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ABSTRACT

Platinum(II) phenanthroline organometallics, Pt(3,8-Phen=H)(=Ph-R); (1H-11H), of 11 respective ary-
lethynyl ligands with different substituents: R=H (1H), 4-F (2H), 3-F (3H), 2-F (4H), 4-Me (5H), 4-CF;
(6H), NO7 (7H), 4-COOMe (8H), 4-t-Bu (9H), 3,5-di-CF; (10H), and 3,5-di-t-Bu (11H) were prepared from
our reported complexes, Pt(3,8-Phen=TMS)(=Ph-R);, by a deprotection reaction of a trimethylsilyl group.
The luminescence and the DFT calculations of the 11 present organometallics clearly supported the
assignment of phosphorescence from the mixed transition of 3MLCT/’LLCT (LLCT = ligand-to-ligand
charge transfer) in solution state. In solid state, the emission maximum peak values in the spectra of
many complexes in 22 platinum organometallics occurred in the long wavelength area over 700 nm, and
their emissions were assigned the phosphorescence from the transition of a metal-metal-to-ligand
charge transfer, the so-called 3MMLCT. This is related to the diversity of intermolecular interactions as
Pt-Pt and 7-7 interactions in solid state. On the other hand, the emission peak values in the spectra of
some complexes occurred in the short-wavelength area less than 600nm. The complex Pt(3,8-
Phen=TMS)(=Ph-3,5-di-CF3); showed a particularly strong and vibronic emission, and this phenome-
non is presumed to be attributable to the aggregation-induced emission.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Research into phosphorescent metal complexes continues to
inspire highly efficient phosphorescence suitable for potential
applications in a lot of sensing applications for environmental and
biological technologies as well as the field of organic light-
emitting diodes [1—-5]. Phosphorescent studies of square-planar
platinum(Il) complexes have been reported by many groups
because of the high emission quantum yield and long emission
lifetime of platinum(Il) complexes in solution and solid states
[1-3,5-9]. In particular, platinum(Il) organometallic complexes
with bipyridine derivatives and various arylethynyl ligands,
Pt(L)(=-aryl), (L = bipyridine derivatives), have recently received
attention for their unique emissive properties such as
aggregation-induced emission (AIE), vapochromism, and mecha-
nochromism in solid state [10—14]. Photophysical studies of these
platinum(Ill) organometallic complexes indicated that the
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emission of these complexes in solution was attributable to the
mixed transition of 3MLCT and 3LLCT (LLCT = ligand-to-ligand
charge transfer) from the photo-excited state [15]. On the other
hand, some kinds of platinum(Il) complexes Pt(L)(=-aryl); in solid
state have shown phosphorescence from the transition of a metal-
metal-to-ligand charge transfer (so-called 3MMLCT) caused by the
Pt-Pt interaction and, furthermore, unique luminescent properties
such as vapochromism and mechanochromism [10—15]. As a part
of this research trend, we recently reported the photophysics of
platinum(II) organometallic complexes with phenanthroline de-
rivatives and 11 respective arylethynyl ligands with a different
substituent, Pt(3,8-Phen=TMS)(=Ph-R); (3,8-Phen=TMS = 3,8-
bis-(trimethylsilyl)ethynyl-1,10-phenanthroline) (1TMS -
11TMS), as shown in Scheme 1, and a good linear correlation has
been revealed between the observed emission energy values of
phosphorescence and the calculation values by DFT or TD-DFT in
solution state [16]. Then, the emission spectra for some complexes
of 1TTMS — 11TMS in solid state showed phosphorescence from
3MMLCT, and the phosphorescence was influenced by using
various arylethynyl ligands with different substituents because
the bulkiness of their substituents on respective arylethynyl
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Scheme 1. Synthetic route of platinum complexes 1TH—11H from precursor complexes 1TTMS — 11TMS.

ligands affected the strength of the Pt-Pt interaction in the solid
state of these compounds. Furthermore, Ni and coworkers
recently reported the reversible vapochromism based on the
similar platinum complex Pt(3,8-Phen=TMS)(=Ph-4-Cl); [17]. We
therefore became interested in the phosphorescence of plati-
num(Il) organometallic complexes with phenanthroline and ary-
lethynyl ligands having different degrees of bulkiness.

We report herein the synthesis and photophysical character-
ization of novel platinum(Il) organometallic complexes with
phenanthroline derivatives and 11 respective arylethynyl ligands
with different substituents (Pt(3,8-Phen=H)(=Ph-R); (3,8-
Phen=H = 3,8-diethynyl-1,10-phenanthroline): R=H (1H), 4-F
(2H), 3-F (3H), 2-F (4H), 4-Me (5H), 4-CF3 (6H), 4-NO; (7H), 4-
COOMe (8H), 4-t-Bu (9H), 3,5-di-CF; (10H), 3,5-di-t-Bu (11H)),
as shown in Scheme 1. The ligand 3,8-Phen=H is flat and not
bulkier than 3,8-Phen=TMS; therefore, strong Pt-Pt interaction in
solid state could be expected. The 11 present substituents of
arylethynyl ligands were included from the bulky group as tertiary
butyl substituents to the smallest substituent of hydrogen for the
evaluation of the steric hindrance effect in solid state. Further-
more, the colors under white light and emissions under UV light of
the 22 platinum complexes in solid state revealed the intermo-
lecular Pt-Pt interactions and AIE in solid state. We measured the
solid-state luminescent spectra of the 22 complexes and discussed
the phosphorescence from 3MMLCT caused by the Pt-Pt interac-
tion and/or the mixed transition of 3MLCT/3LLCT. We also show a
good linear correlation between phosphorescent energy
measured by luminescence spectroscopy in solution state and the
T1-Sp energy separation obtained by DFT or TD-DFT calculation of
the present complexes Pt(3,8-Phen=H)(=Ph-R),.

2. Experimental section
2.1. Material and measurements

All chemicals used for syntheses were purchased from Aldrich
or TCI and used without further purification. All reactions were
carried out under an argon atmosphere. Solvents for the reaction
were freshly distilled according to standard procedures. The syn-
theses of precursor complexes (Pt(3,8-Phen=TMS)(=Ph-R);: R=H
(1TMS), 4-F (2TMS), 3-F (3TMS), 2-F (4TMS), 4-Me (5TMS), 4-CF3
(6TMS), 4-NO, (7TMS), 4-COOMe (8TMS), 4-t-Bu (9TMS), 3,5-di-
CF3 (10TMS), 3,5-di-t-Bu (11TMS)) have been reported by our pre-
vious paper [16]. The characterization of the novel platinum com-
plexes has been done by IR, 'H NMR, UV—Vis spectroscopy, and
elemental analyses. Elemental analyses for platinum complexes
were performed for C, H, and N elements on a Elementar vario EL

cube. IR spectra were obtained on a JASCO FT/IR 460 spectrometer
using the KBr-pellet method. The 'H NMR spectra were recorded
with a Bruker AVANCE and Ascend™ NMR spectrometer (400 MHz)
at room temperature and the chemical shifts were referenced to
CD,Cl, (5.320 ppm). UV—Vis spectra were recorded on a SHI-
MADZU UV-1800 spectrophotometer in CH,Cl, (emission spectro-
scopic grade) at room temperature.

The corrected emission spectra in solution were measured with
a HAMAMATSU C7473 photonic multi-channel analyzer and exci-
tation spectra were recorded on a HITACHI F-2500 fluorescence
spectrophotometer. Emission spectra for quantum yield measure-
ment at room temperature were measured in a degassed CH,Cl;
(Emission spectral grade) by argon bubbling (over 15 min) upon
excitation at 425 nm. Luminescence life times of present complexes
at room temperature in a degassed CHyCl, were measured upon
excitation at 355 nm YAG laser by UNISOKUTSP-2000. Emission
spectra at 77 K were measured using a liquid nitrogen in a quarts
Dewar vessel upon excitation at 425nm and sample solutions
(distilled 2-methyl-THF) in a 5 mm quarts sealed tube were dea-
erated by freeze-pump-thaw (over 3 times). The emission spectra
in solid state were measured with HAMAMATSU Quantaurus-QY
C11347-02. All solid samples were performed by the reprecipita-
tion from CH,Cl, solution and dried at 60 "C under vacuum for 4 h.
TG-DTA measurement was performed all complexes until 300 "C by
RIGAKU TG-DTA TG8120.

DFT and TD-DFT calculations were carried out using the program
package Gaussian 09 Revision C01 [18] at the B3LYP level with PCM
method in CHCl; solution and the calculation methods were per-
formed with same condition of our previous paper [16]. The energy
separation, E(Ti-So)prr, between the triplet (T;) state and the
singlet ground (Sp) state was obtained from the energy difference
between the highest SOMO under Ty state and HOMO under Sp
state for comparing phosphorescent energy from the emission
spectral data of these complexes. TD-DFT calculation was also
performed with restricted B3LYP in CH)Cl, for the comparison
between the calculated lowest triplet transition energy, E(T1-So)1p-
prr, and emission spectral data. The 6-31G(d) basis set was used for
G N, O, F, and H atoms, while the effective core potential and the
associated valence basis set was employed with a LanL2DZ basis set
for the Pt atom. The spatial plots of MOs were obtained with the
program GaussView 09 [18].

2.2. Preparations of platinum organometallics TH—11H

2.2.1. Preparation of Pt(3,8-Phen=H)(=Ph), (1H)
The 1TMS (161 mg, 0.20 mmol) was dissolved in CH,Cl, (20 mL)
and added MeOH solution (40 mL) containing K,CO3 (30—39 mg,
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0.22—0.28 mmol). After the mixture was stirred at r.t. for 3 h, the
precipitate was filtered through filter paper and washed with water
and diethyl ether. The yellow powder was obtained and dried at
60 °C under vacuum for 4 h. Yield: 122 mg (98%).

: Anal. Calcd for C3H1gN,Pt 3/4CH,Cly: C, 57.07; H, 2.85; N, 4.06.
Found: C, 56.67; H, 2.78; N, 3.97%. FT-IR (KBr, cm™~!) »(C=C): 2117,
y(=C-H): 3291. UV/VIS (CH,Cl,): Azps nm (& x 107°) 257 (0.66), 283
(0.71), 314 (0.40), 459 (0.07). '"H NMR (CD,Cl,, 400 MHz, ppm):
6 =10.08 (d, 2H, ] = 1.6 Hz, Phen-H2 and H9), 8.75 (d, ] = 1.6 Hz, 2H,
Phen-H4 and H7), 8.02 (s, 2H, Phen-H5 and H6), 7.55 (d, = 8.0 Hz,
4H, Ph-H2 and H6), 7.32 (m, 4H, Ph-H3 and H5), 7.22 (d, ] = 8.0 Hz,
2H, Ph-H4), 3.64 (s, 2H, Phen=H).

2.2.2. Preparation of Pt(3,8-Phen=H)(=Ph-4-F), (2H)

The Pt(3,8-Phen=H)(=Ph-4-F), was synthesized by the same
procedure to that for 1H except for the use of 2TMS (161 mg,
0.20 mmol). The orange brown powder is obtained. Yield: 126 mg
(95%).

: Anal. Calcd for C3yHigN2F2Pt 1/2CHyCly: C, 55.45; H, 2.43; N,
3.98. Found: C, 55.31; H, 2.08; N, 3.71%. FT-IR (KBr, cm™") »(C=C):
2117, »(=C-H): 3299. UV/VIS (CH,Cly): Aaps nm (e x 107°) 255 (0.57),
282 (0.56), 313 (0.32), 459 (0.06). 'H NMR (CD;Cl,, 400 MHz, ppm):
6=10.03 (d, ] = 1.6 Hz, 2H, Phen-H2 and H9), 8.75 (d, ] = 1.6 Hz, 2H,
Phen-H4 and H7), 8.02 (s, 2H, Phen-H5 and H6), 7.52 (dd, J=5.5,
9.0 Hz, 4H, Ph-H2 and H6), 7.03 (t, J=9.0 Hz, 4H, Ph-H3 and H5),
3.64 (s, 2H, Phen=H).

2.2.3. Preparation of Pt(3,8-Phen=H)(=Ph-3-F), (3H)

The Pt(3,8-Phen=H)(=Ph-3-F), was synthesized with half scale
by the same procedure to that for 1TH except for the use of 3TMS
(81 mg, 0.10 mmol). The orange powder was obtained. Yield: 64 mg
(97%).

: Anal. Calcd for C3yHgN2FoPt 1/4CH,Cly: C, 56.73; H, 2.44; N,
4.10. Found: C, 56.80; H, 2.03; N, 3.98%. FT-IR (KBr, cm™ ") »(C=C):
2116, »(=C-H): 3297. UV|VIS (CHxCly): Aaps nm (e x 107°) 261 (0.53),
284 (0.56), 310 (0.36), 454 (0.06). "H NMR (CDCl,, 400 MHz, ppm):
0=9.83 (d,J= 1.6 Hz, 2H, Phen-H2 and H9), 8.67 (d, J= 1.6 Hz, 2H,
Phen-H4 and H7), 7.98 (s, 2H, Phen-H5 and H6), 7.30 (m, 2H, Ph-
H5), 7.29 (m, 2H, Ph-H6), 7.20 (m, 2H, Ph-H2), 6.95 (m, 2H, Ph-
H4), 3.64 (s, 2H, Phen=H).

2.24. Preparation of Pt(3,8-Phen=H)(=Ph-2-F), (4H)

The Pt(3,8-Phen=H)(=Ph-2-F), was synthesized with half scale
by the same procedure to that for TH except for the use of 4TMS
(81 mg, 0.10 mmol). The yellow orange powder was obtained. Yield:
64 mg (97%).

: Anal. Calcd for C33HgN2FoPt 1/4CH,Cly: C, 56.73; H, 2.44; N,
4.10. Found: C, 56.63; H, 2.05; N, 3.77%. FT-IR (KBr, cm™") »(C=C):
2123, »(=C-H): 3294. UV/VIS (CH,Cl,): Aaps nm (e x 107>) 255 (0.50),
284 (0.52), 310 (0.36), 453 (0.06). "H NMR (CD,Cl,, 400 MHz, ppm):
6=10.12 (d, ] = 1.6 Hz, 2H, Phen-H2 and H9), 8.71 (d, ] = 1.6 Hz, 2H,
Phen-H4 and H7), 8.00 (s, 2H, Phen-H5 and H6), 7.56 (ddd, ] = 1.6
and 8.0 Hz, 2H, Ph-H3), 7.18 (m, 2H, Ph-H5), 7.13 (d, J= 8.0 Hz, 2H,
Ph-H6), 7.11 (tdd, J=1.6, 3.2, 8.0Hz, 2H, Ph-H4), 3.64 (s, 2H,
Phen=H).

2.2.5. Preparation of Pt(3,8-Phen=H)(=Ph-4-Me), (5H)

The Pt(3,8-Phen=H)(=Ph-4-Me), was synthesized with half
scale by the same procedure to that for 1H except for the use of
5TMS (80 mg, 0.10 mmol). The red powder was obtained. Yield:
64 mg (98%).

: Anal. Calcd for C34H25N,Pt 1/4CH,Cl,: C, 60.96; H, 3.36; N, 4.15.
Found: C, 60.93; H, 3.56; N, 3.84%. FT-IR (KBr, cm~') »(C=C): 2115,
y(-CH3): 2862, 2918, »(=C-H): 3292. UV/VIS (CHyCly): Asps nm
(e x 107) 258 (0.68), 284 (0.72), 318 (0.41), 469 (0.07). 'H NMR

(CD,Cly, 400 MHz, ppm): 6 =9.92 (d, 2H, J=1.7 Hz, Phen-H2 and
H9), 8.68 (d, J= 1.7 Hz, 2H, Phen-H4 and H7), 7.98 (s, 2H, Phen-H5
and H6), 7.42 (d, J= 8.0 Hz, 4H, Ph-H2 and H6), 7.15 (d, J= 8.0 Hz,
4H, Ph-H3 and H5), 3.62 (s, 2H, Phen=H), 2.38 (s, 6H, Ph-CH3).

2.2.6. Preparation of Pt(3,8-Phen=H)(=Ph-4-CF3), (6H)

The 6TMS (80 mg, 0.06 mmol) was dissolved in CH,Cl, (10 mL)
and added MeOH solution (20 mL) containing K>CO3 (9.1-11.6 mg,
0.07—0.08 mmol). After the mixture solution was stirred at r.t. for
3 h, the solution was extracted with CH,Cl,/H,0. The organic layer
was collected, dried over MgSOg4, and CH,Cl, was removed by ro-
tary evaporator. The residue was washed with diethyl ether and
dried at 60 °C under vacuum for 4 h. The orange brown powder was
obtained. Yield: 40 mg (87%).

: Anal. Calcd for C34H1gFgN2Pt: C, 53.62.; H, 2.12; N, 3.68. Found:
C, 53.44; H, 1.84; N, 3.49%. FT-IR (KBr, cm~') »(-CF3): 1163, 1120,
»(C=C): 2117, »(=C-H): 3307. UV/VIS (CH,Cly): Aaps N (e x 107°) 275
(0.66), 284 (0.70), 311 (0.46), 445 (0.07). TH NMR (CD,Cl,, 400 MHz,
ppm): 0=9.85 (d, J=1.6Hz, 2H, Phen-H2 and H9), 8.69 (d,
J=1.6Hz, 2H, Phen-H4 and H7), 7.98 (s, 2H, Phen-H5 and H6), 7.61
(d, J = 8.6 Hz, 4H, Ph-H3 and H5), 7.58 (d, ] = 8.6 Hz, 4H, Ph-H2 and
H6), 3.64 (s, 2H, Phen=H).

2.2.7. Preparation of Pt(3,8-Phen=H)(=Ph-4-NO3), (7H)

The Pt(3,8-Phen=H)(=Ph-4-NO;); was synthesized with
0.06 mmol scale by the same procedure to that for 1H except for the
use of 5TMS (53 mg, 0.06 mmol). The orange powder is obtained.
Yield: 42 mg (99%).

: Anal. Calcd for C35,H1gN4O4Pt: C, 53.71; H, 2.25; N, 7.83. Found:
C,53.44; H, 2.54; N, 7.62%. FT-IR (KBr, cm~!) »(-NO3): 1337, »(C=C):
2112, »(=C-H): 3280. UV/VIS (CH,CLy): A4ps nm (e x 107>) 286 (0.34),
346 (0.51), 438 (0.09). TH NMR (CDCl,, 400 MHz, ppm): 6 = 9.93 (d,
J=1.6Hz, 2H, Phen-H2 and H9), 8.78 (d, /= 1.6 Hz, 2H, Phen-H4
and H7), 8.18 (d, = 8.8 Hz, 4H, Ph-H3 and H5), 8.05 (s, 2H, Phen-
H5 and H6), 7.66 (d, J=8.8 Hz, 4H, Ph-H2 and H6), 3.66 (s, 2H,
Phen=H).

2.2.8. Preparation of Pt(3,8-Phen=H)(=Ph-4-COOMe), (8H)

The Pt(3,8-Phen=H)(=Ph-4-COOMe);, was synthesized with half
scale by the same procedure to that for 1H except for the use of
8TMS (89 mg, 0.10 mmol). The yellow powder is obtained. Yield:
68 mg (92%).

: Anal. Calcd for C3gH22N,04Pt 1/2CH,Cly: C, 55.91; H, 2.96; N,
3.57. Found: C, 55.87; H, 3.02; N, 3.63%. FT-IR (KBr, cm ') »(C=0):
1713, »(C=C): 2113, »(-CH3): 2900, 2950, »(=C-H): 3241. UV/VIS
(CH,Cly): Aaps Nm (e x 107°) 288 (0.58), 322 (0.73), 453 (0.06). 'H
NMR (CD,Cly, 400 MHz, ppm): 6 = 10.01 (d, J= 1.6 Hz, 2H, Phen-H2
and H9), 8.77 (d,] = 1.6 Hz, 2H, Phen-H4 and H7), 8.04 (s, 2H, Phen-
H5 and H6), 7.97 (d, J=8.2Hz, 4H, Ph-H3 and H5), 7.60 (d,
J=8.2Hz, 4H, Ph-H2 and H6), 3.89 (s, 6H, COOCH3), 3.65 (s, 2H,
Phen=H).

2.2.9. Preparation of Pt(3,8-Phen=H)(=Ph-4-t-Bu), (9H)

The Pt(3,8-Phen=H)(=Ph-4-t-Bu), was synthesized with
0.06 mmol scale by the same procedure to that for 6H except for the
use of 9TMS (53 mg, 0.06 mmol). The dark brown powder is ob-
tained. Yield: 43 mg (96%).

: Anal. Calcd for C4oH34N2Pt 1/8CH,Cly: C, 64.39; H, 4.61; N, 3.74.
Found: C, 64.35; H, 4.67; N, 3.74%. FT-IR (KBr, cm ') »(C=C): 2116,
y(-CH3): 2866, 2961, »(=C-H): 3308. UV/|VIS (CH)Cl,): Asps nm
(e x 107°) 258 (0.53), 284 (0.57), 318 (0.31), 466 (0.05). 'H NMR
(CDy(Cly, 400 MHz, ppm): 6 =9.99 (d, = 1.6 Hz, 2H, Phen-H2 and
H9), 8.64 (d, = 1.6 Hz, 2H, Phen-H4 and H7), 7.97 (s, 2H, Phen-H5
and H6), 7.46 (td, ] = 2.0, 8.8 Hz, 4H, Ph-H2 and H6), 7.38 (td, ] = 2.0,
8.8 Hz, 4H, Ph-H3 and H5), 3.63 (s, 2H, Phen=H)., 1.36 (s, 18H, t-Bu).
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2.2.10. Preparation of Pt(3,8-Phen=H)(=Ph-3,5-CF3), (10H)

The Pt(3,8-Phen=H)(=Ph-3,5-CF3); was synthesized with
0.06 mmol scale by the same procedure to that for 6H except for the
use of 10TMS (63 mg, 0.06 mmol). The black powder is obtained.
Yield: 50 mg (92%).

: Anal. Calcd for C3gH14F12N2Pty: C,48.17; H, 1.57; N, 3.12. Found:
C, 48.19; H, 1.77; N, 2.95%. FT-IR (KBr, cm~!) »(-CFs): 1181, 1131,
y(C=C): 2112, 2143, »(=C-H): 3310. UV/VIS (CH)Clp): Asps nm
(e x 107°) 274 (0.50), 284 (0.51), 308 (0.37), 328 (0.23), 342 (0.20),
435 (0.06). "H NMR (CD,Cl,, 400 MHz, ppm): 6 = 9.93 (d, ] = 1.6 Hz,
2H, Phen-H2 and H9), 8.76 (d, J = 1.6 Hz, 2H, Phen-H4 and H7), 8.00
(s, 2H, Phen-H5 and H6), 7.94 (s, 4H, Ph-H2 and H6), 7.71 (s, 2H, Ph-
H4), 3.64 (s, 2H, Phen=H).

2.2.11. Preparation of Pt(3,8-Phen=H)(=Ph-3,5-t-Bu), (11H)

The Pt(3,8-Phen=H)(=Ph-3,5-t-Bu), was synthesized with
0.06 mmol scale by the same procedure to that for 6H except for the
use of T1TMS (60 mg, 0.06 mmol). The orange-red powder is ob-
tained. Yield: 43 mg (84%).

: Anal. Calcd for C4gH50N2Pt 1/4CH,Cly: C, 66.52; H, 5.84; N, 3.22.
Found: C, 66.76; H, 5.87; N, 3.23%. FT-IR (KBr, cm 1) »(C=C): 2111, »(-
CH3): 2867, 2961, »(=C-H): 3312. UV/VIS (CH)Cly): Asps nm
(e x 107°) 258 (0.44), 284 (0.47), 318 (0.28), 466 (0.05). 'H NMR
(CD,Cly, 400 MHz, ppm): 6 = 10.13 (d, J= 1.7 Hz, 2H, Phen-H2 and
H9), 8.74 (d, J = 1.7 Hz, 2H, Phen-H4 and H7), 8.02 (s, 2H, Phen-H5
and H6), 7.46 (d, J= 2.0 Hz, 4H, Ph-H2 and H6), 7.32 (d, ] = 2.0 Hz,
2H, Ph-H4), 3.60 (s, 2H, Phen=H), 1.38 (s, 36H, t-Bu).

3. Results and discussion
3.1. Synthesis and characterization of platinum complexes

The 11 new platinum complexes, Pt(3,8-Phen=H)(=Ph-R),:
R =H (1H), 4-F (2H), 3-F (3H), 2-F (4H), 4-Me (5H), 4-CF; (6H), 4-
NO, (7H), 4-COOMe (8H), 4-t-Bu (9H), 3,5-di-CF3 (10H), 3,5-di-t-
Bu (11H), were difficult to obtain with a similar transmetalation
method of Pt(3,8-Phen=TMS)(=Ph-R), reported in our previous
paper, because the starting complex Pt(3,8-Phen=H)Cl, was not
dissolved in major organic solvents [16]. So, we first tried to syn-
thesize the present complexes by the ligand exchange reaction
between Pt(COD)(=Ph-R); and 3,8-Phen=H. This synthetic method
produced some compounds (3H (67%), 4H (53%), 5H (39%), 10H
(29%)) in moderate yields, but other compounds were obtained at
low yields under 15%. Then, the present complexes as shown in
Scheme 1 were synthesized from the platinum complexes Pt(3,8-
Phen=TMS)(=Ph-R);: R=H (1TMS), 4-F (2TMS), 3-F (3TMS), 2-F
(4TMS), 4-Me (5TMS), 4-CF3 (6TMS), 4-NO, (7TMS), 4-COOMe
(8TMS), 4-t-Bu (9TMS), 3,5-di-CF; (10TMS), 3,5-di-t-Bu (11TMS)
by a deprotection reaction of the trimethylsilyl group in high yields
over 80%. All complexes were characterized by IR, 'TH NMR, UV—Vis,
luminescence spectroscopy, and elemental analysis. The platinum
organometallics exhibited 'H NMR signals, and the elemental
analysis results were in accordance with the assigned structures
presented in Scheme 1.

The IR spectra of the present complexes indicated the 1! coor-
dination of metal—carbon bonds between the Pt atom and the
ethynyl functional group of each of the 11 arylethynyl ligands. The
characteristic strong »(C=C) bands assigned to the Pt-C=C bonds of
the complexes TH—11H were observed at around 2115cm™!
(among 2111-2123 cm™!) except for platinum complex 10H, which
had two peaks, at 2112 and 2143 cm™ .. These »(C=C) peaks of the
Pt—C=C bond in TH—11H were almost consistent with those of the
precursor complexes 1TTMS — 11TMS [16]. In addition, the peak for
»(CC-H) of 3,8-Phen=H was observed at around 3300 cm™! in the IR
spectra of TH—11H. The 'H NMR measurements support the

formation of the H—C=C bond in the phenanthroline ligand. A new
assignable signal for the ethynyl proton of diethynylphenanthroline
in the '"H NMR spectra of TH—11H was detected at around
3.64 ppm, and the assignable signal for trimethylsilyl substituents
was not observed. The proton signals assignable to the phenan-
throline and arylethynyl ligands in TH—11H clearly showed similar
chemical shift values in the respective precursors 1TTMS — 11TMS,
and therefore it was supported that the compounds had similar
coordination structures to the precursor complexes under the
deprotection reaction.

Fig. 1 shows the absorption spectra of 1TH—11H in CH,Cl,. These
platinum organometallics with 11 arylethynyl ligands each have a
broad absorption band over 360 nm, and this band was primarily
assigned to the mixed transition of both the MLCT from platinum
ion to the 3,8-Phen=H and the LLCT from the respective arylethynyl
ligands to the 3,8-Phen=H ligand. The absorption bands of these
complexes in the 300—350-nm region were primarily assigned to
the lowest 1-1*(3,8-Phen=H) and m-7*(-=-CgH4R) singlet transi-
tions. The lowest-energy '[7-*(3,8-Phen=H)] transition in each of
these complexes was observed in the short wavelength area
compared to the ![n-m*(3,8-Phen=TMS)] transition in each of
precursor complexes. The lowest 1[m-m*(-=-CgH4R)] transition
bands of the respective arylethynyl ligands with carboxy methyl
ester and nitro substituents in 7H and 8H were observed in the
300—-380 nm region. These assignments are consistent with those
in 7TMS and 8TMS. The band of the mixed transition from
IMLCT/'LLCT over 400nm in these platinum organometallics
confirmed a hypsochromic effect of the present arylethynyl ligands
in these organometallics. For example, 10H with two tri-
fluoromethyl substituents as an electron-withdrawing group
exhibited an absorption band (435 nm) of the '"MLCT/!LLCT tran-
sition in the short wavelength area compared to the band (469 nm)
of the same transition in 5H with a methyl substituent as an
electron-donating group.

3.2. Luminescence of TH—11H in solution state

Platinum complexes, 1TH—11H, each showed a visible broad
emission band in deoxygenated CH,Cl, at room temperature upon
excitation at 425 nm, as shown in Fig. 2, while the emission spectra
at 77K in deoxygenated 2-Me-THF for these complexes each
showed a high-intensity emission band with clear vibronic
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Fig. 1. UV—Vis absorption spectra of platinum organometallics TH—11H in CH,Cl, at
room temperature.
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Fig. 2. Luminescence spectra of platinum organometallics 1TH—11H in CH,Cl; at room
temperature.

progressions in the high-energy region (Fig. 3). These emissions are
assigned to phosphorescence from the triplet state of the mixed
transition from MLCT and LLCT, namely >MLCT/3LLCT, which is well
known to be present in the luminescence for similar platinum(II)
organometallic complexes with bipyridine derivatives and two
various arylethynyl ligands, Pt(bipyridine derivatives)(=-aryl),
[10—15]. The maximum intensity peaks of the emission band (Aem)
at room temperature in deoxygenated CH,Cl, and those at 77 K in
deoxygenated 2-MeTHF for these complexes are listed in Table 1.
The peak wavelength values show that the complexes with an
electron-withdrawing group are smaller, and have higher-energy
values, than those with an electron-donating group. This trend is
consistent with the tendency of the mixed transition of
IMLCT/'LLCT in UV—Vis spectra. The values at room temperature
span a wide range, 559—664 nm, while those at 77 K are in a narrow
region, 511-562 nm. These results in solution showed an emission
color of yellow to red in the visible region. The emission quantum
yields (¢pem) calculated by the standard relative method and lumi-
nescence life times (Tem) at room temperature are also listed in

2 10t T T T T T T

110
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450 500 550 600 650 700 750 800
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Fig. 3. Luminescence spectra of platinum organometallics TH-11H in 2-MeTHF at
77K.

Table 1. Interestingly, ¢em increased with decreasing Aey, from
664 nm to 559 nm for 1TH—11H. This result could be assumed to be
caused by the so-called energy gap law because all of the platinum
complexes present, as shown in Scheme 1, were very similar
structures [15].

The trend of the maximum peak wavelength of the >MLCT/>LLCT
transition in the present organometallics was also strongly related
to the energy separation between the excited triplet (T;) state and
the ground (Sp) state obtained by DFT and TD-DFT calculations. The
DFT and TD-DFT calculations of the present organometallics aid the
interpretation of the electronic effects of their aryl groups with
different substituents on phosphorescence in CH,Cl, at room
temperature. An interesting finding is the good linear correlation
between the emission energy values of the maximum intensity
peak in the phosphorescent band, Eepy,, and the E(T1-So)pgr or E(Ty-
So)tp-prr in terms of eV, as shown in Fig. 4. The energy separation
between the T; state and the Sy state, E(T1-So)prr, was obtained as
the difference between the HOMO energy level under the Sy state
and the highest SOMO energy level under the Ty state, while the
value of the direct T;—Sy transition energy, E(T1-So)rp-prr, Was ob-
tained from the TD-DFT calculation in CH,Cl,. The calculated results
of E(T1-So)prrand E(T1-Sp)rp-prralso are listed in Table 1. This linear
correlation between the observed emission data and the calculated
results by DFT and TD-DFT precisely underscores that the related
MOs obtained by these calculations reflect the actual MOs in the
present organometallics.

3.3. Color and luminescence of platinum complexes, ITH—11H and
1TMS — 11TMS, in solid state

The color under white light (upper) and luminescent color un-
der UV light (lower) of 22 platinum complexes, 1TH—11H and 1TMS
— 11TMS, in solid state are shown in Fig. 5. For same sample con-
dition, all solid samples were performed by the reprecipitation
from CH,Cl, solution and dried at 60 "C under vacuum for 4 h. These
samples were measured by TG-DTA measurement and confirmed
that the weight of these samples was not reduced until 150 'C as
shown in supplementary data. The color of some complexes (9H,
10H, 3TMS, 8TMS, 11TMS) in solid was dark red, while the color of
these complexes in solution ranged from yellow to orange. The
definitive difference in color between solid state and in solution for
these square planar platinum complexes is related to the influence
of the Pt-Pt and -7t interactions in solid state, and the color change
is a general phenomenon of the bathochromic effect resulting from
these interactions, as reported [10—14]. On the other hand, the
colors of the three compounds (1H, 8H, 10TMS) in solid state were
almost the same as the yellow and yellow-orange of these com-
plexes in solution, and the luminescent colors of 8H and 10TMS
under UV light were orange and yellow. The bright emissions of two
compounds, 8H and 10TMS, under UV light motivated us to mea-
sure the luminescent spectra of 22 platinum complexes in solid
state.

The emission spectra of complexes TH—11H in solid state are
shown in Fig. 6. The maximum intensity peaks in the short wave-
length area less than 690 nm were observed only in the spectra of
1H (609 nm, weak emission) and 8H (684 nm; the spectrum
showed a broad emission band from 500 nm to 850 nm). The
maximum peaks of the other complexes were observed in long
wavelengths over 690 nm; the longest wavelength value was
764 nm in 10H, although the emissions of 2H and 4H were very
weak and may have been in the short wavelength area. The emis-
sion maximum peaks of TH—11H in solution are between 560 nm
and 660 nm, as listed in Table 1. The emissions of 1TH—11H in so-
lution are assigned to the luminescence from the 3MLCT/’LLCT
transition in the present organometallics mentioned above. So, it is
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Table 1

Luminescence data and emission energy calculated by DFT and TD-DFT of platinum organometallics 1TH—11H.

Compound Emission DFT and TD-DFT data
Aem/nM Aem/nM Gem[% Tem/1S Eemb/ev E(T1-So)oFr E(T1-So)p-pFT
atr.t. at 77K atr.t. atr.t. atr.t. (eV) (eV)

1H 629 544 5.0 0.214 1.97 1.81 1.94

2H 631 544 4.7 0.172 1.97 1.82 1.93

3H 604 533 12.6 0.708 2.05 1.90 2.04

4H 610 532 85 0.488 2.03 1.90 2.02

5H 664 560 13 0.055 1.87 1.75 1.86

6H 585 520 28.0 1.332 2.12 1.98 2.11

7H 559 522 40.1 1.144 2.22 2.10 2.21

8H 595 525 23.0 1.033 2.08 1.97 2.09

9H 660 561 1.7 0.061 1.88 1.76 1.87

10H 559 511 36.8 1.655 2.22 2.05 2.20

11H 655 562 22 0.076 1.89 1.78 1.88

2 Emission quantum yields ($em) were calculated relative to [Ru(bpy)s](PFs) in a degassed acetonitrile ($pem = 0.095) as a standard.

b Wavelengths of emission maxima are converted to eV (Eey = 1240/Aem).

1

E(T-S) €V

1.8 1.9 2 2.1 2.2 23 24
E /eV

em

Fig. 4. Plots of the emission energy of the maximum intensity peak in the phospho-
rescent band, Eep,, and the E(T;-So)pgr from DFT (open circle) or E(T;-So)rp_pgr from TD-
DFT (black circle) in terms of eV.

presumable that strong emissions of several complexes (3H, 5H,
6H, 8H, 10H, 11H), whose maximum peaks are over 690 nm, can be
assigned to the luminescence from the MMLCT transition in solid
state because some kinds of similar platinum(Il) organometallic
complexes Pt(bipyridine derivatives)(=-aryl),; in solid state have
showed red emission from 3MMLCT caused by the Pt-Pt interaction
over 700 nm previously [10—15,17]. The molecular structures of the
present platinum complexes are suitable for the Pt-Pt interaction in
solid state, because the flat square planar structure is preferable to
the stacking structure of the molecular plane in solid state. The
weak emissions of the less-hindered complexes (1H, 2H, 4H) might
be assigned to the luminescence from the >MLCT/?LLCT transition
because their emission spectra were similar to those of these
complexes in solution (Fig. 2). Furthermore, the emission spectrum
of 8H might be included in the mixture luminescence from the
3MLCT/LLCT and 3MMLCT transitions in solid state.

The emission spectra of complexes 1TTMS — 11TMS in solid
state are shown in Fig. 7. The maximum peaks of many complexes
were observed in the long wavelength area over 720 nm except for
those of three complexes: 1TTMS, 10TMS, and 11TMS. The emis-
sions of the maximum peaks over 720 nm can be assigned to the
luminescence from the 3MMLCT transition in solid state, as

mentioned above. The emission maximum peak values of 1TTMS
(597 nm), 10TMS (573 nm), and 11TMS (662 nm) in solid state are
similar to those of 1TTMS (624 nm), 10TMS (540 nm), and 11TMS
(650 nm), respectively, in solution, and the emission in solid state
could be assigned to the phosphorescence from the >MLCT/?LLCT
transition or the mixture luminescence from the >MLCT/>LLCT and
3MMLCT transitions. This result presumes that the three com-
plexes are situated no or weak Pt-Pt interaction in solid state.
Because the strong m-7 interaction between the molecules in-
duces the molecules to overlap each other with a slight lateral
shift in solid state and therefore the Pt-Pt interaction of the ver-
tical direction against the molecular plane sometimes is weaken.
The distinct vibronic emission spectrum of 10TMS, whose lumi-
nescent colors under UV light were only bright yellow in the
present 22 complexes, was observed. The shortest wavelength
value of several peaks in the spectrum of 10TMS was 528 nm, and
this value was close to the emission maximum peak value of
10TMS (518 nm) at 77 K in MeTHF. This similarity must indicate
that 10TMS in solid state was densely packed relative to the less-
hindered complexes (1H, 2H, 4H, 1TMS), which showed weak
emissions from the 3MLCT/’LLCT transition, and the strong
emission of 10TMS compared to that of 1TTMS would be caused by
the AIE effect in solid state. The complexes 1H and 1TMS were the
least bulky in their respective complex series. We therefore
assumed that the complexes could be formed by strong m-7
interaction. However, the emission intensity from the
3MLCT/2LLCT transition of these complexes was very weak, and no
distinct AIE effect was observed. This result reflects that the AIE
effect for the present square-planar platinum complex system is
not simple, as the complex that has a less-hindered ligand is
introduced by the strong AIE effect. The arrangement of the ary-
lethynyl ligand is most important for dense packing in the space of
a crystal, because the AIE is caused by the suppression of the vi-
bration and rotation of the compound under a photo-excited state
from many previous AIE researches [19]. The 10TMS must fill a
void compared to the other, less-hindered complexes 1H and
1TMS.

4. Conclusion

A new series of platinum(Il) diethynylphenanthroline com-
plexes, Pt(3,8-Phen=H)(=Ph-R),, of 11 arylethynyl ligands with
different substituents: R =H (1H), 4-F (2H), 3-F (3H), 2-F (4H), 4-
Me (5H), 4-CF; (6H), NO; (7H), 4-COOMe (8H), 4-t-Bu (9H), 3,5-
di-CFs (10H), 3,5-di-t-Bu (11H), was synthesized from a previous
series of platinum(Il) complexes, Pt(3,8-Phen=TMS)(=Ph-R);
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Fig. 5. Pictures of color (upper) under white light and luminescence (lower) under UV light of 22 platinum organometallics 1TH-11H and 1TMS — 11TMS. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Luminescence spectra of platinum organometallics 1H—11H under solid state at
room temperature.

(1TMS — 11TMS), by a deprotection reaction of a trimethylsilyl
group. The organometallics TH—11H showed absorption and
emission spectra similar to those of respective precursor complexes
1TMS — 11TMS in solution. The emissions of all 22 platinum or-
ganometallics in solution were assigned to the phosphorescence
from the mixed transition of the MLCT/?LLCT transition. A good
linear correlation was obtained between the observed emission
energy values of phosphorescence and the calculation values of the
difference between the lowest excited triplet state and the ground
singlet state by DFT or TD-DFT.

In solid state, the emission maximum peaks in the spectra of
many complexes in the 22 platinum organometallics appeared in
the long wavelength area over 700 nm. It is reasonable to sup-
port an assignment of the luminescence from the 3MMLCT
transition caused by the Pt-Pt interaction in the present plat-
inum complex series. The intermolecular orientation of these
complexes is related to the diversity of the intermolecular in-
teractions as Pt-Pt and w—m interactions in solid state. The

200 T T T T T T T

Emission Intensity / a. u.

700
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Fig. 7. Luminescence spectra of platinum organometallics 1TTMS — 11TMS under solid
state at room temperature.

molecular structures of two platinum complex series are suitable
for Pt-Pt interaction in solid state, because the flat square planar
complex is preferable to the stacking structure in solid state.
However, the less-hindered complex of 1TTMS and the complex
with bulky ligands of 10TMS respectively showed short wave-
length emissions from the >MLCT/3LLCT transition in solid state.
So, the structural factor of each arylethynyl ligand sensitively
affects the intermolecular packing and the luminescence of their
complexes. Complex 10TMS showed a particularly strong and
vibronic emission. This phenomenon is presumed to be attrib-
utable to the AIE effect.

We are currently extending our photophysical research to study
the solid state luminescence and vapochromism including a new
series of platinum(Il) phenanthroline complexes.
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