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ABSTRACT

Aggregation-induced emission (AIE) materials can exhibit intense luminescence in aggregated or
solid state, which are highly desirable for OLED application. However, only limited research results
on developing AIE-active Pt"' complexes in electroluminescence (EL) application have been reported
so far. Herein, a series of AIE-active Pt"(C*N)(N-donor ligand)CI complexes have been developed.
Their chemical structures have been determined by NMR, MS and X-ray crystallography
characterization. Theoretical results including the frontier molecular orbitals, the simulated UV-vis
spectra and natural transition orbitals (NTO) have been employed to insightfully interpret their
photophysical properties. It has also been found that much higher degree of molecular aggregation in
these Pt complexes should be required to induce phosphorescent AIE than that for the fluorescent
AIE behavior. These AlIE-active Pt" complexes can exhibit very strong emission in poly(methyl
methacrylate) (PMMA) films with the phosphorescence quantum yield (@) of ca. 72.0%, while that
in dilute solution is just about 4.7%. Accordingly, based on these AIE-active Pt" complexes, the
optimized OLEDs fabricated by the simple solution-processed strategy can achieve high EL
efficiencies with a maximal external efficiency (7.x) of 28.4%, a maximal current efficiency (yr) of
75.9 ¢d A" and a maximal power efficiency (1p) of 62.7 Im W', Considering the rarity for EL
investigations of the AlE-active Pt complexes, the concerned results realized by these
Pt"(C*N)(N-donor ligand)Cl complexes should provide valuable clues for exploring AIE-active Pt"

phosphorescent complexes with high EL performance.
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INTRODUCTION

Organic light-emitting diodes (OLEDs) have obtained sustainable research interest both from
academic and industrial researchers considering their promising application in flat panel displays and
solid-state lighting sources.'™ Organometallic platinum complexes are one of the most promising
candidates as phosphor materials within the OLEDs’ emission layer (EML) for their attractive
features such as high phosphorescent quantum yield (®@,), relatively short triplet state lifetime (t;)
and tunable emission color. > Platinum complexes can harvest both the singlet and triplet excitons
for light emission since the efficient intersystem crossing process induced by the strong spin-orbit
coupling effect of the platinum atom. Hence, the maximal internal quantum efficiency (IQE) of
phosphorescent emitters can reach 100%, leading to substantial improvement of their
electroluminescent (EL) efficiency.'” "' According to the d® system of the Pt" atom, it can be
coordinated with various organic ligands to achieve the preferred coordination number 4 with a
spuare planar geometry. Recently, different organic ligands including 1,3-bis(2-pyridyl)benzene
(NACAN),'> B 6-phenyl-2,2"-bipyridine (NAN~C),'* ° 2 6-diphenylpridine (C*N~C)'®and

2-phenylpyridine(CN, ppy)7’ 17, 18

as well as their derivatives have been adopted to synthesize
platinum complexes. Among these platinum complexes, ppy-type platinum complexes in presence of
one P-diketonato ancillary ligand (Pt"(C*N)acac) have been extensively developed for OLED
applications due to their tunable photoelectric properties by using different peripheral substituent
groups.”'” Similar to the fluorescent materials, the emission of some ppy-type cyclometalated Pt"
complexes can be quenched in high concentration solution or aggregation state, known as

aggregation-caused quenching effect (ACQ), which immensely hinders their application in OLED

field.*>** Hence, efforts have to be devoted to bypass this obstacle for improving EL performance of
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Pt" complexes.

In 2001, Tang et al discovered the very different light-emitting behaviors of some silole
derivatives in solution and solid states. Weak or non-emissive in dilute solution but highly
luminescent when their molecules aggregate in concentrated solutions or solid state, which has been
defined as aggregation-induced emission (AIE).** This discovery offers exciting inspirations to
design and synthesize Pt" complexes with high EL performance, changing the emission behavior
from ACQ to AIE.*** To date, some Pt" complexes with AIE character have been reponed.zl’ 2932
Huang’s group has established a series of ppy-type AlE-active Pt" complexes for bioimaging
applications.® Liu et al reported a series of Pt diimine acetylide complexes with good AIE nature
and optical power limiting property.** Yam’s group developed two unsymmetric
bipyridine—Pt"-alkynyl complexes with AIE nature, which have been employed in OLED application
showing maximal 7, of 18.4 cd A" and Hext Of 5.8%.% After replacing the B-diketonato ancillary
ligand of Pt"(C"N)acac with one chloride and N-donor ligand, AlE-active heteroleptic
Pt"(C*N)(N-donor ligand)Cl complexes can be obtained*® ?’, which have been employed to

26:37.38 and catalytic performance,® efc. To

investigate their structural features,”® biological activity
the best of our knowledge, the EL studies of the Pt complexes with AIE character are still of
shortage. Therefore, the exploring of AlE-active Pt' complexes for EL application can be
significantly meaningful. Similar to the Pt"(C"N)acac complexes, the photoelectric properties of the
Pt"(C N)(N-donor ligand)Cl complexes can be readily tunable by manipulating the C N and
N-donor ligands, showing a good potential in EL field. However, apart from two complexes with

good EL performance developed by our group® and two complexes with a maximal 5. of 0.5 cd A™

*! studies on the EL properties of the Pt"(C~N)(N-donor ligand)CI complexes are very sparse. Hence,
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it is very worthwhile to study the EL properties of this class of AlE-active Pt'(CN)(N-donor
ligand)Cl complexes. Given the significant influence of charge balance between electrons and holes
from opposite electrodes on OLEDs’ performance, it is highly desirable that Pt" complexes can
exhibit good charge carrier injection/transporting features.**** Considerable research efforts have
been devoted by Zhou et al to describe that I'"" and Pt" complexes can achieve efficient EL
performance by chelating with functionalized ppy-type ligands bearing —NPh,, —-POPh; and —SO,Ph
moieties showing more balanced charge carrier injection/transporting abilities.” 424547 Hence, the
introduction of these functional moieties into the AIE-active Pt" complexes should be advisable for
their EL improvement.

Herein, four AIE-active heteroleptic Pt'(C*N)(N-donor ligand)Cl type complexes are presented,
their preparation, thermal stability, electrochemistry and photophysical properties have been
investigated in detail and were corroborated by theoretical calculations. The OLEDs as well as single
carrier devices based on the concerned Pt complexes are fabricated by solution process and their EL
properties are studied. The AIE property and balanced charge carrier injection/transporting ability of
the concerned Pt" complexes should be significantly beneficial for the EL enhancement. This
research should offer critical clues for developing novel phosphorescent Pt' complexes with AIE

nature and promoting their application in EL field.

EXPERIMENTAL SECTION
General Information. Under nitrogen atmosphere, all reactions were carried out with the use of
standard Schlenk techniques. The solvents were purified by standard methods under dry nitrogen

before use. All commercially available reagents were used as received unless otherwise stated. The
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reactions were monitored by thin-layer chromatography (TLC) with Merck pre-coated aluminum
plates. Flash column chromatography and preparative TLC were carried out using silica gel. The
detailed information for the physical characterization, X-ray crystallography, theoretical calculation
and OLED fabrication and measurements are provided in the Supplementary Information (SI).

Synthesis. Preparation details of the cyclometalating ppy-type ligands L-N, L-P and L-S were
according to the reported literature.” The synthesis details for some related compounds are presented
in the Supplementary Information (SI).

General Procedures for the Synthesis of N-donor Ligands: Under a N, atmosphere,
4-bromopyridine hydrochloride (1.0 equiv), the corresponding borate compound or boronic acid (1.2
equiv, Scheme S1), and Pd(PPh;)s (5 mol-%) were heated to 110 °C in a mixture of 10 mL 2M
Na,CO3 and 25 mL degassed THF for 24 h. After cooling to room temperature, the mixture was
extracted with dichloromethane, the organic phase was dried over Na,SO4 and the solvent was
removed under reduced pressure. The residue was obtained as a crude product, which was
chromatographed on a silica column to produce a pure product.

N-4-N: (Yield: 62%); '"H NMR (400 MHz, CDCl;, 8): 8.62 (d, J = 6.40 Hz, 2 H), 7.52 (d, J = 8.80
Hz, 4 H), 7.30 (t, J = 8.40 Hz, 4 H), 7.15-7.13 (m, 6 H), 7.8 (t, J = 7.20 Hz, 2 H); *C NMR (100
MHz, CDCls, §): 150.16, 148.92, 147.63, 147.22, 130.91, 129.41, 127.61, 124.96, 123.58, 122.89,
120.86; FAB-MS (m/2): 322 [M]"; Elemental analysis calcd (%) for Cp3H sNa: C 85.68, H 5.63, N
8.69; found: C 85.57, H 5.55, N 8.58.

N-4-S: (Yield: 68%); 'H NMR (400 MHz, CDCl;, 8): 8.71 (d, J = 1.60 Hz, 2 H), 8.08-8.05 (m, 2
H), 8.01-7.98 (m, 2 H), 7.76—7.74 (m, 2 H), 7.62-7.58 (m, 1 H), 7.57-7.52 (m, 2 H), 7.48-7.46 (m, 2

H); C NMR (100 MHz, CDCl3, 8): 150.55, 146,37, 143.06, 142.00, 141.29, 133.41, 129.40, 128.46,
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127.97, 127.72, 121.72; FAB-MS (m/z): 295 [M]"; Elemental analysis calcd (%) for C;7H;3NO,S: C
69.13, H 4.44, N 4.74; found: C 69.05, H 4.39, N 4.68.

N-4-P: (Yield: 52%); "H NMR (400 MHz, CDCl;, 3): 8.70 (d, J = 5.60 Hz, 2 H), 7.82-7.77 (m, 2
H), 7.73-7.68(m, 6 H), 7.57 (t, J = 7.60 Hz, 2 H), 7.51-7.47 (m, 6 H); *'P NMR (162 MHz, CDCl;, 5)
28.65; °C NMR (100 MHz, CDCls, 3): 150.42, 147,06, 141.58, 133.87, 132.89, 132.65, 132.12,
131.96, 128.64, 127.13, 121.65; FAB-MS (m/z): 355 [M]"; Elemental analysis calcd (%) for
CxHsNOP: C 77.74, H 5.11, N 3.94; found: C 77.62, H 4.95, N 3.86.

General Procedures for the Synthesis of Pt"" Complexes: Under a N, atmosphere, the organic
cyclometalating ligands (L-N, L-P and L-S, 1.1 equiv) and K,PtCl, (1 equiv) were heated to 90 °C
and stirred for 18 h in 15 mL mixture of H,O and 2-ethoxyethanol (v/v = 1 : 3). Then the reaction
mixture was cooled to room temperature, and water was added. The precipitate of u-chloro-bridged
dimer was collected and dried under vacuum. Without further purification, the dimer and N-donor
ligands (N-4-N, N-4-P and N-4-S) were added in 10 ml chloroform and heated to 50 °C for 12 h.
After cooling to room temperature, the mixture was extracted with dichloromethane. The organic
phase was dried over anhydrous Na;SO4 and the solvent was removed under reduced pressure. The
residual was purified by flash column chromatography using appropriate eluent.

N-Pt-P: yellow solid (Yield: 79%). "H NMR (400 MHz, CDCl;, 8): 9.59 (d, J = 5.60 Hz, 1H), 8.83
(d, J = 6.40 Hz, 2H), 7.86 (d, J = 8.40 Hz, 1H), 7.84 (d, J = 8.00 Hz, 1H), 7.77-7.70 (m, 5H),
7.64-7.59 (m, 4H), 7.54-7.50 (m, 5H), 7.33-7.27 (m, 3H), 7.17 (t, J = 7.60 Hz, 4H), 7.04 (d, J =
7.60 Hz, 5H), 6.92 (t, J = 7.20 Hz, 2H), 6.80 (dd, J = 2.40, 8.4 Hz, 1H), 5.93 (d, J = 2.00 Hz, 1H);
C NMR (100 MHz, CDCl;, 8): 166.81, 153.91, 151.11, 149.38, 148.37, 147.17, 142.26, 139.63,

138.61, 137.76, 135.33, 134.31, 133.06, 132.96, 132.09, 131.99, 131.40, 129.11, 128.77, 128.65,
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127.12, 127.00, 125.44, 124.55, 123.85, 123.51, 120.58, 117.56, 116.80; *'P NMR (162 MHz, CDCl;,

3): 28.35; FAB-MS (m/z): 930.1572 [M+Na]", 871.2030 [M—CI]"; Elemental analysis calcd (%) for
C46H35CIN;OPPt: C 60.89, H 3.89, N 4.63; found: C 60.81, H 3.79, N 4.56.

N-Pt-S: yellow solid (Yield: 76%). "H NMR (400 MHz, CDCl;_3): 9.58 (d, J = 6.00 Hz, 1H), 8.85
(d, J=6.80 Hz, 2 H), 8.10 (d, /= 8.4 Hz, 2 H), 8.01 (d, /= 7.60 Hz, 2 H), 7.75 (t, /= 7.2 Hz, 1 H),
7.65-7.61 (m, 3 H), 7.56 (t, J = 7.60 Hz, 2 H), 7.50 (d, J = 8.00 Hz, 1 H), 7.32 (d, J = 2.20, 1 H),
7.24 (d, J=6.80 Hz, 2 H), 7.17 (t, J=4.00 Hz, 4 H), 7.05 (t, /= 6.80 Hz, 5 H), 6.91 (t, J = 7.20 Hz,
2 H), 6.80 (dd, J = 2.00, 4.20 Hz, 1 H), 5.91 (d, J = 2.00 Hz, 1 H); >C NMR (100 MHz, CDCl;, §):
166.75, 154.04, 151.09, 149.33, 147.57, 147.15, 143.03, 142.17, 140.99, 140.96, 138.68, 137.75,
133.64, 129.51, 129.10, 128.61, 127.96, 127.80, 125.44, 124.58, 123.75, 123.59, 123.33, 120.62,
117.59, 116.85; FAB-MS (m/z): 873.1991 [M+Na]", 811.1591 [M—CI]"; Elemental analysis calcd (%)
for C40H30CIN3O,PtS: C 56.70, H 3.57, N 4.96; found: C 56.59, H 3.61, N 4.85.

P-Pt-N: yellowish green solid (Yield: 72%). 'H NMR (400 MHz, CDCls, 6): 9.75 (d, J = 5.20 Hz,
1 H), 8.65 (d, J=6.80 Hz, 2 H), 7.88 (t,J =4.00 Hz, 1 H), 7.73 (d, J=8.00 Hz, 1 H), 7.58-7.53 (m,
6 H), 7.50 (d, J = 8.80 Hz, 2 H), 7.38-7.28 (m, 11 H), 7.24-7.12 (m, 10 H), 6.57 (d, J = 12.40 Hz, 1
H); >C NMR (100 MHz, CDCl;_§): 166.06, 153.05, 151.73, 150.20, 149.03, 148.25, 146.70, 139.05,

138.61, 134.26, 134.16, 133.15, 133.00, 132.04, 131.94, 129.62, 128.30, 127.70, 127.54, 127.46,

127.36, 125.60, 124.34, 123.28, 123.15, 123.00, 122.14, 121.67, 119.06; *'P NMR (162 MHz, CDCl;,

3): 29.43; FAB-MS (m/z): 930.1569 [M+Na]", 871.2015 [M—CI]"; Elemental analysis calcd (%) for
C46H3sCIN3OPPt: C 60.89, H 3.89, N 4.63; found: C 60.78, H 3.82, N 4.59.
S-Pt-N: yellowish green solid (Yield: 78%). "H NMR (400 MHz, CDCl;, 9): 9.75 (d, J = 6.00 Hz,

1 H), 8.79 (d, J = 6.80 Hz, 2 H), 7.91-7.86 (m, 1 H), 7.77 (d, J = 8.00 Hz, 2 H), 7.75 (t, J = 7.20 Hz,
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1 H), 7.71-7.66 (m, 2 H), 7.62 (d, J = 4.80 Hz, 2 H), 7.58 (d, J = 4.80 Hz, 2 H), 7.56-7.49 (m, 2 H),
7.41 (t,J = 8.00 Hz, 2 H), 7.34 (t, J = 7.60 Hz, 4 H), 7.27-7.12 (m, 8 H), 6.97 (d, J = 2.80 Hz, 1 H);
PC NMR (100 MHz, CDCls, 8): 166.16, 153.32, 151.83, 150.31, 149.74, 149.42, 146.73, 143.07,
141.61, 141.43, 139.16, 133.02, 129.59, 129.07, 127.87, 127.61, 127.59, 125.56, 124.28, 123.61,
123.44, 122.53, 122.43, 121.91, 119.38; FAB-MS (m/z): 871.1681 [M+Na]", 811.1598 [M—CI]";
Elemental analysis calcd (%) for C4H30CIN;O,PtS: C 56.70, H 3.57, N 4.96; found: C 56.61, H 3.50,

N 4.87.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The synthetic procedures for the N-donor ligands
the and heteroleptic Pt"(C*N)(N-donor ligand)Cl complexes are shown in Scheme 1 and 2. The
cyclometalating ppy-type ligands L-N, L-P and L-S are synthesized by the reported method.” As the
key compounds, the N-donor ligands are prepared from the Suzuki cross-coupling catalyzed by
Pd(PPh;)s between 4-bromopyridine hydrochloride and the corresponding borate compounds or
boronic acid (B-P, B-S and B-N). The Pt" complexes are obtained in high yields by a two-step
protocol. The relevant cyclometalating ppy-type ligands reacted with K,PtCly to afford the
u-chloro-bridged dimer complexes, which are then converted to the final complexes by reaction with
the N-donor ligands under mild condition. These air-stable compounds are isolated in high purity as

solids by column chromatography on silica gel with the proper eluent.

Scheme 1. Synthesis Protocol for the Functional N-donor Ligands
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The 'H, *C and *'P NMR spectra of all compounds are thoroughly recorded. All the NMR spectra
are provided in the SI (Fig S1, S2 and S3). In the '"H NMR spectra for all the Pt" complexes, the

resonance signals with 6 at ca. 9.58 (for N-Pt-P and N-Pt-S) and 9.75 ppm (for P-Pt-N and S-Pt-N)

ACS Paragon Plus Environment

Page 10 of 45



Page 11 of 45

oNOYTULT D WN =

Chemistry of Materials

can be assigned the protons adjacent to N atom on the pyridine ring of the cyclometalating ppy-type
ligands. The resonance peaks with the chemical shift at ca. 8.65 to 8.79 ppm can be ascribed to
protons in the proximity of the N atom on the pyridine ring of the N-donor ligands. The ratio of these
two kinds of protons is 1 : 2, which is in good agreement with the structural features of these Pt"
complexes. The other resonance signals in the low field region come from the aromatic groups of
cyclometalating ppy-type ligands and N-donor ligands. The resonance peak with 6 at ca. 28.35 and
29.43 ppm in the 3P NMR spectra of N-Pt-P and P-Pt-N can be assigned to the —POPh, groups,
respectively. In addition, the MS spectra have been also collected to characterize the Pt" complexes,
which gave the respective molecular ion peaks clearly in Figure S4 (SI). At the meantime, single
crystals of S-Pt-N were obtained by slow diffusion of its solution in CHCIl3/THF (v/v =1 : 1) into
hexane, and single X-ray crystallography was employed to investigated the structure of S-Pt-N. Its
ORTEP drawing is illustrated in Figure 1, and the detailed structural data are summarized in Table S1
and S2 (SI). As shown in Figure 1, the Pt" atom with a square planar coordination geometry is
coordinated by a bidentate ppy-type ligand (L-S, C"N) and two monodentate ligands (N-donor
ligand, N-4-N and chloride). The coordination around the Pt center is distorted tetragonal geometry
with the trans-N, N and frans-C, Cl disposition. The bonds chelating around the Pt atom exhibit
typical bond lengths comparing with some similar complexes.48’ 9 Generally, it can be concluded
that the heteroleptic Pt"(C*N)(N-donor ligand)CI have been successfully prepared according to all of

the spectral results and characterizations showing good consistency.
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Figure 1. ORTEP drawing of S-Pt-N with thermal ellipsoids drawn at the 30% probability level. H
atoms are omitted for clarity.

Thermal Properties and Photophysical Characterizations. The thermal properties of the
heteroleptic Pt"(C N)(N-donor ligand)C] complexes are investigated by thermogravimetric analysis
(TGA) and different scanning calorimetry (DSC) under a nitrogen flow. The TGA results show their
thermal stability with the decomposition temperature (7y) in the range from ca. 303 to 326 °C (Table
1, Figure S5), which are similar to the Pt"(C*N)acac type complexes.’ The DSC traces have revealed
their glass-transition temperature (7) in the range from ca. 109 to 128 °C (Table 1, Figure S6). The
good thermal properties will guarantee their stability in fabrication and working process of the

concerned EL devices.

Table 1 Photophysical and Thermal Data for the Heteroleptic Pt"(C*N)(N-donor ligand)Cl
Complexes.

. 4 Emission D
Absorption Moo 293 K 74
)\2(1%23(11121) solution * film solution ¢ film &p ¢ solution film
293 K/77 K PMMA “/neat O/ Dp PMMA/neat 298 K/77 K PMMA /neat

255 (4.61), 274 (4.67), 4.2 ns (447 nm)

1.1 ps (533 nm)

338 (4370377 (4.12),  447,543/537  533/550  S.0%M4T%  60.7%/45.1% 0.3 s (543 nm)
426 (4.21) /2.2 us (537 nmy  /0-9 s (350 nm)
253 (4.41), 274 (4.47), 38ns @S0 o0 o
341 (4.17), 380 (3.95).  450,543/537  535/557,580  6.5%/3.2%  68.0%/36.3%  02ps(543nm) OO

/0.7 ps (557 nm)

423 (4.02) /2.3 ps (537 nm)

4.6 ns (449 nm)

252 (4.54),293 (4.42), 449,502,536 505,541 1.2 us (505 nm)
5.6%/4.1%  57.1%/37.6% 0.4 s (502 nm)

328 (4.02). 390(4.53) /503, 538 /508, 547 S Soa ) /08 us (508 )
4.7 ns (447 nm)

254 (4.57),293 (4.48), 447,503,538 508, 544 e ot 1o 1.3 us (508 nm)

327 (4.09), 393 (4.58) /507, 539 /515,550 8%/A2%  72.0%/341% 05 ps (503 nm) 5 Cisys

/2.1ps (507 nm)
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Ty T,
(°C)

325/122

315/128

303/109

326/117

“ Measured in CH,Cl, at a concentration of 10° M, log & values are shown in parentheses. ” Measured in PMMA film with 6 wt-% doping level. ©
Measured in degassed CH,Cl, relative to fac-[Tr(ppy)s] (Pp= 97%, A=360 nm),* the absolute Pps are obtained from Hamamstu Photonics K.K., E7536
model measurement system using their PMMA films with 6 wt-% doping level and neat films. ¢ Measured in degassed CH,Cl, solutions, films with a 369
nm picosecond LED as the excitation source.
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UV-Vis absorption spectra for these Pt" complexes are investigated in CH,Cl, solution with a
concentration of 10° mol L™ at 293 K and the corresponding data are compiled in Table 1. As
depicted in Figure 2, there are two main absorption bands in their UV-Vis spectra, showing similarity
with respect to the reported results.’’ The first absorption bands can be safely assigned to the
spin-allowed ligand-centered (LC) n-m* transition due to their large extinction coefficients (log
¢ >4)."> 2 These Pt" complexes present similar absorption behavior in the high-energy region before
ca. 350 nm. The second absorption bands in low-energy region ranging from ca. 350 to 450 nm for
these Pt complexes exhibit distinctive differences. The maximum absorption peaks for P-Pt-N and
S-Pt-N are located at ca. 390 nm, which are obviously more intense than that of N-Pt-P and N-Pt-S
centered at ca. 425 nm. To directly interpret the absorption behavior of these Pt' complexes, the
simulated UV-Vis spectra (Figure 3) with discrete vertical vibronic transitions and the
time-dependent density functional theory (TD-DFT) calculations for all of these Pt"" complexes have
been carried out. Figure 4 displays the distribution patterns of the highest occupied molecular
orbitals (HOMOs), the lowest unoccupied molecular orbitals (LUMOs), HOMO-1 and LUMO+1.

Table 2 summarizes the detailed TD-DFT results for these Pt complexes.

L0 —o— N-Pt-P
: —a— N-Pt-S
- —o— P-Pt-N
:z 0.8 S-Pt-N
<
N’
=
5 0.6
~N—
e
s 0.4
17}
=
< 0.2
0.0 :

350 400 450 500 550
Wavelength (nm)

250 300

Figure 2. UV-Vis absorption spectra for these Pt"' complexes in CH,Cl, at 293 K.
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As displayed in Figure 3, the simulated UV-Vis spectra from theoretical calculations show
excellent agreement with the experimental ones for all the Pt" complexes in terms of both absorption
wavelength and line-shape, indicating the validity of the calculation method. For N-Pt-P and N-Pt-S,
the simulated UV-Vis results have shown that the low energy absorption bands located at ca. 425 nm
with strong vertical vibronic transitions are from H—L+1 transition. As shown in Figure 4 and Table
2, the HOMOs for N-Pt-P and N-Pt-S are almost entirely located on the L-N ligand (96.77% and
97.07%, respectively, Table 2), while the LUMOs are mainly distributed on the N-donor ligands
(94.36% for N-4-P and 96.32% for N-4-S, Table 2). The LUMO+1s are mainly contributed from the
ppy moiety on the L-N ligands. Therefore, the absorption bands with low energy located at ca. 425
nm for N-Pt-P and N-Pt-S can be attributed to the intraligand charge transfer (ILCT) features from
—NPh, moiety to ppy moiety within the L-N ligand. As for P-Pt-N and S-Pt-N, the obviously intense
absorption bands centered at ca. 390 nm can be assigned to H—L and H—L+1 transitions with large
percentage of vertical vibronic transitions. The N-donor ligand N-4-N gives a substantial
contribution to the HOMOs for complexes P-Pt-N and S-Pt-N (98.39% and 98.69%, Table 2). The
ppy units on the ligand L-P and L-S hold the primary distribution of their LUMOs and the
4-phenylpyridine unit on the ligand N-4-N gives the main contribution to the LUMO+Is.
Consequently, ligand to ligand charge transfer (LLCT) transition (from N-4-N ligand to L-P and L-S
ligands) and ILCT transition (from —NPh, moiety to 4-phenylpyridine moiety within the N-4-N
ligand) should be responsible for the low energy absorption bands in the UV-Vis spectra of P-Pt-N
and S-Pt-N. For all of these Pt"' complexes, the contribution from the dj orbitals of Pt centers to their
HOMOs is negligible (Table 2), which should result from the strong electron-donating property of

~NPh, moiety, excluding the participation of the Pt" center to the HOMO contribution.* So, no
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Figure 4. Molecular orbital (MO) patterns for these Pt" complexes based on their optimized So
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Table 2. TD-DFT Results for These Pt" Complexes Based on Their Optimized Sy Geometries

Complexes MO

N-Pt-P L+1
L
H
H
N-Pt-S L+1
L
H
H

P-Pt-N L+1
L
H
H
S-Pt-N L+1
L
H

H-1

Contribution percentages of
metal d, orbitals and 7 orbitals of
ligands to MOs (%)

Pt L-N N-4-P CI'

525 9035 4.06 0.33

1.86  3.45 94.36 0.34
230 96.77 0.05 0.88
3498 3123 0.14 33.65

Pt L-N N-4-S (I
517 9040 4.08 0.34

1.65 1.73 96.32 0.30
2.11  97.07 0.05 0.77
3497 3150 0.13 33.40
Pt L-P N-4-N CI'”

2.83 2529 71.63 0.25

373 69.77 26.03 0.47
1.09  0.20 98.39 0.32
3636 2828 0.36 35.00
Pt L-S N-4-N CI'”

234 1579 81.63 0.24

3.67 80.19 15.69 0.46
092 0.16 98.69 0.23
3595 2688 0.23 36.95

Main configuration of Sy—S;
excitation/Eq/Acallf

H—L (98.4%)

2453 Ev
505 nm
0.0081

H—L (98.8%)

2.287 eV
542 nm
0.0045

H—L (94.7%)

2.869 eV
432 nm
0.0284

H—L (95.4%)

2.853 eV
435 nm
0.0315

Main configuration of Sy—T,

excitation/Eey/ Ay

H—L (37.1%), H>L+1
(50.7%)
2.309 eV
537 nm

H—L (74.8%), H-L+1
(20.0%)
2237 eV
554 nm

H—L (63.8%), Ho>L+1
(10.0%)

2.524 eV
491 nm

H—L (59.3%), H-L+1
(12.2%)
2.490 eV
498 nm
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“ H—L represents the HOMO to LUMO transition. Ec, A and f represent calculated excitation energy, calculated
absorption wavelength and oscillator strength, respectively. The oscillator strength of Sy—T; is zero due to the
spin-forbidden of singlet-triplet transition under TD-DFT calculation in the Gaussian program without considering the

spin-orbit coupling.

The PL spectra for these pt!! complexes are recorded in both CH,Cl, and film at 293 K. As

displayed in Figure 5, all of these complexes emit much weaker luminescence in CH,Cl; solutions

compared with in films under irradiation with 365 nm UV light. In CH,Cl, solutions (Figure 5a and

S8), two types of emission bands can be observed. The emission bands located at ca. 450 nm for all

Pt" complexes should come from the ligand-centered (LC) m-m* transition. Due to the nanosecond

scale lifetime (ca. 4 ns, Table 1), this high-energy emission band should be fluorescence induced by

the singlet excited states (S;).>® On the contrary, the emission bands at longer wavelengths than 500
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nm for these Pt" complexes may be ascribed to the triplet excited state (T;) emission for their much
longer lifetime in the order of microseconds (Table 1).°"% The phosphorescence intensities of these
complexes are weaker than the fluorescence intensities, indicated by the lower phosphorescence
quantum yield (®,) than the fluorescence quantum yield (®r) (Table 1). At room temperature (RT),
in dilute solution, the d-d characters in excited states of the Pt"" chloride complexes are obvious due
to the thermal activation.”* > The low-lying metal-centered d-d excited states are rarely emissive
because they provide a nonradiative pathway via molecule distortion in excited states attributed by
the weak ligand field.”® " Besides, the structural distortion from Dy, symmetry to D,gq symmetry of
the square planar Pt complexes also results in nonradiative process, leading to low emission
efficiencies in dilute solution.” ' % ® To support these point views, the PL properties of these
complexes in dilute solution at 77 K are investigated. As shown in Figure 5b and S9, all of these Pt"
complexes exhibit highly strong phosphorescence emission, which is more than 10 times higher than
at RT under the same measurement conditions, showing much longer phosphorescence lifetime of ca.
2.0 ps (Table 1). In cooperation with all the PL results in solutions, it can be drawn a conclusion that
these Pt" complexes emit intense fluorescence compared with the phosphorescence in CH,Cl
solution at RT, which is due to the faster radiative decay rates of S; states than the T; states, induced
by the free rotation of moieties, d-d metal-centered states and D4y to D4 structural distortions.
However, at the low temperature of 77 K and in doped PMMA films, all these Pt complexes exhibit
intense phosphorescence emission due to the rotational moieties and the structural distortions in
excited states are efficiently restrained, promoting the radiative efficiency of the T, states (Table 1,
Figure 5 and S9). Besides, the high efficiency of ISC process form S; to T, state is another reason for

the strongly intense phosphorescence at 77 K.
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Figure 5. (a) PL spectra for all Pt" complexes under same measurement conditions in CH,Cl,
solution at 293 K with a concentration of 10° M and in PMMA film with 6 wt-% doping level. (b)
PL spectra for all Pt" complexes in CH,Cl, solution at 77 K with a concentration of 10” M.

With aim to clearly elucidate the PL behaviors of these Pt" complexes, the natural transition
orbitals (NTO) have been obtained based on the optimized T; geometries for their Sy—T; excitation.
Figure 6 displays the NTO pattern and Table 3 presents the concerned NTO results for all of these
Pt" complexes. The NTO results for the N-Pt-P have shown that both hole (H) and particle (P)
orbitals are mainly located on the ligand L-N (93.95% and 90.31%, respectively). Hence, the large
percentage of H—P transition (98.70%) should suggest that ILCT transition process induces the
phosphorescence emission of N-Pt-P. For N-Pt-S, the ligand L-N gives a major contribution to its
hole and particle orbitals and the ligand N-4-S (17.75%) slightly contributes to its particle orbital as
well. So, the ILCT-dominated transition together with slight LLCT features should account for the
phosphorescent bands in the solution PL spectrum of N-Pt-S, showing agreement with its structured
PL spectra (see Figure S8). From the data in Table 3, no noticeable MLCT transition process should
be responsible for the phosphorescent signals in the PL spectra of N-Pt-P and N-Pt-S because of the
negligible contribution of the Pt center in their NTOs (5.10% and 3.90%, respectively). Differently,
in P-Pt-N and S-Pt-N, the Pt centers give some contribution to their hole orbitals (22.82% and

23.19%, respectively), while the ligand L-P and L-S predominantly accounts for the distributions of
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both hole and particle orbitals (Figure 6 and Table 3). Consequently, the ILCT-dominated transition
with some MLCT characters should be responsible for the phosphorescent feature of P-Pt-N and

S-Pt-N. So, P-Pt-N and S-Pt-N can exhibit slightly less structured features in the line-shape of their
phosphorescent spectra (Figure S8).

98.70% 98.40% 99.00% 99.10%

R

(a) N-Pt-P (b) N-Pt-S (c) P-Pt-N (d) S-Pt-N
Figure 6. Natural transition orbital (NTO) patterns for Sy — T, excitation for these Pt" complexes
based on their optimized T, geometries.

Frz

Table 3. NTO Results for These Pt Complexes Based on Their Optimized T; Geometries.
Contribution percentages of metal d,, orbitals and © orbitals of

Complexes NTO* )
ligands to NTOs (%)

Pt L-N N-4-P Cl
N-Pt-P H 5.10 93.95 0.11 0.84
P 3.90 90.31 5.34 0.54

Pt L-N N-4-S Cl
N-Pt-S H 492 94.05 0.12 0.92
P 3.50 78.30 17.75 0.46

Pt L-P N-4-N Cl
P-Pt-N H 22.82 69.82 0.11 7.25
P 5.64 92.74 0.93 0.70

Pt L-S N-4-N Cl
S-Pt-N H 23.19 68.74 0.10 7.97
P 5.34 93.05 0.92 0.69

“H and P represent NTO hole and particle orbital, respectively.
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The UV-Vis results and theoretical calculations reveal the obvious charge transfer (CT) character

including the ILCT and LLCT features of the excited states in these Pt complexes, inducing

solvatochromic effect in different polarity solvents. Therefore, the PL spectra of these Pt complexes

in different solvents (toluene, CH,Cl,, THF, MeCN and DMF) have been investigated under the

same measurement conditions. An obvious solvatochromic effect can be observed by changing the

polarity of the solvents and these Pt" complexes display structureless PL spectra in high polarity

solvent (Figure 7), indicating the CT character of their excited states. Besides, the fluorescence bands

are generally red-shifted with increasing the polarity of the solvents. In general, the phosphorescence

intensity of these complexes is higher in the solvents with low polarity (toluene, CH,Cl, and THF)

than that in high polarity ones (MeCN and DMF) (Figure 7). Clearly, increasing the polarity of the

solvent gives rarely positive effect on the phosphorescence enhancement of these complexes.
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Figure 7. PL spectra for all Pt" complexes under same measurement conditions in different solvents
at 293 K with a concentration of 10° M

From the PL spectral difference in both rigid PMMA matrix and dilute solution (Figure 5a), it may
suggest that the aggregation state makes a positive influence on enhancing the phosphorescent
emission of these Pt"" complexes, i.e. these Pt" complexes may be AIE-active. To confirm the AIE
property of these Pt complexes, the PL spectra of these Pt complexes in tetrahydrofuran-water
(THF-H;0) mixture with different H,O volumetric fractions (fy,) have been measured (Figure 8). For
N-Pt-P, two main emission peaks located at ca. 470 nm and 530 nm can be observed in THF
solution. With increasing the f,, the PL intensities for the two peaks are increasing as well. When the
fw reaches 80%, the fluorescence emission signal at 470 nm starts to decrease, while the
phosphorescent emission band centered at 530 nm is greatly increased. At the f, of 90%, the
emission signal for the peak of 470 nm has nearly disappeared, only the emission at 530 nm can be
observed, showing a peak PL intensity of ca. 10 times higher than that of in THF solution. As for
N-Pt-S, similar emission peaks located at ca. 470 nm and 530 nm can be detected in THF solution as
well. With increasing the f, the PL intensities for the two peaks initially increase (f,, = 10% and
20%), and then begin to decrease with the f;, of 30%. When the f, increases to 90%, the fluorescent
emission signal for the peak at 470 nm is absent, only the phosphorescence emission peak at 530 nm
can be detected with much higher intensity than that in THF solution. As for P-Pt-N and S-Pt-N,
only one main emission peak at ca. 445 nm can be obviously observed in their THF solution. When
the fi, is 10%, the PL intensities are the highest. Starting from the f,, of 20%, the emission peaks at ca.
445 nm are red-shifted to ca. 470 nm with PL intensity decreasing. At the fi of 90%, the
phosphorescence signal can be detected for P-Pt-N and S-Pt-N with the similar intensity comparable

to that of N-Pt-S (Figure 8).
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Figure 8. PL spectra in THF-H,O mixture with different H,O volumetric fractions under same
measurement condition ((a) for N-Pt-P, (b) for N-Pt-S, (c) for P-Pt-N and (d) for S-Pt-N, when f,, =
0%, concentration is 2x 10™* M).

Suggested by the data in Figure 7, increasing the polarity of solvent cannot show positive effect on
enhancing the phosphorescence intensities of these complexes. As the f,, increasing, the polarity of
the mixed solvent (THF-H,0) rises up as well. However, in Figure 8, the emission intensities are
obviously enhanced. Hence, the solvatochromic effect on the emission enhancements of these
complexes in different THF-H,O mixture should be excluded. The emission intensity enhancements
in the THF-H,O mixture of these complexes should be attributed to the aggregates generated by
adding water. To verify this perspective, the absorption behavior of these complexes in the mixture of

THF and H,O has been characterized. As shown in Figure 9, from 10% to 70% of f, no obvious
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changes in absorption wavelength are observed. As the f increasing to 90%, the absorption bands
are red-shifted to longer wavelength region. Besides, the low-energy absorption bands show a
level-off tail feature due to the light-scattering effects of aggregates formed in the mixed solvent.
Clearly, after these Pt complexes aggregated in the mixture with increasing H,O contents, the
concentration of the dissolved Pt complex is greatly decreased, resulting in the inefficiency of light
absorption.”” As a result, these complexes show a decreasing absorption intensities when the f;,
increases. Many research results based on both AIE-active organic compounds and Pt" complexes
have proved that the nano-aggregate suspensions of these compounds generated in high f;, conditions
should induce both the red-shift effect and level-off tail in their UV-Vis spectra due to the
light-scattering effect of the formed aggregates.”” ! 3% 3% - 61 T confirm the existence of
nano-aggregates with the f;, increasing, the dynamic light scattering (DLS) experiments for these
complexes have been studied using the mixture at the £, of 90%. DLS results reveal that the
aggregates with average diameter of less than 200 nm are formed in the medium of 90% f,, (Figure
S11). Based on both the PL and UV-Vis results in same THF : H,O mixture, together with the DLS
results at the f;, of 90% mixture, it can be concluded that the nano-aggregates of these Pt complexes
have been generated in THF : H,O system with the f;, increasing, they are the main reason behind the

PL enhancement in Figure 8.
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Figure 9. UV-Vis spectra in THF-H,O mixture with different H,O volumetric fractions under same
measurement conditions ((a) for N-Pt-P, (b) for N-Pt-S, (c) for P-Pt-N and (d) for S-Pt-N, when f;,
= 0%, concentration is 7.9x 10 M).

By restraining the rotational N-donor ligands N-4-P and N-4-S as well as the -NPh, moiety on
ligand L-N in the aggregated state, the enhanced radiative decay of the T, states can account for the
obvious phosphorescence enhancement with the increasing of £, in the solutions of N-Pt-P and
N-Pt-S (Figure 8). On the contrary, the P-Pt-N and S-Pt-N exhibit lower phosphorescence
enhancement, the lower molecular aggregation degree in the THF-H,O system should be responsible
for this result. The intramolecular rotation and Day, to Dyg distortion become much easier due to the
lower molecular aggregation degree of P-Pt-N and S-Pt-N in THF-H,0 system, resulting in lower

phosphorescence emission induced by T; states. Even though, the phosphorescence intensity of
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P-Pt-N and S-Pt-N is still in the similar order to that of N-Pt-S (Figure 8). In short, the PL results in
different THF-H,O mixture should prove that these Pt" complexes are AIE-active.

Clearly indicated by Figure 8, all complexes initially exhibit a fluorescent intensity enhancement
in the THF-H,O system with lower f,, and then the phosphorescence emission increases with the f
increasing. It indicates that the phosphorescent emission enhancement should need much higher
aggregation degree among the molecules of these Pt complexes to more effectively restrain the
rotation of both N-donor ligand and functional groups, guaranteeing much higher radiative efficiency
of the T, states.

As is well known, the phosphorescent materials employed in OLEDs are typically doped into a
solid matrix, i.e. host material. Hence, it is more desirable that the AIE behaviors of these Pt'
complexes should be investigated in doped film to evaluate its potential in EL field. On this basis,
these Pt complexes have been doped with PMMA with doping level of 6 wt-%, 10 wt-%, 20 wt-%,
40 wt-% and 60 wt-%, these doped PMMA films and their neat films are employed to characterize
their AIE properties. The non-emissive PMMA has been selected as rigid matrix to avoid the effect
of host-to-guest energy-transfer on the phosphorescent intensity which is also generated by the AIE
process as aforementioned. As depicted in Figure 5a, 10 and S10, all of these Pt" complexes emit
intense phosphorescence emission in films. From the doping level of 6% to 10% or/and 20%, these
Pt" complexes show obvious enhancement in the phosphorescence intensity. Continuously increasing
the doping level to 40%, the phosphorescence intensities of these complexes begin to decrease and
reach the lowest in the neat films. In addition, the phosphorescence lifetimes also low down with
increasing the contents of the Pt' complexes. These PL results should indicate the structural

distortion (D4p to Dyq) in excited state of these pt" complexes.
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Cleary indicated by the PL results in films, the restrictions of the rotational moieties and the Dgy to
D»q distortions can be relayed on the PMMA content. In the doped films with high PMMA contents
i.e. low doping level of the Pt" complex, the structural distortion in excited states of these complexes
can be greatly restrained by the PMMA matrix. So, the radiative decay of the T, states is more
efficient, achieving obviously stronger phosphorescence. Besides, the restraint of the rotational
moieties in these complexes also promotes the radiative decay of the T states. However, with low
PMMA contents i.e. high doping level of the Pt" complex, the rotations of the moieties in these
complexes and the structural distortions become much easier, the T, states prefer to the nonradiative
decay process, leading to the lower phosphorescence intensity. Of course, the triplet-triplet
quenching might also be one of the possible reasons to induce lower phosphorescence intensity of
the films with high dopant contents.” "' The much shorter phosphorescence lifetimes of these
complexes in films with the doping level of 40%, 60% and neat films than that of in 6%, 10 % and
20 % films should represent a good support. The neat films can still receive the highest @, of ca.
45.0%, still showing nearly 10 times higher than these in dilute solutions. In the doped films at
doping level of 6 wt.%, the phosphorescence intensity is increased by ca. 45- to 50-fold compared
with that of in CH,Cl, solutions (Figure 5a). The S-Pt-N exhibits the highest @, of ca. 72.0% among
all these Pt" complexes. The @, for N-Pt-S is 68.0%, which is 21.5 times higher than that of its dilute
solution. All these inspiring PL results suggest that these Pt"' complexes are AIE-active. This AIE
nature also can be confirmed by the vivid image comparison of the luminescence between in solution
and PMMA film (Figure 5a). The phosphorescence of these complexes is obviously enhanced in the
solid state. Furthermore, they possess much higher AIE ability in the doped film, which should be

favorable for OLED application.

ACS Paragon Plus Environment

Page 26 of 45



Page 27 of 45 Chemistry of Materials

1
2
3
4 4550000 NPEP N-Pt-S ]
3 P
> -~ —o—6wt% l.lps | —_~ 4000000 —@—6wt% 0.9 ps
6 = 3640000F o 1o ws 2.2ps § = o~ 10wt 1.5 ps
7 £ 020 wt% 1.8 ps § = 3000000 +§‘0’ :v"::/ﬂ' (1)!1; ps
2> 2730000940 wt% 1.4 ps % 08ps
8 £ o 60wt 1018 £ o 60 W%
9 2 £ 2000000
10 £ 1820000} =
1 = = 1000000}
12 A& 910000} -
13 - /5 25
0 RN N N A 0 222220023 FFFI
14 450 500 550 600 650 450 500 550 600 650
15 Wavelength (nm) Wavelength (nm)
16
7600000} P-Pt-N 5 Pt 5
1; ——6wt% 1.2Pus 5000000 S-PEN ——6 wt% 1.3Pp.s
o 6650000 —o—10wt% 1.8ps - 10Wt% 14 ps
-~ [ —0—20wt% 14ps |5 4000000 ——20Wt% 1.1ps
20 :., 5700000 \ 40 wt% 1.1ps z i \ 40 wt% 0.9 ps
~ 4750000 } —9—60 wt% 0.9 ps ~ W\ —o—60 wt% 0.8
21 3: \ —— neat film 0.8 ts «3‘ 3000000 —3— neavtvﬁlm 0.7 ﬁ:
22 ‘% 3800000 ‘@
= =
23 2 2850000} & 2000000+
24 k= £
25 = 1900000r = 1000000}
26 950000
27 o el ' ' S0 P 5 50 600 650
450 500 550 600 650
;g Wavelength (nm) %Vavefength (nm)
30 Figure 10. PL spectra for these Pt complexes in different doping rate PMMA films and neat films.
31
32
33
34 As is well-established, the restrained intramolecular rotation (RIR) can be a reasonable mechanism
35
36 . . . .
37 for the AIE nature (Figure 11).” In aggregated or solid state, the rotation of the N-donor ligands
38
39 along with the —NPh,, —-POPh, and —SO,Ph moieties in the cyclometalating ligand can be effectively
40
2; restrained by the rigid PMMA matrix or the Pt" complexes themselves. Hence, these complexes in
43
44 aggregated or solid state, the RIR effect inhibits the nonradiative decay process, and enhances the
45
j? radiative decay of the T states, achieving strong phosphorescence emission. As is well known, such
48 . . . . . . . .
49 as increasing solvent viscosity and decreasing solution temperature, these external controls exhibit
50
51 positive effect on the restraint of the intramolecular rotation.> For these Pt complexes, the obvious
52
53 . .
54 phosphorescence enhancements at 77 K should provide a good support for this RIR effect due to the
55
56 rotating units are restrained at low temperature (Figure 5b and S9). Besides, the rotating units in
57
58
59

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

these complexes also can be efficiently restrained by increasing of solvent viscosity according to the
obvious phosphorescence enhancements obtained from the PL investigation of the dilute solutions
(10° M) under different viscosity conditions (Figure S12). Taking all the PL results into
consideration, the RIR effect together with restrained structural distortion should be the main reason
for these Pt" complexes showing very strong phosphorescent emission in the aggregated or solid

state.

RIR

Figure 11. Mechanism for the concerned AIE-active pt" complexes and the PL luminescence images
under 365 nm light illumination in a concentration of 10 M together with PMMA film with a doping
of 6 wt-%: (a) for N-Pt-P, (b) for N-Pt-S, (c) for P-Pt-N and (d) for S-Pt-N.

Electrochemical Properties

Under nitrogen atmosphere in an acetonitrile solution, the cyclic voltammetry (CV) calibrated
against the ferrocene/ferrocenium (Fe/Fc") redox couple as an internal reference has been applied to
characterize the electrochemical properties of these Pt complexes. The results are presented in Table
4 and Figure S7. In the anodic scan, the first oxidation potential (E,,) with reversible feature ranging
from ca. 0.36 to 0.48 V can be assigned to the oxidation of the electron-rich ~NPh, moiety,” - **
which is absent in their parent complex ppy-Pt-py. The N-Pt-P shows the lowest Ej, at ca. 0.36 V
due to the d-m conjugation effect with the Pt center (Table 2). Besides, the second irreversible
oxidation potential ranging from ca. 0.57 to 0.67 V can be ascribed to the oxidation of the Pt center

in these complexes, since it is similar to the reported results for other Pt" complexes.” '* ©> % In
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associating with the E,, results, the good hole injection (HI) ability should be conferred to these Pt"
complexes owing to their much lower E,, than that of the parent complex ppy-Pt-py.

In the cathodic scan, all of these Pt" complexes exhibit two reduction waves. The first cathodic
peak potential (E,.) at ca. -2.03 V should come from the reduction of the -POPh, or —SO,Ph
moieties in these complexes (-2.03 V and -2.24 V for —POPh, group in N-Pt-P and P-Pt-N, -2.21 V
and -2.37 V for —SO,Ph moiety in N-Pt-S and S-Pt-N, respectively).47’ 57 In addition, the reduction
peaks in the more negative region at ca. -2.50 V can be assigned to the reduction of pyridyl group in
the complexes. These data are similar to that of ppy-Pt-py and the reported results.*’ As a result, the
LUMO levels of these complexes range from ca. -2.43 to -2.77 eV and are much lower than those of
their parent complex ppy-Pt-py and the reported Pt(ppy)acac type complexes,” The concerned
results indicate that the -POPh, or —SO,Ph functional moieties should offer good electron-injection
(EI) abilities to these Pt' complexes. Taking both of the oxidation and reduction results into
consideration, the functional groups —NPh,, —-POPh; and —SO,Ph should endow these pt'! complexes
with good charge carrier injection ability, which can be very desirable for improving the EL

performance of the concerned Pt complexes.

Table 4. Electrochemical Properties for the Pt" Complexes.

Ep Epe HOMO LUMO E,
Compounds b . y .
V) V) (eV) (eV) (eV)
N-Pt-P 0.36“,0.61°" -2.03, -2.44 -5.16 2.77 2.39
N-Pt-S 0.44°0.57" 2.21,-2.49 -5.24 -2.59 2.65
P-Pt-N 0.40°0.62° 2.24,-2.52 -5.20 -2.56 2.64
S-Pt-N 0.48°0.67" 2.37, -2.64 -5.28 2.43 2.85
ppy-Pt-py 0.83° -2.40 -5.63 -2.40 3.23

“ Reversible. The value was set as Eyp. © Irreversible or quasi-reversible. The value was derived from the cathodic peak potential. ©
HOMO levels are calculated according to the first oxidation potential from CV data, HOMO = - (E,,, + 4.8) eV. 4 LUMO levels are
obtained from the onset potential of the first reduction wave from the CV data, LUMO = - (E,. + 4.8) eV.  CV energy gap E, =
LUMO - HOMO.
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Electroluminescent Properties

To verify the EL properties of these Pt complexes, solution-processed OLEDs have been
fabricated with the configuration of ITO/PEDOT:PSS (45 nm)/emission layer, EML Pt x%:CBP (40
nm)/TPBi (45 nm)/LiF (1 nm)/Al (100 nm) (Figure 12). The PEDOT:PSS layer is employed as hole
injection layer (HIL). The 4,4'-N,N'-'dicarbazole-biphenyl (CBP) layer is host material. The
1,3,5-tris-(N-(phenyl)-benzimidazole)-benzene (TPBi) layer serves as both hole-blocking and
electron-transporting, while LiF acts as an electron-injection layer. In order to avoid the ACQ effect
and optimize the EL performance of the OLEDs, variation of the doping levels has been carried out
in device fabrication.
4{ ,_‘

Al (100nm)
LiF (Inm)

o7
TPBi (45nm) @ O O
Pt x% :CBP (40nm) N N NHN
SN OO
O D O O
@ CBP

PEDOT:PSS(45nm)

L ITO
‘ Glass ‘ TPBi
O o O o
1N S _| \_S
N u_ S +/In Dopant Devices and doping level
0O o O o
N-Pt-P Al (6wt%), A2(8wt%), A3 (10 wt%)

SO;H SO; SO;H SO;  SO;H N-Pt-S  B1 (6 wt %), B2 (8wt %), B3 (10 wt %)

O O O O O P-PtN  Cl1(6wt%), C2(8wt%), C3 (10wt %)

S-Pt-N D1 (6wt%), D2 (8 wt%), D3 (10 wt %)
PEDOT:PSS

Figure 12. Configuration of the OLEDs made from these Pt" complexes and the chemical structures
for the functional materials involved.
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Table 5. EL Performance of the Solution-Processed OLEDs.

. Viunon  Luminance L, Hlext 1L n A
D Dopant : ] L max
evice opan V) (cd m?)“ (%) (cdA") (ImW")  (@mm)?
Al N-Pt-P (6.0 wt-%) 3.6 17569 (16.7)  20.5(5.3)" 57.5(5.3) 42.7(3.9)
b 535
19.9 55.7 28.6 (0,40, 0.59)
15.6 ¢ 43.8 17.0 a8
A2 N-Pt-P (8.0 wt-%) 3.9 18575 (16.9)  232(5.2) 649(5.5) 46.5(3.9)
535
22.9 64.4 34.7 (0,40, 0.59)
17.9 50.2 20.2 e
A3 N-Pt-P (10.0 wt-%) 39 16937 (17.3) 22.0(5.0) 61.8(5.0) 448(3.9) 535
20.6 57.8 29.7
15.0 4.2 16.4 (0.40,0.59)
B1 N-Pt-S (6.0 wt-%) 35 12686 (18.1) 169(5.1) 472 (5.1) 38.1(3.5)
535
16.3 455 22.8 (0,39, 0.59)
12.3 343 12.3 =7
B2 N-Pt-S (8.0 wt-%) 3.4 13874 (19.7) 19.4(4.8) 54.0(4.8) 43.0(3.4)
535
18.2 50.9 23.6 0,39, 0.59)
13.6 38.1 125 =7
B3 N-Pt-S (10.0 wt-%) 3.4 13017 (19.4) 17.8(54) 49.8(54) 374(3.4)
535
17.3 48.4 245 (0,39, 0.59)
12.3 34.4 12.0 e
C1 P-Pt-N (6.0 wt-%) 4.9 13332 (13.8) 15.4(5.9) 40.7(5.9) 23.7(5.1)
506, 540
14.8 39.3 18.1 0.32.0.61)
12.6 33.4 132 e
C2 P-Pt-N (8.0 wt-%) 3.7 15163 (13.8)  21.7(49) 57.4(49) 44.7(3.7)
506, 540
20.2 53.4 28.0 032,061
16.1 42.6 18.1 (0.32,0.61)
C3 P-Pt-N (10.0 wt-%) 4.3 12978 (13.0) 113(52) 29.8(5.2) 19.7(4.6)
506, 540
10.9 28.9 15.8 0.32.0.61)
9.2 242 11.1 oo
D1 S-Pt-N (6.0 wt-%) 3.7 13912 (144)  27.8(49) 74.1(49) 583(3.7)
512, 544
26.5 70.8 41.0 (033, 0.61)
19.8 53.0 234 = T
D2 S-Pt-N (6.0 wt-%) 3.6 13926 (14.5)  28.4(42) 759(42) 62.7(3.6)
512, 544
26.4 70.4 419 0.33.0.61)
19.3 515 232 =
D3 S-Pt-N (10.0 wt-%) 3.7 13787 (15.3)  20.1(4.9) 53.9(49) 42.1(3.7)
512, 544
18.8 50.2 27.7 0.33.0.61)
14.1 37.7 15.4 =

“ Maximal values of the devices. Values in parentheses are the voltages at which date were obtained. ® Values were collected at 100 cd m™2.
Values collected at 1000 cd m™2. ¢ Values were collected at 8 V and CIE coordinates (x, y) are shown in parentheses.

After applying a proper voltage, these OLEDs exhibited intense green to yellow
electroluminescence. The turn-on voltages of these devices are relatively low, ranging from ca. 3.4 to
4.9 V (Table 5). As displayed in Figure 13, the EL spectral profile of each optimized device is
virtually identical to the spectrum of the corresponding Pt complex in the PMMA film (Figure 5a

and 10), suggesting that EL emission indeed originates from the triplet excited states of the Pt"
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complexes. Additionally, no residual emission from CBP is observed in these devices even at the 6
wt-% doping level, implying the efficient forward energy transfer from the host excitons to the
phosphorescent dopants and effective confinement of the excitons on the Pt" complexes to guarantee

the high EL efficiencies.

—3— Device A2
—3— Device B2
—3— Device C2
Device D2

EL intensity (a.u.)

400 500 600 700
Wavelength (nm)

Figure 13. EL spectra for the optimized devices at ca. 10 V.

The current density—voltage—luminance (J-V-L) relationships and EL efficiency—luminance
curves are displayed in Figure 14 and 15 along with Figure S13 and S14 (SI). Table 5 presents their
EL data of these Pt" complexes. From the data in Table 5, among all the devices, device D2 based on
S-Pt-N at a doping level of 8 wt-% shows the best EL efficiency with a peak luminance (Liax) of
13926 cd m™ at ca. 14.5 V, a maximal external quantum efficiency (#cx:) of 28.4%, a maximal current
efficiency (1) of 75.9 cd A and a maximal power efficiency (#p) of 62.7 Im W (Table 5). Device
A2 constructed by N-Pt-P also showed competitive EL performance with L. of 18575 cd m'z, Hext
of 23.2%, 5L of 64.9 cd A and 7p of 46.5 Im W', These impressive EL results should be closely
connected with the design concept that introduction of the —NPh,, —SO,Ph and —POPh, functional

moieties can provide enhanced charge carrier injection/transporting ability to the concerned Pt"
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complexes for improving their EL efficiency. To evaluate this idea, the single charge carrier devices
have been fabricated from S-Pt-N and N-Pt-P in neat film considering their better EL efficiencies
(Figure 16). For the hole-only devices, the hole current density of S-Pt-N and N-Pt-P with —-NPh,
moiety is higher than their parent complex ppy-Pt-py (Figure 16). So, the introduction of —NPh,
moiety can definitely facilitate the hole-transporting ability of the concerned Pt complexes. For the
electron-only devices, the parent complex ppy-Pt-py, S-Pt-N and N-Pt-P show high electron current
density. However, the electron current density for S-Pt-N and N-Pt-P is lower than that of ppy-Pt-py.
It may indicate that S-Pt-N and N-Pt-P show good electron-trapping ability. Consequently, the holes
form the anode can easily recombined with the trapped electrons on N-Pt-P and S-Pt-N to realize
high recombination efficiency and hence achieve high EL performance. According to the
aforementioned CV results, these Pt"' complexes bearing ~NPh,, ~SO,Ph and —POPh, can show good
hole and electron injection abilities. As a result, these Pt complexes can exhibit advanced electron
and hole injection/transporting ability (i.e. ambipolar feature). It certainly demonstrates that the good
charge carrier injection/transporting ability is the important reason for the impressive EL
performance of these Pt"' complexes.

It’s well accepted that the @, plays a key role in achieving high EL performance of the emissive
materials. The PL investigation has proven that these Pt" complexes are AIE-active, exhibiting
relatively high @, in PMMA films (Table 1). Hence, the AIE-nature should be another reason behind
the good EL performance of these Pt complexes. Among these Pt complexes, S-Pt-N exhibits the
best AIE nature with highest @, in PMMA film (ca. 72.0%), which should be the reason for its
excellent EL performance with respect to the other Pt" complexes (Table 5). By taking S-Pt-N and

N-Pt-P into comparison, the @, for N-Pt-P (60.7%) is lower than that of S-Pt-N in PMMA film
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(Table 1). In addition, the molecular interaction among N-Pt-P induced by the strong polarity
—POPh, moiety may cause some exciton quenching problem. As a result, the EL performance of
device A2 fabricated by N-Pt-P is inferior to device D2 based on S-Pt-N (Table 5).

For N-Pt-S and S-Pt-N, the molecular dimension for N-donor ligand N-4-S bearing —SO,Ph group
is much smaller than its counterpart ligand N-4-N with —NPh; unit. So, the ligand N-4-S with smaller
—SO,Ph group should be more rotational. Accordingly, the N-Pt-S should exhibit lower rigidity with
respect to S-Pt-N. Consequently, N-Pt-S bearing the more rotational ligand N-4-S should exhibit
lower AIE activity indicated by its lower @, of 68.0% with respective to S-Pt-N (72.0%, Table 1). As
a result, to compare with device D2 based on S-Pt-N, the device B2 with N-Pt-S as emitter exhibits
lower EL efficiencies with Lyax of 13874 c¢d m™, #ex of 19.4%, i of 54.0 ¢d A and #p of 43.0 Im
W (Table 5).

The dr-n conjugation effect between the Pt center and the chelated phenyl ring will increase the
electron density on —POPh in ligand L-P to make it more difficult to be reduced. So, P-Pt-N shows a
lower E,. (-2.24 V) than N-Pt-P (-2.03 V). However, this kind of conjugation effect makes the
—NPh, unit in the ligand L-N easier to be oxidized. As a result, P-Pt-N shows a higher Ey, (0.40 V)
than N-Pt-P (0.36 V). Hence, the P-Pt-N should exhibit lower injection ability for both kinds of
charge carriers than N-Pt-P. On the other hand, as indicated by the results of the hole-only devices
for S-Pt-N and N-Pt-P (Figure 16), it seems that the —NPh, moiety on the ligand L-N should be
more effective in conferring hole-transporting ability to the concerned Pt complexes with respect to
that of the N-donating ligand. So, P-Pt-N should show lower hole injection/transporting ability than
N-Pt-P. Besides, the AIE nature endows N-Pt-P with higher @, than P-Pt-N in PMMA film (Table

1). As a result, compared with device A2 fabricated by N-Pt-P, device C2 based on P-Pt-N displays
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lower EL efficiencies with Lis of 15163cd m™, #exe of 21.7%, 5 of 57.4 ¢d A and #p of 44.7 Im
W (Table 5).

Generally, these Pt" complexes achieve enhanced charge carrier injection/transporting abilities
from the —NPh,, —SO,Ph and —POPh, functional moieties. Together with the AIE nature, these pt'!
complexes even outperform previously reported EL performance with respect to that of traditional
Pt'(C"N)acac complexes bearing —~NPh,, —SO,Ph and —POPh, moieties.” '* To date, enormous
excellent research on OLEDs with AIE fluorescent emitters with good EL performances have been
reported.” °*7° However, researches on AIE phosphorescence OLEDs are still rare. Recently, Li et al
reported two AIE-active Ir'"' complexes and their solution-processed devices can show a #ey of 7.6%
and 7. of 25.7 ¢cd A" Zheng et al built a green-blue OLED from the AlIE-active Ir(II) complex
bearing tetra-phenylimidodiphosphinate ligand, achieving high EL efficiency of 67.95 cd A™.”* The

Next of 0.35% has been achieved by incorporating an AIE-Active mono-cyclometalated Ir'"

complex
into supramolecular branched wires.”” Two AIE-active Pt" complexes with a EL efficiencies of 18.4
cd A" and 5.8% have been reported by Yam’s group.” Hiroto Fukuda ef al. reported a emitter using
Pt(topy)(Htopy)Cl complex and its analogs showing 7. of 0.5 cd A, 7p of 0.2 Im W™ and #ex of
0.2%, but their AIE feature has not been explicited.*' Compared with these reported results, the EL
efficiencies of the presented AIE-active Pt"(C~N)(N-donor ligand)Cl complexes are higher, and they
are advantageous, indicating their promising prospect in the EL application. This investigation

definitely furnishes a new possibility for exploring novel Pt complexes with AIE nature and

achieving high EL efficiency.
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Figure 14. Current density—voltage—luminance (J-V-L) relationships of the optimized devices
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35 Figure 15. EL efficiency—luminance curves for the optimized devices. (a) Device A2, (b) Device B2,
36 (c) Device C2 and (d) Device D2
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Figure 16. Current density—voltage (J-V) curves for single carrier devices with neat film using
56 N-Pt-P and S-Pt-N as active layer, and their parent complex ppy-Pt-py as reference. Hole-only
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device: ITO/MoO; (3nm)/PEDOT: PSS (20 nm)/active layer (50 nm)/NPB (30nm)/MoOs (3 nm)/Al
(100 nm); electron-only device: ITO/LiF (3nm)/active layer (50 nm)/LiF (3 nm)/Al (100 nm)

Conclusion

In summary, four AlE-active Pt"(CN)(N-donor ligand)Cl complexes have been successfully
developed and their structures are verified by NMR, MS and X-ray crystallography characterization.
Their photophysical behavior has been clarified by theoretical calculations. These Pt" complexes
exhibit weak phosphorescent emission in solution, but very strong phosphorescence in PMMA films
with a maximal @, of 72.0%, which is much higher than that in solution. The outstanding AIE nature
of these Pt" complexes should be in favor of enhancing their EL performance. The —SO,Ph and
—POPh, moieties with EI/ET ability and —NPh, moiety showing HI/HT property endow the
complexes with balanced charge carrier injection/transporting abilities in accordance to the single
carrier device results. Consequently, their solution-processed OLEDs display highly efficient EL
efficiencies with a maximal external 7.y of 28.4%, a maximal #. of 75.9 cd A" and a maximal np of
62.7 Im W', representing the top-ranking EL performances ever achieved by AIE-active
phosphorescent complexes. To the best of our knowledge, studies on Pt complexes with AIE feature
are very limited. Hence, these AlIE-active Pt'(C*N)(N-donor ligand)Cl emitters should be rare
examples in EL application, herein providing useful information for exploring AIE-active Pt"

complexes with high EL ability.
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DSC and CV curves, DLS results, Single crystal data of S-Pt-N, some PL spectra of these Pt"

complexes and EL data.
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