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Abstract—A carboxyl functionalized Pt(II) complex PtCyH;N,0,SCI, (I) has been synthesized by the coor-
dination reaction of K,PtCl, with 2-pyridin-2-yl-1,3-thiazole-4-carboxylic acid. The absorption property
and photosensitizing performance of I has been studied. Through assembling the dye-sensitized solar cells
(DSSCs) based on complex I, a weak solar-energy-to-electricity conversion is presented. Additionally, when
complex I was solved in DMF solution, a novel complex PtCyH,;N,03SCIl (II) could be obtained. The struc-
ture of I has been confirmed by the single-crystal X-ray diffraction (CIF file CCDC no. 1538911).

Keywords: Pt(11) complex, crystal structure, optoelectronic properties, density functional theory (DFT)

DOI: 10.1134/S1070328418010098

INTRODUCTION

Platinum(II) complexes have received consider-
able interest due to their intriguing chemical and phys-
ical properties. In the past decades, great work has
been devoted to emitting devices and environment-
responsive smart materials based on Pt(II) complexes
[1, 2]. Square-planar configurations have been always
exhibited for Pt(II) complexes, and these planar mol-
ecules are susceptible to aggregation in oligomers
through intermolecular Pt--Pt and/or m—m interac-
tions, leading to interesting changes in color, lumines-
cence and so on [3]. Besides, due to planar structures,
Pt(II) complexes are endowed with good charge-
transfer properties that can be feasibly tuned by varia-
tion of electron-withdrawing or electron-donating
groups of ligands, usually showing an intense metal-
to-ligand-charge-transfer (MLCT) absorptions in the
visible region [4]. Consequently, planar Pt(1I) com-
plexes can be served as an efficient photosensitizer to
promote charge separation [5].

Dye-sensitized solar cell (DSSC) is one of the hot
research fields. Photosensitizer is an important and
indispensable component of DSSCs, and much atten-
tion has been paid to the designing and synthesizing of
sensitizers. Transition-metal complexes with polypyr-
idine ligands always present intense charge-transfer
(CT) absorptions with large extinction coefficients,
which is conducive to light absorption and charge sep-
aration/transport. Utilizing transition-metal com-
plexes as photosensitizers, a great deal of DSSCs have
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been extensively reported, especially for ruthe-
nium(II) polypyridine and zinc porphyrin complexes.
The DSSCs fabricated by the famous black dye
[RuL(NCS);]~ and YD2-0-C8, showed efficiencies of
as high as 10.4 and 12.3%, respectively [6, 7]. Sensitiz-
ing behaviors of donor—acceptor platinum(II) poly-
pyridylalkynyl complexes also have been studied, and
a power-conversion efficiency of 3.6% has been
obtained [8].

In previous studies, we have investigated environ-
ment-responsive behaviors of chiral Pt(II) complexes.
Different color, luminescent and chiroptical proper-
ties were exhibited in the vapor-, mechano-, solvent-,
and temperature-induced structural transformation
processes [9—12]. In this work, a Pt(Il) complex
PtCyH¢N,0,SCl, (I) with 2-pyridin-2-yl-1,3-thi-
azole-4-carboxylic acid has been prepared and the
photosensitizing behavior have been explored. Inter-
estingly, when I was solved in DMF solution, a novel
complex PtCyH;N,O;SCl (II) could be obtained,
which was confirmed by the single-crystal X-ray dif-
fraction.

EXPERIMENTAL

General methods. All reagents were purchased from
commercial suppliers and used as received. Mass spec-
tra were acquired on an LCQ Fleet ESI mass spec-
trometer. The NMR spectra were obtained on Bruker
DRX-400 spectrometer. Chemical shifts are refer-
enced to TMS. Coupling constants are given in hertz.
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UV-Vis spectra were measured on a UV-3600 spectro-
photometer.

Synthesis. Based on a previous study [13],
complex I was easily prepared by the coordination
reaction of K,PtCl, with 2-pyridin-2-yl-1,3-thiazole-
4-carboxylic acid in refluxed HCI (0.2 M) solution for
5 h under argon atmosphere (Scheme 1).Yellow pre-

S _
| + K,PiCl
0

cipitates were filtrated and washed with water and
methanol. The yield was 81%.

'H NMR (400 MHz; DMSO; 8, ppm): 8.68 (m.,
1H), 8.60 (s., 1H), 8.16 (dt., J, = 8.0 Hz, J, = 1.0 Hz,
1H), 8.02 (td., J; = 8.0 Hz, J, = 1.0 Hz, 1H), 7.56 (m,
1H). C NMR (100 MHz; DMSO; 8, ppm): 168.8,
162.0, 149.8, 149.7, 148.4, 138.0, 130.8, 125.7, 119.4.
MS (ESI) (m/z): 471 [M—— 1].
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Scheme 1.

X-ray structure determination. Single-crystal X-ray
diffraction measurements were carried out on a Bruker
SMART APEX CCD based on diffractometer operat-
ing at room temperature. Intensities were collected
with graphite monochromatized MoK, radiation (A =
0.71073 A) operating at 50 kV and 30 mA, using ®/20
scan mode. The data reduction was made with the
Bruker SAINT package [14]. Absorption corrections
were performed using the SADABS program [15]. The
structures were solved by direct methods and refined
on F? by full-matrix least-squares using SHELXL-97
with anisotropic displacement parameters for all non-
hydrogen atoms in all two structures. Hydrogen atoms
bonded to the carbon atoms were placed in calculated
positions and refined as riding mode with C—H =
0.93 A (methane) or 0.96 A (methyl) and U, (H) =
1'2Ueq (Cmethane) or l]iso(H) = 1'5l]eq(cmethyl)- The
water hydrogen atoms were located in the difference
Fourier maps and refined with an O—H distance
restraint (0.85(1) A) and U, (H) = 1.5 U.,(0). All
computations were carried out using the SHELXTL-97
program package [16]. Crystallographic data for com-
plex II are summarized in Table 1. The coordinate
bond lengths and angles are summarized in Table 2.

Supplementary material for structure II has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC no. 1538911; deposit@ccdc.cam.ac.uk
or http://www.ccdc.cam.ac.uk).

Computational details. For the calculation, the
geometry of I was fully optimized without any symme-
try constraints. The effect of the solvent was modeled
by the CPCM dielectric model with dichloromethane
solution. The B3LYP functional was adopted, and the
18-valence electron Stuttgart small core relativistic
pseudo-potentials with their corresponding optimized
set of basic functions were employed for the Pt atom
[17], while the standard split-valence 6-31G* basis set
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was used for all other atoms. All the calculations were
carried out using the Gaussian03 program [18].

RESULTS AND DISCUSSION

As shown in Fig. 1, the UV-Vis absorption of com-
plex I has been measured. A series of intense absorp-
tion bands in the region of 220—320 nm can be
attributed to characteristic intraligand (IL) transitions
(n—m* and m—m*) of 2-pyridin-2-yl-1,3-thiazole-4-
carboxylic acid. The low-energy absorptions locating
at 320—450 nm are stemmed from MLCT transitions
and ligand-to-ligand charge transfer transitions
(LLCT) [19]. The calculations of frontier molecular
orbitals and UV-Vis spectrum also have been per-
formed. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular
orbital (LUMO) energies of I are calculated to be
—5.997 and —3.308 eV, respectively (Fig. 2). The
LUMO is mainly located on 2-pyridin-2-yl-1,3-thi-
azole-4-carboxylic acid ligand, while the HOMO is
mainly located on Pt(II) nucleus two Cl~ anions. As a
consequence, MLCT and LLCT transitions contrib-
ute to the low-energy absorptions of I to a large extent.
The simulated UV-Vis spectrum from TD-DFT cal-
culations of I is in good agreement with the experi-
mental result with regard to the shape, and low-energy
absorptions of both calculation and experiment tail
down to ~450 nm.

DSSCsbased on complex I were fabricated accord-
ing to the literature [20, 21], and photosensitizing
behavior of complex I has been explored (Fig. 3). The
short-circuit ~ photocurrent  density  (J,.) is

0.66 mA/cm?, and the open-circuit potential (V) is
0.338 V. While a weak solar-energy-to-electricity con-
version yield value (n = 0.12) is presented, which is in
accordance with the weak absorption of low-energy
band (300—500 nm) of complex 1.
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Table 1. Crystallographic data and structure refinements for complex II
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Parameter

Value

Formula

Mr

Crystal system
Space group
a, A

b, A

c, A

o, deg

B, deg

Y, deg

v, A3

VA

T,K
Radiation, A, A

-3
Pcaled> g/cm

W, mm~!

F(000)

Reflections collected
Unique reflections (R,;)
GOOF (F?)

Ry, wR, (I > 206(1))

R}, wR, (all data)

C9H7N203SC1Pt : Hzo

471.78
Triclinic
Pl
7.476(2)
8.987(3)
9.627(3)
84.006(4)
72.601(4)
79.161(3)
605.4(3)
2
273(2)
0.71073
2.588

11.988
440
3319
2388 (0.0219)
1.017
0.0270, 0.0712

0.0277, 0.0717

Table 2. Structural parameters determined by X-ray single crystal diffraction

Bond d, A Angles ®, deg
Pt(1)—N(1) 2.002(5) N(1)Pt(1)N(2) 81.67(19)
Pt(1)-N(2) 2.055(5) N(1)Pt(1)O(1) 179.32(15)
Pt(1)—O(1) 2.029(4) N(1)Pt(1)CI(1) 93.79(15)
Pt(1)—CI(2) 2.2802(15) N(Q)Pt(1)O(1) 98.72(18)

N(Q2)Pt(1)CI(1) 175.44(12)
O(1)Pt(1)CI(1) 85.81(14)
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When complex I was solved in DMF solution, a
substitution reaction would occur slowly. Due to the
weak basicity of DMF solution [22], the hydrogen
atom of 2-pyridin-2-yl-1,3-thiazole-4-carboxylic acid

HO

.................

S =~

J -\ i
i /Pt\
a’ a

could be neutralized. In this case, to maintain electri-
cal neutrality, one chloride anion was replaced with a
water molecule. The proposed reaction process is
shown in Scheme 2.

S —
A\
Pt
OH;  Cl

an

S
-CI
"HO
(0]

Scheme 2.

A few single crystals have been obtained by slow
evaporation of DMF solution of complex I at 273K,
and the structure of complex II is confirmed by the
single-crystal X-ray diffraction. The crystal structure

of II crystallizes in P1 space group of triclinic system
(Table 1) with one complex molecule and a co-crystal-
lized water molecule per asymmetrical unit (Fig. 4).
The Pt(II) nucleus is coordinated by two nitrogen
atoms of 2-pyridin-2-yl-1,3-thiazole-4-carboxylic
acid, one chloride anion and one oxygen atom of
coordinated water molecule, showing a square-planar
configuration. Selected bond lengths and chelating
bite angles around central Pt>" ion of complex Il are in
accordance with the corresponding structural param-
eters of Pt(1I) complexes reported before [23, 24]. The
Pt—N bond lengths vary from 2.002(5) to 2.055(5) A.
Pt—Cl bond is 2.2802(15) A and Pt—O bond is
2.029(4)A. The bite angles of N(1)Pt(1)N(2) and

1.2 -
1.0 -
0.8
0.6 -

0.4

g, 10* Lmol~! cm™!

0.2

[
0 41
250 300

500

350 400
Wavelength, nm

450

Fig. 1. Computed UV-Vis spectrum of complexes I in
dichloromethane solution (/) compared to experiment (5 X
10~>mol L_l) (2). The column (3) is the computed rotatory
strength.
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CI1(1)Pt(1)O(1) are 81.67(19)° and 85.81(14)°, respec-
tively.

As shown in Fig. 5, the molecules of II are arranged
into one-dimensional chain in a head-to-tail pattern
along z axis, and dimers are formed through weak T—7n

LUMO -
—3.308 eV
2.689 &V
~5.997 eV
I 1
-
HOMO ]
9

Fig. 2. Contour plots of the HOMO and LUMO of 1.
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Fig. 3. Photocurrent density-voltage curves of DSSCs
based on complex I.

Fig. 4. X-ray crystal structure of II. H atoms and solvent
molecule are omitted for clarity.

interaction (3.889(1) A) between adjacent thiazole
rings. Distinct hydrogen bonding interactions are
exhibited in the crystal structure (Fig. 6). For single
complex molecule, intramolecular hydrogen bond

Fig. 5. The packing structure of complex II along z axis.
H atoms and solvent molecules are omitted for clarity.
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Fig. 6. Hydrogen bonding interactions in crystal structure
of complex II.

(1.523(5) A) is formed between the hydrogen atom of
coordinated water molecule and the oxygen atom of
carboxyl group. In addition, the co-crystallized water
molecule serves as a nucleus, and diverse intermolec-
ular hydrogen bonding interactions are formed
through it. It can be inferred that both m—mn stacking
and hydrogen bonding contacts are favorable to the
stabilization of the crystal structure of complex I1.

Thus, the preparation and optoelectronic proper-
ties of a Pt(II) complex (I) with 2-pyridin-2-yl-1,3-
thiazole-4-carboxylic acid have been investigated. A
weak solar-energy-to-electricity conversion can be
observed, which is consistent with the weak absorp-
tion of low-energy band (300—500 nm) of complex I.
The UV-Vis spectrum also has been simulated, and
the low-energy absorptions of I mainly come from
MLCT and LLCT transitions. In addition, a new
complex II can be separated by evaporation of DMF
solution containing complex I. The structure of II is
affirmed by the single-crystal X-ray diffraction,
and one-dimensional chain is formed through distinct
T—T interactions.
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