, sys-
tematic studies on the dual fluorescence/phosphorescence
metal complexes, in particular on the unique HISC shown
in this work, are sparse.

Calculations on [Pt(thpy)X]* Complexes at The Op-
timized Ground State Geometries. To shed light on the
interesting photo-physics of this series of complexes, first
principle methods were applied to study the excited state
decay rates of selected [Pt(thpy)X]* complexes, viz., X =
dppm (Pt1), depm (Pt6), and (bis-NHC) (Ptio). These
complexes are chosen with the following objectives: (a)
how does varying the nature of substituent of the P"P aux-
iliary ligand change the ISC rate and thus the relative in-
tensities of the fluorescence to phosphorescence of
[Pt(thpy)(PAP)]* complexes? (b) why does changing the
auxiliary ligand from a m-accepting phosphine ligand to a
o-donating carbene ligand results in dominant phospho-
rescence for the [Pt(thpy)(bis-NHC)]* complex, and hence,
what is the reason for the enhanced ISC efficiency in
[Pt(thpy)(bis-NHC)]*+?

As aforementioned, ISC is facile when singlet-triplet en-
ergy gap is small and SOC is large. In the literature, most
often these two parameters were compared among the
studied complexes at the ground state geometries. Thus,
we first present the data at the DFT-optimized ground
state geometries. Table S3 (SI) lists the low-lying singlet
and triplet excited state energies and their nature. The
So—S, excitation energies, calculated to be at 382—400 nm
(Table S3), are in good agreement with the experimental
lowest absorption peaks (< 500 cm™ difference, see also
Figure Si5 for the simulated absorption spectra). The S, ex-
cited state, as revealed from TDDFT calculations, is derived
mainly from a HOMO—LUMO transition for all the com-
plexes studied. Both the HOMO and LUMO are composed
primarily of n(thpy) character with some contributions (<
12%) from Pt; there is only a minute contribution of the
auxiliary ligand X to the HOMO (< 3%) and LUMO (< 13%)
for all complexes studied (see Figure 5 and Figure Si6 for
the MO surfaces of complex Pti; other complexes have
similar MO surfaces unless otherwise stated). Therefore,
the lowest energy absorption peaks of [Pt(thpy)X]*, being
best described as a 'nn*(thpy) IL excited state mixed with
some 'MLCT ([drn(Pt)—>n*(thpy)]) character, have similar
S, absorption energies. The next singlet excited state, S,, is
found to be at Aaps < 340 nm from TDDFT calculations at
the optimized ground state geometries and hence, excita-
tion at Aexe > 380 nm should populate only the S, excited

state. Thus, in what follows, we only consider triplet ex-
cited states close to S, and assume that the ISC takes place

from the S, excited state.
)
b, 5

o8,
S L A Y%,
L+3 (1%)

HOMO (12%)

Figure 5. Frontier molecular orbital (FMO) surfaces of Pt1 in
S, state at the optimized S, geometry. The values in the paren-
thesis indicate the % contribution of Pt.

LUMO (11%)

Table S4 in the Supporting Information presents the
S—Tn energy gaps and the corresponding spin-orbit cou-
pling matrix elements between the S, and T, excited states
at the respective optimized S, geometries. Usually, it is pre-
sumed that ISC proceeds from S, —T,, thus, we first look at
this ISC pathway (the first row in Table S4 in SI). The cal-
culated S,-T, energy gap is in the ascending order X = bis-
NHC (6569 cm™) < depm (6882 cm™) ~ dppm (6897 cm™).
However, experimental photo-physical data depicted in
Table 1 (relative fluorescence-phosphorescence intensities
and time-resolved fluorescence lifetimes) implies that the
ISC efficiency is likely in the order X = bis-NHC > X = dcpm >
X = dppm. Thus, a correlation between S,~T, energy gap es-
timated at the ground state geometry and ISC rate cannot
be made for the [Pt(thpy)X]* complexes.

Although T, and T, excited states are higher-lying than
the S, excited state at the ground state geometries by more
than 1000 cm™, the S,—T, and S,—T; energy gaps are much
smaller than the S,-T, energy gap (Table S4 in SI). Moreo-
ver, the SOC matrix elements (Hsoc) between S, and T, (n
= 2 or 3) are one to two orders of magnitude larger than
those between S, and T.. Since kjsc o« Hsoc?, the ISC rates of
S,—T, and S,—T; should be two to four orders of magni-
tude faster than that of S,—T, if we solely consider the elec-
tronic factor of Hgoc. Therefore, it is speculated that ISC
from S, to T, or T; excited state may be more efficient than
to the T, excited state.

Calculated ISC Rates from S,—~T, (n = 1-3). To gain
further insight into the ISC efficiency of these [Pt(thpy)X]*
complexes, we calculated the ISC rate of S,—~T, (n =1, 2,
and 3) at the optimized excited state geometries for Pt1, Pt6,
and Ptio. According to the Fermi Golden Rule under the
Condon approximation, the ISC rate is given by the follow-
ing equation:#

kisc =5 V2(FCWD) (1)

V is the electronic factor and in the present study, it is
taken to be the direct SOC matrix element between the S,
and T, excited states (<S,|Hsoc|Tn>). FCWD is the Franck-
Condon weighed density and it is related to the structural
change and the energy difference between the potential
energy minima of the coupling singlet and triplet excited
states. In the high-temperature limit,++7
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(2)

AE is the adiabatic energy difference between the triplet
(Tha) excited state and the singlet (S,) excited state involved
in the ISC process at their respective optimized excited
state geometries:

AE = E™(Q¢™) — ES1(Q51)
(3)

Here, EF5(Q,*) is the energy of the excited state (ES) at
the optimized excited state geometry (Q,f°). A is the reor-
ganization energy (a measure of the structural change be-
tween the coupling excited states) and, because we have
used a state-specific approach (i.e., SS-PCM) to compute
the EF5(Q,%), both the intramolecular and solvent reorien-
tation components are included:

= B ~ ES1(05") @

ES(Q,™) and ES(Q,%) are the first singlet (S,) excited
state energies at respectively the optimized T, and S, ex-
cited state geometries. kj is the Boltzmann constant and T
is temperature (in K).

Table 2 gives the energy difference (4E), reorganization
energy (1), and Hsoc® between the S, and T, excited states.
Table 3 presents the S,— T, ISC rate constants (kisc) and the
S,—S, radiative decay rate constants (ky) obtained from cal-
culations. These theoretical results are all computed with
the Pt(II) complex in acetonitrile; for analogous results in
dichloromethane, see Table S5 and S6 in the SI.

Table 2 S,—T, energy gaps, AE (eV), reorganization energies, A (e€V), and the associated SOC matrix element <S,|Hsoc| Tn>>
(cm™) of [Pt(thpy)X]* complexes for S,—~T, ISC obtained at the optimized excited state geometries. All values listed are
computed in acetonitrile except [Pt(thpy)(bis-NHC)]* complex*P

X =dppm (Pt1) X=dcpm (Pt6)

X = bis-NHC (Pt10)P°

n AE A <S1|Hsoc|Tn>? AE A <S1|Hsoc|Tn>? AE A <S1|Hsoc|Tn>?
1 -077 0.16 2.71 -0.75 0.17 14.23 -0.75 0.16 19.33

2 -0.04 0.29 92.60 -0.05 0.28 3.59 x 102 -0.05 0.27 1.66 x 108

3 +0.16 0.13 3.78 x 103 +0.20 0.11 2.57 x 104 +0.23 0.11 2.86 x 10*

aThe energies reported here are obtained using a state-specific approach (SS-PCM), see SI for computational details. PThe values

for the [Pt(thpy)(bis-NHC)]* are computed in dichloromethane.

Table 3 Calculated S,—S, radiative decay rate (ky) and S,—~T, ISC rate (kisc) for [Pt(thpy)X]* in acetonitrile. The last row
gives the observed rate constants estimated from the time-resolved fluorescence measurements in Table 1 (kisc = 1/T1sc)

k/s? X = dppm (Pt1) X = dcpm (Pt6) X= bis-NHC (Pt10)®
ki (S1—So) 3.44 x 107 3.13 x 107 3.63 x 107

kisc (S1—T1) ? 5.63 x 10° 2.31 x 108 6.55 x 108

kisc (S1—T2) 5.15 x 10° 2.49 x 1010 1.43 x 1011

kisc (S1—T3) 4.35 x 10° 2.35 x 10° 7.55 x 108

kisc (fs-TRF) 5.99 x 10° 1.14 x 10%0

aSince the S,—T, ISC process is in the Marcus inverted region, kisc is computed with nuclear tunnelling taken into account. For
computational details, see SI. PThe values for the [Pt(thpy)(bis-NHC)]* are computed in dichloromethane.

Let us first look at the S,—T, ISC pathway. As depicted in
Figure 7, the S,—T, energy gap is rather large (JAE| > 0.75 eV)
with the reorganization energy A < |AE|, i.e., it falls in the
Marcus inverted region; the computed Hsoc for this ISC is
less than 10 cm™, which could be rationalized by noting
that (a) both S, and T, are of similar nature and are derived
from the HOMO—LUMO transition. SOC could be effec-
tive only between states comprised of molecular orbitals of
different orientations; in other words, direct SOC should
be negligible between states derived from the same orbitals.
Therefore, the calculated SOC matrix elements, Hsoc, be-
tween the S, and T, excited states are small, and (b) as men-
tioned above, the S, (and T,) excited state is mainly of
nr*(thpy) character. The localized nature of wn*(thpy)
configuration state function would render the singlet-tri-
plet energy gap to be large. In effect, if eqn. (2) is used to
estimate the ksc rate, the resulting rate constant would be

too slow and not competitive with the S,—S, radiative de-
cay (calculated kfis of the order 107 s). Even if we used a
semi-classical equation which takes into account nuclear
tunneling (see SI for computational details), the estimated
kisc (S,—T,) values are still one to two orders of magnitude
smaller than kr (S,—S,) (Table 3 and Table S6 in SI) and
fluorescence should be observed for all the complexes
studied herein. Clearly, this is contradictory to the experi-
mental results, and therefore, it is unlikely that the S, ex-
cited state directly undergoes ISC to the T, excited state
without intermediate triplet excited states.

For the S,—T; ISC pathway, though the estimated ISC
rate is fast (kisc (S,—T;) > 108 s7, Table 3 and Table S6 in SI),

the S,—T; energy gap (AE) is positive in all cases (Table 2
and Table S5 in the SI), i.e., the T, excited state lies above



the S, excited state, meaning that the S,—T; ISC is an acti-
vated process, and the reverse ISC (RISC), T;—S,, should
be even faster (Table S7 in SI). Therefore, S,—T; is also not
the most effective ISC pathway for the S, excited state.

On the other hand, although the T, excited state is more
than 1000 cm™ higher-lying than the S, excited state at their
ground state geometries, the T, potential energy minima
are lower-lying than their respective S, potential energy
minima, i.e., AE(S,—T,) is negative for all the complexes
studied in this section and S,—T, ISC is a thermodynami-
cally favorable process (Table 2). For this ISC pathway, as
A > |AE|, it is in the Marcus “normal” region. As depicted in
Table 3, kisc (S,—Ts,) values for [Pt(thpy)X]* complexes are
in the order X = bis-NHC > dcpm > dppm, a trend that is
in agreement with the experimental observations of the
relative intensity of the phosphorescence to the fluores-
cence peaks (Ip/Ir). The theoretically calculated ISC rate
constants are also in concordance with the measured sin-
glet decay lifetimes: kisc: X = dppm < X = dcpm. In particu-
lar, the calculated ISC rate constants, kisc (S,—~T.), for X =
dppm and dcpm are in excellent agreements with the ob-
served singlet decay rate obtained from fs-TRF (t(fs-TRF)
~ 1/kisc), lending further support that the fluorescence de-
cay in the time-resolved measurements corresponds to ISC
from the S, excited state to the T, excited state.

Table 4 Major contributions to the T, excited state of the
[Pt(thpy)X]* complexes. The results are obtained from SS-
PCM TD-B3LYP calculations at their respective optimized
T, geometries

X HOMO—LUMO HOMO—L+1  Ag¥/eV
dppm 23.2% (24.6%) 65.4% (64.4%) +0.55
(+0.52)
dcpm 25.9% (27.0%) 62.6% (61.7%) +0.51
(+0.50)
bis-NHC  25.5% 62.6% +0.50

2Ag is the energy gap between the LUMO and L+1 orbitals.
Values outside and inside the parentheses are obtained in
CH.Cl, and CH;CN solutions respectively.

As our calculated ISC rates, kjsc(S,—T.), are consistent
with the experimental results, we sought to understand
what factors contribute to the observed trend, kisc(S,—T>)
for [Pt(thpy)X]*: X = dppm < dcpm < bis-NHC. First, from
Table 2, it could be seen that |AE| <A, i.e., this ISC pathway
is in the Marcus “normal” region. Hence, the FCWD would
be governed by two parameters, AE and A. The T, excited
state, at its optimized geometry, is mainly derived from the
HOMO—L+1 transition, with a substantial contribution
from the HOMO—LUMO transition (see Table 4 for %
contributions of these two major transitions). The L+1 or-
bital is localized predominantly on the pyridyl moiety (L+3
at the optimized S, geometry in Figure 5 becomes L+1 at
the optimized T, geometry, see Figure S17 in the SI for the
MO surfaces and Table S8 for the % contributions of each
fragment). Therefore, the T, excited state could be de-
scribed as  3nn*(thpy)  mixed  with  3MLCT

(3[dn(Pt)—n*(thpy)]). Interestingly, as the electron-donat-
ing capability of the ligand X increases, dppm < dcpm < bis-
NHC, AE becomes more negative and A becomes smaller.
Hence, the activation energy term, E, = (AE + 1)?/44, be-
comes smaller, resulting in faster ISC rate as the process is
in the Marcus “normal” region. This trend seems to corre-
late with the % contributions of the HOMO—LUMO tran-
sition to the T, excited state (Table 4): X = dppm < dcpm ~
bis-NHC. This increase in mixing may probably be due to
the decrease in orbital energy gap between the LUMO and
L+1 orbitals upon increasing the electron-donating power
of the auxiliary ligand X.

Besides the nuclear factor (FCWD), the electronic factor
Hsoc for the S,—T, ISC also increases in the order of X =
dppm < depm < bis-NHC (Table 2). This is due to the fact
that stronger electron-donating auxiliary ligand X in-
creases metal contributions to the LUMO and L+1 orbitals
such that the square of coefficient of the Pt d-orbital (ca),
¢z, follows the order of X = dppm < dcpm ~ bis-NHC for
LUMO (Table Sg). In addition, with a stronger c- donating
auxiliary X = bis-NHC, the HOMO/H-1 energy gap be-
comes small enough to allow the H-1—L transition to have
some contributions (~1.5 %) to the T, excited state at the
optimized S, excited state geometry. As the HOMO and
H-1 have higher metal character (15-19%, Figure S16) and
large cq4 coefficients, the SOC so-derived is substantial,
leading to enhanced SOC matrix elements between the S,
and T, excited states in the [Pt(thpy)(bis-NHC)]* Ptio
complex (Table 2). Therefore, taken together the FCWD
factor and the Hsoc factor, the calculated ISC rates for the
S,—T, transition of the [Pt(thpy)X]* complexes are in the
order X = dppm (~109 s) < dcpm (~10 s™) < bis-NHC (~10"
s), which reproduces quantitatively the experimental
findings.

It is worth mentioning here that although our computed
ISC rate constants are in excellent agreement with the ex-
perimental data, our computations have not taken into ac-
count the dynamic nature of the excited state decay. The
structural change during excited state decay is especially
important when the vibrational relaxation rate constant is
compatible with the ISC rate constant. That is, the three
parameters, AE, 4, and Hsoc may be continuously changing
upon structural relaxation of the S, excited state. The good
agreements of our calculations with the experimental data
may imply that AE and A vary only slightly upon vibrational
relaxation and Condon approximation is a good approxi-
mation in evaluating Hsoc.

Rationalization of The Excitation Wavelength De-
pendent ISC. Very often, photoluminescence of most re-
ported organometallic complexes obeys Kasha-Vavilov’s
rule and the emission is usually independent of the excita-
tion wavelength (Ae).4®* However, it has been shown in the
present work that [Pt(thpy)(P"P)]* complexes exhibit exci-
tation wavelength dependent emission spectra. Taking Pt1
as an example, although TDDFT calculations showed that
So—S, excitation peaks at A < 340 nm, the 0-o energy of the
optimized S, excited state was found to be at A = 365 nm.
Thus, upon photo-excitation at Aex = 350 nm, the S, excited



state could be populated, albeit with a low population as
reflected in the low absorptivity at A = 340—350 nm, possi-
bly due to small vibrational overlap between the vibra-
tional ground states of the S, and S, excited states. As de-
picted in Table S3 (SI), the S, excited state is mainly derived
from H-2—~LUMO (96%) transition and H-2 has substan-
tial metal character (80% d,*; see Figure S16 in the SI for
the MO surfaces), rendering the S, excited state being
mainly of '"MLCT character. Contrary to the S, excited state
which only has one lower-lying triplet excited state (T,),
the S, excited state has nine lower-lying triplet excited
states. SOC matrix element calculations between S, and
lower-lying Tr, excited states revealed that <S,|Hsoc|Tm>2
are much larger (of the order 105 cm™ for m = 1-3; see Table
S10). Employing eq. (2), the calculated kisc(S,—T,) and
kisc(S,—Ts) are respectively 3.82 x 103 and 1.08 x 10 57,
much faster than the S,—S, internal conversion which is
typically in the picosecond time regime (~10s™). Thus, the
ultrafast ISC from the S, excited state to the triplet mani-
fold is the most likely cause of deviation from Kasha-Vavi-
lov’s rule and the observed excitation wavelength depend-
ent ISC (S,—>Tm—T,), as illustrated in Figure 6.
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Figure 6. A Jablonski diagram showing relevant optical pro-
cesses and time constants for the [Pt(thpy)X]* complexes in-
vestigated in this work.

Comparisons between [Pt(ppy)X]* and [Pt(thpy)]*.

In the present work, all the ppy-bearing Pt(II) complexes
Ptu-Pti4 display predominant phosphorescence. It is thus
also of interest to decipher why changing a chromophoric
ligand leads to different auxiliary ligand effects on the
photo-physical properties, viz., the ISC efficiency is barely
affected by the choice of the auxiliary ligand. DFT/TDDFT
computations were also performed on two examples, thpy-
bearing Pt5 and ppy-bearing Pt11, both with the same aux-
iliary ligand, dppbz. Figure S18 and Si19 depict the frontier
MO surfaces and their associated MO energies for Pt5 and
Ptu at their respective optimized ground state geometries.
The H—2, H-1, HOMO, and LUMO are of the same nature
for both complexes, but the HOMO energy of Pt is lower
by ~0.3 eV due to its larger metal character (18% for Ptu1 vs
10% for Pts5) while the other frontier MO energies differ by
less than 0.1 eV. As such, there is a profound influence on
the excited state ordering (Table Si2 and S13), and hence,
AE(S,—Th) energy gap and the associated SOC matrix ele-
ment (Table Si4). For Pts, similar to the thpy-bearing Ptu,
only T, excited state is lower-lying than the S, excited state
and the |AE(S,-T,)| gap is also quite large (> 7000 cm™); in

addition, both the S, and T, excited states are of similar na-
ture (dominantly HOMO—LUMO transition), thus result-
ing in a small SOC matrix element (Hsoc® ~ 7 em™ ); T, and
T, excited states, though having a larger SOC matrix ele-
ment with the S, excited state (Hsoc® ~ 3.46 x 10> and 3.08 x
103 cm™ respectively) due to the participation of 3SMLCT
states with large metal character (> 35%), are more than
1000 cm* higher in energy than the S, excited state. In con-
trast, for ppy-bearing complex Ptu, there is a close-lying
triplet excited state (T,) to the S, excited state (JAE(S,—T>)|
=203 cm™). The T, state is mainly of 3MLCT nature (with
metal character of H-2 and H-1 of 37 and 47% respectively),
thus the SOC matrix element is large (Hsoc® ~ 3.47 % 103
cm™). T excited state, though higher in energy than the S,
excited state, is thermally accessible as |[AE(S,—T,)| = 363
cm™; the SOC is even larger (Hsoc? of the order 105cm™). As
is seen in the cases of Pt1, Pt6, and Ptio, changing the aux-
iliary ligand only changes the |AE(S,—Tm)| by ~ 0.04 eV (<
400 cm™) and the SOC increases with more electron-do-
nating auxiliary ligand; it is thus perceived that the auxil-
iary ligand in the ppy-bearing Pt(II) complexes also fine
tunes the S,-T, and S,—T; energy gap by a similar amount
with and the SOC increases with more electron-donating
auxiliary ligand. As such, changing the auxiliary ligand of
the ppy-bearing Pt(II) complexes still lead to the coupling
singlet-triplet energy gap to remain small (< 1000 cm™).
while the SOC matrix element remains large. Therefore,
the ISC rate is much faster in the ppy-bearing complexes
and predominant phosphorescence observed with little
auxiliary ligand effect on the emission properties.

CONCLUSIONS

In this work, we present the photo-physics of
[Pt(thpy)X]* complexes having different auxiliary ligand X,
ranging from n-accepting phenylphosphine to c-donating
N-heterocyclic carbene. Though the auxiliary ligand X is
not directly involved in the emitting excited state as the
chromophore thpy is, it still exerts inductive effect on the
Pt(II) ion, which alters the ISC efficiency of this series of
Pt(II) complexes. Specifically, increasing the electron-do-
nating ability of the auxiliary ligand X increases the ISC
rate, kisc(S,—~T.). Recently, Karttunen, Chou, and Ko-
shevoy also demonstrated similar findings in a series of
gold(I) alkynyl-diphoshpine complexes and attributed this
to the greater participation of the d- orbitals to the occu-
pied orbitals of the lowest-lying excited state based on their
computational results without explicit calculations on the
ISC rate constants.® Herein, we have computed the ISC rate
constants for the S,—Tn, processes and excellent quantita-
tive agreement with the fs-TRF measurements has been ob-
tained, giving credibility to our theoretical rationales in the
enhanced ISC efficiency with electron-donating dcpm and
NHC auxiliary ligands. Our computational results revealed
that with more electron-donating auxiliary ligand X, both
occupied and virtual orbitals have higher metal d-orbital con-
tributions and smaller orbital energy gap, leading to an in-
crease in both FCWD and SOC between the S, and T, ex-
cited states. Thus, the observed ISC is ascribed to S,—T,



ISC through direct SOC in the Marcus “normal” region; the
fastest ISC could thus be realized by having the adiabatic
singlet-triplet gap close to the reorganization energy, i.e.,
in the Marcus “activation-less” region (Figure 7). In other
words, if the activation energy, E; = (AE + 2)?/41, at the
optimized S, geometry is close to zero, the rate of S,~ T,
kisc would only be determined by SOC between S, and T,
excited states.

5, T 5. 9T, 52T
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AE )
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Marcus “inverted" region Marcus “normal” region “activated”

Figure 7. Schematic representations of the S,—~T, ISC (n = 1-3)
within the Marcus electron transfer description.

In addition, it has been shown here that the ISC effi-
ciency of the [Pt(thpy)X]* complex could be enhanced by
using shorter excitation wavelengths. TDDFT calculations
revealed that higher-lying singlet excited states have sub-
stantial MLCT character and hence large SOC between the
'MLCT (S.) excited state and the triplet manifold, leading to
ultrafast ISC from S,— T T, (kisc > 103 s™). Such an inter-
pretation has also been proposed by other groups but with-
out theoretical explanations as to why Kasha-Vavilov’s rule
is violated.>'52°49 Here, our calculated kisc for the S,—T,
and S,—T;ISC processes (more than 103 s™), both of which
are faster than S,—S, internal conversion, gives strong sup-
port the observed excitation-wavelength dependent ISC ef-
ficiency.
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SYNOPSIS TOC. Controlling of ISC rate constant is key to the tailoring of emission properties of transition metal
complexes. Both spectroscopic and theoretical studies of a series of cyclometalated Pt(II) complexes reveal that ISC
rate can be tuned by varying the electron-donating capability of the auxiliary ligands. Moreover, hyper ISC from
higher-lying singlet excited state to triplet manifold has been unveiled by theoretical studies, explaining the excitation
wavelength dependent dual fluorescence-phosphorescence emissions for the present Pt(II) complexes.
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