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ABSTRACT: Using Schiff-base ligands (E)-N-(6-methoxypyri-
din-2-yl)(CH=NAr) (where Ar = C¢Hy, L;; 2-MeC¢H,, L,; 2,4,6- 6%, «
Me,C¢H,, L), six Zn(II)/Hg(II) complexes, namely, [ZnL,Cl,] e %zt
(zaD), [HglyCL] (Hgl), [ZaL,CL] (Zn2), [HeL,Cl] (Hg2), &
[ZnL,CL,] (Zn3), and [HgL,Cl,] (Hg3) have been synthesized
under solvothermal conditions. The structures of six complexes

E;
have been established by X-ray single-crystal analysis and further . jf ,/J
physically characterized by EA, FT-IR, 'H NMR, and ESI-MS. e
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The crystal structures of these complexes indicate that non-
covalent interactions, such as hydrogen bonds, C—H:--Cl, and
m7 stacking, play essential roles in constructing the resulting
supramolecular structures (1D for Hg3; 2D for Zn2, Hg2; 3D for
Znl, Hgl, and Zn3). Upon irradiation with UV light, the emission
of complexes Zn1—Zn3 and Hgl—Hg3 could be finely tuned from green (480—540 nm) in the solid state to blue (402—425
nm) in acetonitrile solution. It showed that the ligand and metal cation can influence the structures and luminescence properties
of complexes such as emission intensities and maximum wavelengths. Since these ligands and complexes could compensate for
the absorption of N719 in the low-wavelength region of the visible spectrum and reduce charge recombination of the injected
electron, the ligands L;—L; and complexes Zn3/Hg3 were employed to prepare cosensitized dye-sensitized solar cells devices for
investigating the influences of the electron-donating group and coordination on the DSSCs performance. Compared to DSSCs
only being sensitized by N719, these prepared ligands and complexes chosen to cosensitize N719 in solar cell do enhanced its
performance by 11—41%. In particular, a DSSC using L; as cosensitizer displays better photovoltaic performance with a short
circuit current density of 18.18 mA cm ™2, corresponding to a conversion efficiency of 7.25%. It is much higher than that for
DSSCs only sensitized by N719 (5.14%).
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H INTRODUCTION combination form of d'° metals and aromatic organic linkers

Inorganic—organic optoelectronic materials are underlying display stable structure and intense luminescence. In addition,

candidates for the burgeoning technologies of luminescence
and green-energy applications.' > After the first reports of a
dye-sensitized solar cells (DSSCs) device," ° extensive
attention has been paid to this area. However, a combination
of intense luminescence and high efficiency of cosensitizing

detailed studies on transition complexes have further
demonstrated that organic ligands play vital roles in influencing
the luminescent color and intensity. In the design of complexes,
Schiff bases have been widely used as ligands due to their
developed synthetic chemistry.” Meanwhile, in the design of

DSSCs in these materials is relatively uncommon. From the DSSCs, the great challenge is the spectral mismatch."” To solve
point of molecular design, it is important to design and this problem and further improve the efficiency of the device, it
synthesize a new complex with the excellent advantages of is more meaningful to attempt the method of cosensitization to
luminescence and DSSCs.” In particular, the complexes have extending the light-harvesting spectrum.'’ Although some
been studied in the development and application of organic molecules and complexes have been developed as
luminescent materials in recent years as they have a degree of
structural predictability: metal-based binding sites and organic Received: March 24, 2015
linkers in crystalline form.® The complexes which adopt the Published: July 24, 2015
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Scheme 1. Syntheses and Conversion of Three Ligands L,—L; and Six Corresponding Zn(II)/Hg(II) Complexes
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cosensitizers in DSSCs, design and synthesis of organic ligands
and their metal complexes for application on DSSCs is still a
great challenge.

To better explore efficient light-management strategies with
the respect to tunable luminescence and high-efficiency
cosensitization for DSSCs,'> we have been devoted to the
photophysics of transition metal complexes recently, such as
those containing Zn(II) and Hg(II) complexes.'>'* Herein, the
synthesis of three new Schiff-base ligands (E)-N-(6-methox-
ypyridin-2-yl)(CH=NAr) (Ar = C¢H;, L;; 2-MeC¢H,, L,;
2,4,6-Me;CgH,, Ly) and their Zn(1I)/Hg(II) complexes with
different supermolecular structures [ZnL;Cl,] (Znl),
[HgL,Cl,] (Hgl), [ZnL,CL] (Zn2), [HgL,Cl,] (Hg2),
[ZnL;Cl,] (Zn3), and [HgL,;Cl,] (Hg3) are presented
(Scheme 1). Their tunable luminescence to different central
metals and functional groups are studied. Importantly, the
ligands L;—L; and complexes Zn3/Hg3 were employed to
prepare cosensitized DSSCs devices, which could compensate
for the absorption of N719 in the high-energy band region of
the visible spectrum. Thus, the performance of DSSCs based on
ligands L,—L; and complexes Zn3/Hg3 as cosensitizers is
investigated in detail.

B RESULTS AND DISCUSSION

Synthetic and Spectral Aspects. As shown in Scheme 1,
three novel Schiff-base ligands (E)-N-(6-methoxypyridin-2-
y1)(CH=NAr) (Ar = C¢H, L;; 2-MeCH,, L,; 2,4,6-
Me;CgH,, L;) have been synthesized by reactions of 6-
methoxy-2-pyridinecarboxaldehyde with aniline derivates in a
1:1 molar ratio. Moreover, the yellow bulk crystals of Ly were
obtained by recrystallization from methanol. Using a self-
assembled method, these ligands were reacted with Zn(II)/
Hg(1I) chloride at refluxing temperature to obtain a series of
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complexes, namely, Znl—Zn3 and Hgl—Hg3. X-ray quality
single crystals of six Zn(1I) /Hg(II) complexes were grown from
slow evaporation of their solutions and readily obtained in good
yield within the range of 54—73%. The details of the synthesis
are given in the Experimental Section. The yellow solids Zn1—
Zn3 and Hgl—Hg3 were found to be stable enough to store
under ambient conditions for several months. The complexes
show good solubility in chloroform, dimethyl sulfoxide, and
acetonitrile solvents. The identities of L,—L;, Zn1—Zn3, and
Hgl—Hg3 are established by satisfactory EA, FT-IR, ESI-MS,
and '"H NMR spectra.

The FT—IR spectra of all six complexes (Figures S1—S3,
Supporting Information) are similar to that of the correspond-
ing ligand, and selected diagnostic bands are listed in the
experimental section. The stretching vibrations of C=N
(16201637 cm™") in the complexes are slightly red shifted
compared with that of the ligands (1629—1646 cm™"), which
proved the coordination between the imine nitrogen atoms of
L,—L; and Zn(II)/Hg(II) atoms."”> Meanwhile, they show
Vpr—pu and Vg_ vibrations around 1460—1600 and 1226—1299
cm™, respectively. The characteristic vy;_y of the complexes
occurs at 435—478 cm™'. The 'H NMR spectra of L,—L,
(Figures S4—S6, Supporting Information) show that the
resonances of the —CH=N-— protons appear at 8.20—8.48
ppm. Further, these signals shift toward low field, which appear
at 8.37—8.64 ppm for the corresponding Zn1—Zn3 and Hgl—
Hg3.16 The resonance peaks at ca. 6.81—8.16 and 3.98—4.29
ppm are assigned to the protons on the pyridine/phenyl rings
and —OCH; protons of pyridine rings, respectively. In
complexes of L, and L;, the difference between them only is
the number of —CHj of the phenyl ring, for which the methyl
protons appear at 2.38—2.43 and 2.13—2.30 ppm, respectively.
Meanwhile, the compositions of the ligands and complexes
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Table 1. Crystal Structure Refinement Data of L;, Zn1-Zn3, and Hgl—Hg3

Znl Hgl Zn2
CCDC no. 1046956 1046957 1046958
formula C,3H,CLN,0Zn C,3H,,CLN,OHg C.4H,,CLN,0Zn
M, 348.54 483.74 362.56
cryst syst triclinic monoclinic triclinic
space group P1 C2/c P1
a [A] 7.996(16) 20.365(9) 7.981(16)
b [A] 9.378(19) 8.324(3) 16.462(3)
¢ [A] 11.060(2) 17.230(5) 19.508(4)
a [deg] 85.71(3) 90 68.04(3)
B [deg] 77.61(3) 93.36(3) 83.45(3)
7 [deg] 65.13(3) 90 77.33(3)
vol. [A%] 734.9(2) 2916.2(19) 2317.7(8)
VA 2 8 6
D, [grem™] 1.575 2204 1.559
pu [mm™] 2.026 10914 1.931
F (000) 352 1808 1104
O range [deg] 3.02—-27.48 3.51-27.56 3.02—-25.00
h range —10<h<9 —26 <h <25 —-8<h<9
k range -12<k<12 —-9<k<10 -19<k<19
I range -14<1<14 -8<1<22 -22<1<23
data/restraints/ 3267/0/172 3331/0/173 8075/19/517
params
GOF 1.038 0.992 1.109

0.0418, 0.1020
0.0596, 0.1208
0.466, —0.377

0.0438, 0.0665
0.0712, 0.0772
0.857, —1.066

0.0724, 0.1873
0.0845, 0.1925
2.091, —1.982

Ry, wR, [I > 26(I)]
R;, wR, [all data]
APrnay AP [e-A7]

Hg2 L Zn3 Hg3
1046959 1046960 1046961 1046962
CuH,CLN,OHg  CH;N,O CiHsCLN,0Zn  CyH;3CLN,0OHg
497.76 254.32 390.61 525.81
monoclinic monoclinic triclinic monoclinic
P2,/c P2,/c P1 Pc
12.827(2) 14.850(8) 7.896(16) 15.246(3)
7.754(1S) 17.003(6) 8.027(16) 7.587(15)
18.210(2) 12.566(7) 15.009(3) 16.816(3)

90 90 82.46(3) 90

121.45(9) 112.04(6) 82.35(3) 111.32(3)

90 90 72.42(3) 90

1545.2(4) 2941.2(3) 894.6(3) 1812.2(6)

4 8 2 2

2.140 1.149 1.450 0.964

10.302 0.073 1.673 4.395

936 1088 400 500
1.86—26.94 3.46—27.56 3.12-25.00 3.04—24.99
-15<h<16 -10<h<19 -9<h<8 -18<h<18
-9<k<9 -2<k<17 -9<k<9 -9<k<9
-20<1<21 -16<1<11  -16<1<17 -19<1<19
3094/0/182 6726/0/352 3056/0/199 3113/2/199
0.992 0.979 1.007 1.005

0.0377, 0.0878
0.0485, 0.0936
2,676, —1.622

0.0673, 0.1708
0.1412, 0.2199
0.382, —0.151

0.0535, 0.1456
0.0866, 0.1743
0418, —0.385

0.0284, 0.0608
0.0301, 0.0619
0.648, —0.240

Figure 1. (a) Crystal structure of Znl. Thermal ellipsoid is drawn at 50% probability. (b) The 3D network structure in Znl. (c) The 3D network
structure in Hgl. Dotted lines represent the C—H:--Cl and -7 interactions.

have also been supported by ESI-MS studies (Figure S7,
Supporting Information). We performed powder X-ray
diffraction patterns on ligand L; and six Zn(II)/Hg(II)
complexes to check the purity of the bulk products. From
Figures S8—S14, Supporting Information, we can see that all
major peak positions of the measured patterns are in good
agreement with those simulated. Furthermore, the differences
in intensity may be due to the preferred orientation of the
crystal products.'”

Structural Description of [ZnL,Cl,] (Zn1) and [HgL,Cl,]
(Hg1). Considering that complexes Znl and Hgl are
isostructural, we choose Zn1 to represent the detailed structure.
Complex Znl belongs to the triclinic P space group, while
complex Hgl belongs to monoclinic C2/c space group. The
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detailed data of crystal structure refinement for Znl and Hgl
are listed in Table 1. The crystal structure of Zn1 is described
in Figure la together with the atomic numbering scheme. The
Zn(1I) center adopts a distorted tetrahedral geometry (Figure
S15a, Supporting Information) coordinated by two nitrogen
atoms of N-((6-methoxypyridin-2-yl)methylene)aniline (L,)
and two terminal chlorine ions. In particular, the Zn(II) cation
coordinates with nitrogen atoms from ligand L, to form a five-
membered ring, which further extends system conjugatation.
Complexes Zn1 and Hgl have dihedral angles of 9.879(1)° and
15.113(2)°, respectively, between the pyridyl ring and the
phenyl ring (Table S1, Supporting Information), which
indicates that the ligand L; displays better coplanarity in Znl
than Hgl. The distances of Znl—N1 and Znl—N2 are
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2.058(3) and 2.099(3) A, in agreement with the values of a
similar zinc complex.'® The distance of Zn1—CI2 (2.216(1) A)
is slightly longer than that of Zn1—CI1 (2.202(1) A). The
detailed bond distances and angles are listed in Table S2,
Supporting Information. In complex Znl, the independent
units are linked through C6—H6A---Cl1 hydrogen bonds' to
generate a one-dimensional double chains (Figure S1Sb,
Supporting Information). There are two-dimensional layers in
the ac plane interconnected by C3—H3A:--CI2 hydrogen bonds
(Figure S1Sc, Supporting Information). As shown in Figure 1b,
the two-dimensional layers are further linked by C10—HI10A
CI2 hydrogen bonds, resulting in construction of a three-
dimensional supramolecular network. Three additional inter-
molecular 77 interactions with separations of about 3.638,
3.753, and 3.79S A (Figure S15d, Supporting Information) also
provide further stabilization. The detailed data of the
noncovalent bond interactions (C—H--Cl and z--x) for all
complexes are listed in Tables S3 and S4, Supporting
Information, respectively. The final supramolecular architecture
can be simplified into a three-dimensional topology structure
(Figure S16, Supporting Information) under the circumstance
of the mononuclear unit viewed as the node and the C—H:--Cl
hydrogen bonds as linkers.*’

In addition, the structure of Hgl is shown in Figure S17a,
Supporting Information. Although complexes Zn1 and Hgl are
isostructural, due to the coordination of the different center
metals to the ligand L;, their supramolecular structures are
obviously different. In Hgl, the 7---7 stacking interactions play
key roles to form the three-dimensional structures. As shown in
Figure 1c, a 3D network can be constructed by interlayer
ﬂpyridyl"'”pyridyl (3596 A) and ”phenyl."”phenyl (3701 A) stackjng
interactions. The overall topology of Hgl is illustrated in Figure
S17b, Supporting Information.

Structural Description of [ZnL,Cl,] (Zn2) and [HgL,Cl,]
(Hg2). Crystal refinement data of complex Zn2 implied that it
belongs to a triclinic system, P1 space group. The asymmetric
unit consists of three crystallographically and conformationally
independent molecules as shown in Figure 2a. In Zn2 all three

Figure 2. (a) Crystal structure of Zn2 (hydrogen atoms are omitted
for clarity). Thermal ellipsoid is drawn at 50% probability. (b) The 2D
layer structure of Zn2. Dotted lines represent the C—H---Cl and 7---7
interactions.
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zinc atoms are bonded to six nitrogen atoms with similar
distances varying from 2.031(7) to 2.164(7) A (Table SS,
Supporting Information). The bond angles around the Zn(II)
ion are in the range of 79.2(3)—121.8(2)°. The pyridyl ring and
phenyl ring display different torsion angles: 48.341(2)°,
59.240(2)°, and 85.294(2)°. Compared to Zn2, the X-ray
structure of Hg2 consists of one Hg(II) cation, two
coordinated chlorine ions, and one L, ligand, as displayed in
Figure S18, Supporting Information. The bond distances
around Hgl are 2.270(5) (Hgl—Nl), 2.504(5) (HgI—NZ),
2.428(2) (Hgl—Cl1), and 2.382(2) A (Hgl—CI2). Single-
crystal analysis shows that complexes Zn2 and Hg2 are both
two-dimensional layer structures (Figures 2b and S19a,
respectively, Supporting Information) constructed by the C—
H--Cl (Table S3, Supporting Information) and z7@
interactions (Table S4, Supporting Information). Similarly,
the overall topology of Zn2 and Hg2 can be defined as a two-
dimensional layer, as illustrated in Figures S20 and S19b,
Supporting Information, respectively.

Structural Description of L; and [ZnL;Cl,] (Zn3) and
[HgL;Cl,] (Hg3). Reactions of L; with MCl, gave two
isostructural complexes Zn3 and Hg3. Therefore, the crystal
structure of Zn3 is only described in detail. The detailed data of
crystal structure refinement for L;, Zn3, and Hg3 are listed in
Table 1. After recrystallization from methanol, the yellow block
crystals of ligand L; were obtained. The crystal structure of
ligand L; is shown in Figure 3a. The distance between N2 and
C6 is 1.259(3) A, indicating C=N double-bond character.”'
The dihedral angle (64.606°) between pyridine ring and phenyl
ring is deviated from a perpendicular structure due to the steric
hindrance effect. Moreover, the value of the N1-C1-C6—N2
torsion angle is 174.1(2)°. As shown in Figure 3b and 3¢, the
coordination number of M(II) is four with two nitrogen atoms
from ligand L; and two terminal chlorine atoms. Between
pyridine ring and phenyl ring, the dihedral angles are
89.217(1)° (Zn3) and 69.030(1)° (Hg3), which are approx-
imately perpendicular compared with those of complexes Zn1
and Hgl. The order of the dihedral angle is Zn3, Hg3 > Zn2,
Hg2 > Znl, Hgl, and this is because of the biggest steric
hindrance of 2,4,6-(CHj;) substitution. In complexes Zn3 and
Hg3, the average Zn—N linkages (2.085 A) are smaller than the
average Hg—N linkages (2.395 A), which is consistent with
ionic radii. In addition, the N1—-C1—C6—N2 torsion angles are
—0.8(8)° (Zn3) and 0.3(9)° (Hg3), which are largely twisted
compared to that in the free ligand Ly (174.1(2)°), as shown in
Scheme 2. It can be easily explained that through the
coordination interaction the structure becomes more stable.
Although complexes Zn3 and Hg3 are isostructural, their
supramolecular structures are obviously different because of the
different ionic radii of the center metals (Zn(II) and Hg(II)).
The mononuclear molecules of Zn3 and Hg3 are assembled
into a 3D network (Figure S21ab, Supporting Information)
and 1D chain (Figure S22ab, Supporting Information),
respectively, by the intermolecular C—H++Cl and =7
interactions.

Luminescent Properties. It is well known that transition
metal complexes play an increasingly important role in
influencing the intensitz and emission wavelength of ligands
via metal coordination.”” To better understand the luminescent
mechanism in the solid state, the emission spectra (Figure 4) of
L,—L;, Znl-Zn3, and Hgl—Hg3 have been carried out.
Compared with the emission spectra of the ligands (L,, L,, and
L;: 476, 497, and 513 nm), the emissions of Znl—Zn3 and

DOI: 10.1021/acs.inorgchem.5b0066 1
Inorg. Chem. 2015, 54, 7742—7752


http://dx.doi.org/10.1021/acs.inorgchem.5b00661

Inorganic Chemistry

Figure 3. Crystal structure of (a) ligand L, (b) complex Zn3, and (c) complex Hg3. Thermal ellipsoid is drawn at 50% probability.

Scheme 2. Overlay Diagram of the L; Unit in Complexes Zn3 and Hg3
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Figure 4. Emission spectra of L;—L;, Zn1—Zn3, and Hgl—Hg3 in the
solid state upon excitation with 365 nm, and CIE coordinates (M =L,,
Znl, and Hgl; A = L,, Zn2, and Hg2; ® = L,, Zn3, and Hg3).

Hgl—Hg3 are green luminescence (Figure Sa) with maxima at
488, 510, 540, 480, 506, and 537 nm. The luminescent
mechanism of these complexes could be attributed to the
ligand-centered 7*—7 transition.”” This result can be easily
explained as three factors: (i) ZnCl,/HgCl, themselves are
nonluminance; (ii) Zn(1I)/Hg(II) ions could not be oxidized
or reduced due to their d'° configuration, and it is rarely in the
nature of metal—to—ligand charge transfer (MLCT) and
ligand—to—metal charge transfer (LMCT); (iii) the complexes
Zn1—Zn3 and Hgl—Hg3 have similar emission energies to the
corresponding ligand.”* Notably, the emission intensity trend of
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this band for the complexes Znl1—Zn3/Hgl—Hg3 series is in
the sequence of Znl < Zn2 < Zn3, Hgl < Hg2 < Hg3 (similar
to ligands L; < L, < L;). It is fascinating that the number of
methyls is in line with the emission intensity trend, namely, the
methyl as an electron-donating group can induce the emission
of the complex to stronger intensity in the solid state.
Meanwhile, compared with the emission spectra of the ligands,
the complexes show a red-shifted emission with intensities
enhanced dramatically. This may be ascribed to the
coordination of the free ligands L,—L, to Zn(II)/Hg(Il) ions,
which results in enhancing the rigidity of organic molecules and
decreasing the energy loss through vibration motions.”> In
particular, we find that Zn3 possesses the strongest
luminescence intensity among these six complexes (Figure
Sb). This is interpreted as being due to the fact that there exists
large conformational rigidity and electron-donating ability in
Zn3 with a 3D supramolecular architecture.

The maximum emission wavelengths of all complexes are in
the range of 402—425 nm in acetonitrile solution and produce
blue emission (the coordinates of CIE are in the blue region)
(Figure 6). At 298 K, for six solid-state complexes, the
maximum emission peaks are red shifted about 100 nm
compare with those measured those in CH;CN, which could be
in the nature of the noncovalent forces in the solid state. The
large red shift could be beneficial for reducing the energy gap of
HOMO-LUMO and have an effect on the 7*—7 transitions.*’
From the data of quantum yields (Table 2), we can see that the
coordination between the metal M(II) center and the ligand
notably enhances the quantum yields.”” In particular, the
quantum yield of Zn3 (®p = 0.206) is 4.57-fold to L; (®p =
0.045). The quantum yields of Hgl—Hg3 (®f = 0.035—0.051)
are much lower than those of Zn1—Zn3 (@ = 0.082—0.206),
which are caused by the “heavy atom effect”.”® Due to the
special sensitivity to Hg(II) ions with the luminescence
intensity, it inspires us to further explore the valuable

I . 29
application as a luminescent sensor for Hg*".
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Figure 5. (a) Photographs of L,—L,, Zn1—Zn3, and Hgl—Hg3 upon excitation with 365 nm. (b) Plot of the luminescence intensity of six Zn(II)/
Hg(II) complexes (inset graph refers to the substituent group change in aniline).
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Figure 6. Emission spectra of L;—L;, Zn1—Zn3, and Hgl—Hg3 in
acetonitrile solution, and CIE coordinates (Ml = L,, Zn1, and Hgl; A
= L,, Zn2, and Hg2; ® = L;, Zn3, and Hg3).

In addition, the luminescence decay profiles of ligands and
complexes were investigated. As indicated in Table S6,
Supporting Information, the lifetimes of the complexes (r =
7.63—12.62 us for Zn1—Zn3; 7 = 5.16—8.83 us for Hgl—Hg3)
are longer than those of the corresponding ligands L,—L; (7 =
3.90—5.82 us), which proves that coordination between ligand
and mental centers is beneficial for stabilizing the structure.*
The solid-state luminescence lifetimes are much longer than
those in CH;CN, which might be explained by the fact that
there is a less polar nature in the solid-state environment.’'
Meanwhile, the lifetimes of Hgl—Hg3 (5.16—7.99 us in
acetonitrile solution; 7.10—8.83 s in the solid state) are
shorter than those of Zn1—Zn3 (7.63—9.64 us in acetonitrile
solution; 10.78—12.62 us in the solid state) by virtue of the
heavy-atom effect of Hg(II)."'2

Application in Dye-Sensitized Solar Cells. Electro-
chemical Properties. We investigated the UV—vis absorption
spectra of ligands L,—L; along with the Zn(II)/Hg(II)
complexes in ethanol (Figure S23, Supporting Information).
From the UV—vis absorption spectra, it is easy to find that L;,
Zn3, and Hg3 exhibit two energy absorption bands in the range
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Table 2. Luminescent Data for Schiff-Base Ligands L,—L,
and the Corresponding Zn(II)/Hg(II) Complexes

Aem fwhm medium
(nm) (nm) 7 (us) @p? CIE (x,9) (298 K)
L, 3958 114.43 4.26 0.018 0.18, 0.13 CH;CN
476 118.93 5.19 0.27, 0.31 solid
Znl 402 127.79 7.63 0.082 0.19, 0.14 CH;CN
488 104.59 10.78 0.21, 0.32 solid
Hgl 405 174.33 5.16 0.035 0.18, 0.18 CH;CN
480 106.21 7.10 0.26, 0.34 solid
L, 400 178.52 3.90 0.037 0.17, 0.14 CH,;CN
497 153.53 5.61 0.29, 0.35 solid
Zn2 409 116.42 8.35 0.122 0.18, 0.14 CH;CN
510 132.41 11.79 0.28, 0.39 solid
Hg2 412 129.20 5.50 0.041 0.23, 0.22 CH;CN
506 164.21 7.50 0.20, 0.35 solid
L, 415 122.30 5.11 0.045 0.19, 0.18 CH;CN
513 151.85 5.82 0.27, 0.36 solid
Zn3 421 123.65 9.64 0.206 0.18, 0.15 CH;CN
540 113.71 12.62 0.37, 0.53 solid
Hg3 425 75.59 7.99 0.051 0.22, 0.18 CH;CN
537 112.39 8.83 0.37, 0.53 solid

“Measured in CH;CN solutions (~1.0 X 107> M).

of 318—322 and 350—355 nm. Compared with the absorption
spectra of N719 (Figure S24, Supporting Information),
apparently L;, Zn3, and Hg3 could better compensate for the
absorption of N719 in the low-wavelength region of the visible
spectrum.”® Therefore, we first chose Lj;, Zn3, and Hg3 as
cosensitizers to apply in the DSSCs device. From the UV—vis
absorption data (Table 3) we can see that the free ligands L,
and L, exhibit intense absorption bands at 341 (& = 22 581 dm®
mol'em™) and 353 nm (23 847 dm® mol'em™), respec-
tively. The higher molar extinction coefficient indicates that
they possess a better light-harvesting ability in this low-
wavelength region compared with N719.>* Meanwhile, the
ligands have bare nitrogen atoms of pyridine, which could
adsorb at the TiO, surface. Therefore, the ligands L, and L,
also were used as cosensitizers to apply in the DSSCs device.

The HOMO and LUMO energy levels are crucial in selecting
sensitizers for DSSCs, which were determined by cyclic
voltammetry (CV) in a 0.1 M TBAPF,/ethanol solution. The
CV curves of the ligands L;—L; and complexes Zn3 and Hg3
are shown in Figure S25, Supporting Information, and detailed
data are compiled in Table 3. As estimated from the onset
oxidation potentials in the cyclic voltammograms, these
cosensitizers have low-lying highest occupied molecular orbital
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Table 3. Spectral and Electrochemical Properties for Cosensitizers L,—L;, Zn3, and Hg3

cosensitizers Agps(nm) & (dm® mol 'em™")* E,. (V vs. SCE)” Ey_, (eV)© Eyomo (eV)? Eromo (eV)?
L, 341 22 581 0.79 2.87 -5.19 —-2.32
L, 353 23 847 0.71 2.96 —S.11 —-2.15
L; 362 25 424 0.65 2.97 -5.08 —2.08
Zn3 361 21928 0.70 293 —S.10 —2.17
Hg3 356 20423 0.77 2.83 —-5.17 —2.34

“Solvent: EtOH (3 X 10" M). “Values determined by cyclic voltammetry. “Estimated from the intersection
absorption and emission spectra. “The HOMO and LUMO can be calculated to the following equations: —e(E:

+ Ey_o-

wavelengths of the normalized

V + 4.4 V); LUMO (eV) = Egono

onset

(HOMO) levels from —5.19 to —5.05 eV. As shown in Scheme
3, all HOMOs are lower than the redox potential of I"/I;~

Scheme 3. Orbital Energy Levels of Cosensitizers (L;—Ls,
Zn3 and Hg3), TiO,, and Electrolyte I /I~
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Figure 7. -V curves of individually N719, L;, L,, and L; sensitized
cells and cosensitized photoelectrodes cells under irradiance of 100
mW cm™ AM 1.5G sunlight.

(—4.85 €V vs vacuum), indicating the favorable regener-
ation.”>*® As calculated from the intersection of the normalized
absorption and luminescence spectra, the zero—zero excitation
energies (Ey_y) for L,, L,, Ly, Zn3, and Hg3 are 2.87, 2.96,
2.97, 2.93, and 2.83 eV, respectively. The lowest unoccupied
molecular orbital (LUMO) energy levels of Ly, L,, L, Zn3, and
Hg3 calculated from Eygpo + Eg_ are —2.32, —2.15, —2.08,
—2.17, and —2.34 eV, respectively.”” All calculated LUMOs are
higher than the conduction band of TiO, (—4.40 eV vs
vacuum), indicating efficient electron injection. Thus, the
thermodynamic force for electron injection and regeneration of
the photo-oxidized dyes is sufficient.

Photovoltaic Properties of DSSCs. The ligands L,—L;
and complexes Zn3 and Hg3 were assembled into cosensitized
DSSCs devices to study the influence of the electron-donating
group and coordination on the DSSCs performance, and their
respective photovoltaic performance was tested under irradi-
ance of 100 mW cm™> AM 1.5G sunlight. For comparison
purpose, devices sensitized by the free ligands L,—L; were also
assembled under the same experimental conditions. The data of
Jso Voo and FF for these devices are shown in Figure 7 and
compiled in Table 4. The results indicate that the individually
N719-sensitized device achieves a # value of 5.14% (with J
13.26 mA/cm?, V,_ = 0.66 V, and FF = 0.58), while the devices
individually sensitized by L;, L,, and L; were found to show a
low ; value of 0.26% (with J,. = 1.77 mA/cm? V,_ = 0.30 V,
and FF = 0.49), 0.35% (with J,. = 1.97 mA/cm? V,_. = 0.34 V,
and FF = 0.52), and 0.44% (with J,. = 2.22 mA/cm?, V,. = 0.37
V, and FF = 0.53).

However, upon cosensitization, the J. and V. of cells are
higher than those of the individually N719-sensitized device.
The devices based on L,/N719, L,/N719, L;/N719, Zn3/
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Table 4. Data of Photovoltaic Parameters of DSSCs with
Different Photoelectrodes

photoelectrode Joc (mA/cm?) V,. (V) FF n (%)
N719/TiO, 13.26 0.66 0.58 S5.14
L,/TiO, 177 030 049 026
L,/TiO, 197 034 0.52 035
L,/TiO, 222 037 0.53 044
L,/N719/TiO, 16.48 0.70 0.59 6.73
L,/N719/TiO, 17.21 071 0.57 6.96
L;/N719/TiO, 18.18 0.71 0.56 7.25
Zn3/N719/TiO, 17.36 0.69 0.55 6.62
Hg3/N719/TiO, 15.95 0.67 0.53 5.70

N719, and Hg3/N719 yield J,. of 16.48, 17.21, 18.18, 17.36,
and 15.95 mA/cm?, V,_ of 0.70, 0.71, 0.71, 0.69, and 0.67 V,
and FF of 0.59, 0.57, 0.56, 0.5S, and 0.53, respectively.
According to the results (Table 4), it was found that the 7
values of these devices L,/N719, L,/N719, L;/N719, Zn3/
N719, and Hg3/N719 are 6.73%, 6.96%, 7.25%, 6.62%, and
5.70%, respectively, that is, cells individually sensitized by N719
(5.14%) show relatively lower efficiency. On the basis of the
results of the above data, there is a dramatic influence of the
substituent group and coordination on the DSSCs perform-
ance, and the # values increase in the order L;/N719 < L,/
N719 < L;/N719 and Hg3/N719 < Zn3/N719 < L;/N719.
In common with the luminescence properties mentioned
above, the number of electron-donating group methyls is the
key factor for influencing the # values of DSSCs, which
determines related electrochemical properties. The enhance-
ment of the L;/N719 and L,/N719 cosensitized DSSC
performance may be due to the influence of the electron-
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donating group in the ligands (three methyls in L;, one methyl
in L,, no methyl in L;). Notably, a DSSC using L; as
cosensitizer exhibits the highest efficiency (1) of 7.25%, which
is 41% higher than that of the device individually sensitized by
N719. The superior efficiency of the L;/N719 device can be
ascribed to the higher light absorption ability in the visible
range of the light spectrum. One probable explanation is that
introduction of an electron-donating (—CHj;) group into the
structure of the cosensitizers leads to the expansion and breadth
of the absorption band, which is beneficial to improve the
efficiency of devices,”*” that is, introduction of the methyl
group brings about impressive changes (including the longer
wavelength and bigger molar extinction coefficient) in the
absorption spectra, which can further result in the performance
of DSSCs. The aim of using complexes Zn3/Hg3 as
cosensitizers is to study the effect of coordination on the
DSSCs performance. Although the conversion efficiency (1) of
Zn3/N719 and Hg3/N719 is lower than that of L3/N719, it is
still higher than that individually sensitized by N719. This may
be due to the coordination of the metal and nitrogen that
weakens the adsorption on the TiO, surface. Therefore, as a
new type of cosensitizers, there are still many challenges to
obtaining outstanding high conversion efficiency, especially the
absorption spectra of the complexes lying at 300—450 nm.
The enhanced J. values will be discussed in conjunction with
the incident photon-to-current electron conversion efficiency
(IPCE) spectra in Figure 8, which are related by the equation

—— N719/TiO:
LiN719/TiO:
La/N719/TiO:
Ly/N719/TiO:
Zn3/N719/TiO:
Hg3/N719/TiO:

IPCE/%

0
300 400 500 600 700 800
Wavelength/nm

Figure 8. IPCE spectra for fabricated DSSCs with individually N719
sensitized and cosensitized with L,/N719, L,/N719, L;/N719, Zn3/
N719, and Hg3/N719.

Je =/ e¢Ph_AMl_5G(/1)d/1.4O The cell individually sensitized by
N719 has a 300—750 nm broad IPCE spectrum, but in the
wavelength range of 300—450 nm the intensity decreases.
When the ligands L;—L; and complexes Zn3/Hg3 are used as
cosensitizer, this decrease is efficiently inhibited as well as the
IPCE spectra are enhanced in the visible region. These results
can be attributed to the cosensitizers being absorbed on the
TiO, surface effectively, which is beneficial for electron
injection into the CB of the TiO,. In other words, the
cosensitization of N719 with the ligands L;—L; and complexes
Zn3/Hg3 has a significant synergistic impact on light
harvesting, electron collection, and electron injection on
TiO,. Taking the IPCE spectra as well as the absorption
spectra into consideration, the better ], value of the cell with
cosensitization is basically attributed to better light harvesting
in the visible region, compensating for the absorption of N719.

Electrochemical impedance spectroscopy (EIS) was carried
out to elucidate the interfacial charge transfer process."’ The
EIS plots (Figure 9a) displayed two semicircles located in the
high- and medium-frequency regions, a small semicircle can be
assigned to charge transfer at Pt counter electrolyte, while the
large semicircle can be attributed to the TiO,/dye/electrolyte
interface.”” With the same counter electrode and electrolyte,
small circles of devices were almost identical. However, the
large semicircle demonstrates the resistance of the charge
transfer from the TiO, to the electrolyte (R...). Figure 9a shows
that the radius of the large semicircle increased after being
cosensitized with the ligands L;—L; and complexes Zn3/Hg3,
implying more effective suppression of the back reaction
generated from the injected electrons with I;~ from electrolyte,
yielding improvements of the photovoltage and substantially
enhanced device efficiency. Under light illumination, as shown
in Figure 9b, the radius of large- to medium-frequency
semicircles decreases after cosensitization, and the order is
L;/N719 < Zn3/N719 < L,/N719 < L,;/N719 < Hg3/N719 <
N719, which is in accord with the J,.. Meanwhile,
cosensitization not only decreases the electron transfer
impedance but also increases the charge transfer rate of the
interface. A higher charge transfer rate and lower charge
recombination rate are beneficial for better DSSCs perform-
ance.

The devices were studied by the J—V curves in the dark to
investigate the extent of back electron transfer.” Figure 10
shows the dark J—V characteristics of cells, which shows that
cosensitized DSSCs in the dark display lower photocurrent
compared with that of individual N719-sensitized DSSCs.
According to the result of the enhanced onset potential and the
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Figure 9. Nyquist plots of cells measured (a) in the dark and (b) under illumination.
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Figure 10. J—V curves of cells measured in the dark.

declined dark current, the electron back reaction with I;~ was
successfully suppressed in the electrolyte by forming a compact
layer with N719 through cosensitizing the ligands L;—L; and
complexes Zn3/Hg3. It is a vital element to reduce the current
leakage in DSSC and enhance its efficiency. At the same time,
the declined dark current caused an increase of V,, which
supports the results of EIS under dark conditions.

B CONCLUSION

In summary, six transition metal Zn(II)/Hg(II) complexes with
(E)-N-(6-methoxypyridin-2-yl) (CH=NAr) (Ar = C¢H,, Ly; 2-
MeCH,, L,; 2,4,6-Me;CH,, Ly) ligands were synthesized.
Crystal structure analysis reveals that these mononuclear
complexes can aggregate into different dimensional supra-
molecular structures (1D for Hg3; 2D for Zn2, Hg2; 3D for
Znl, Hgl, and Zn3) through noncovalent bond interactions.
Upon irradiation with UV light, the emission of complexes
Znl1—Zn3 and Hgl—Hg3 could be finely tuned from green
(480—540 nm) in the solid state to blue (402—425 nm) in
acetonitrile solution. In addition, the emission intensities and
maximum wavelengths could be fine tuned by varying the
center metals or substituents on the ligands. DSSCs that
employ L;—L; and complexes Zn3/Hg3 as cosensitizers show
that the performance of N719-sensitized solar cells is
significantly enhanced. Among these cosensitized DSSCs, the
L;/N719 device demonstrated the best overall conversion
efficiency of 7.25% with a higher J,. of 18.18 mA/cm? much
higher by ca. 41% than that of an individual N719-sensitized
device (5.14%). These results provide beneficial information for
designing and synthesizing cosensitizers as well as improving
the efficiency of DSSCs. Nevertheless, further investigation
toward this aspect is underway.

B EXPERIMENTAL SECTION

Chemicals and Solvents. All starting materials such as anilne
derivants (aniline, 2-methylaniline, and 2,4,6-trimethylaniline), 6-
methoxy-2-pyridinecarboxaldehyde, and metal salts (ZnCl,/HgCl,)
were obtained from commercial sources. The solvents like methanol,
acetonitrile, and dichloromethane were reagent grade and dried before
using.

Instrumentation. Elemental analyses were carried out on a Perkin-
Elmer 2400 automatic analyzer. FT-IR spectral data (4000—400 cm™")
were collected by a Nicolet impact 410 FT-IR spectrometer. 'H NMR
spectra were obtained using a Bruker Avance-400 MHz spectrometer
with Si(CH;), as internal standard. A THERMO Finnigan LCQ
Advantage Max ion trap mass spectrometer was used to collect ESI-
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MS spectra. A Perkin-Elmer Lambda 35 spectrometer was used to
measure the UV—vis absorption spectra of ligands and complexes. The
emission luminescence and lifetime properties were recorded with an
Edinburgh FLS 920 fluorescence spectrometer. Cyclic voltammetry
was performed on a CHI660d electrochemical workstation (Shanghai,
China). All samples were dissolved in 10 mL of EtOH containing 0.1
M teterabutylammonium hexafluorophosphate (TBAPF;) as the
supporting electrolyte.

Synthesis. General Procedure for (E)-N-(6-Methoxypyridin-2-
ylmethylene)arylamine Ligands (L;—Ls). Ligands L,—L; were
prepared by analogous methods. A 16.63 mmol amount of 6-
methoxy-2-pyridinecarboxaldehyde (2.0 mL) was added into 1 equiv
of aniline derivativees (aniline (1.53 mL), 2-methylaniline (1.78 mL),
or 2,4,6-trimethylaniline (2.34 mL)) in anhydrous methanol (20 mL).
The resultant solutions were set at reflux for ca. 8—12 h and
subsequently concentrated under reduced pressure to obtain yellow
crude products. L; and L, were yellow oil liquids. After
recrystallization from methanol, yellow block crystals of ligand L,
were obtained.

N-((6-Methoxypyridin-2-yl)methylene)aniline (L;). Yield: 3.25 ¢
(92%). Anal. Caled for L, [C,;H,,N,O (212.25)]: C, 73.56; H, 5.70;
N, 13.20. Found: C, 73.35; H, 5.61; N, 13.55. 'H NMR (CDCl,, 400
MHz, ppm): 8.48 (s, 1H, HC=N), 7.78 (d, 1H, pyridine—Hy), 7.68
(t, 1H, pyridine-H,), 7.42 (d, 1H, pyridine-H,), 6.82—7.39 (m, SH,
phene-H), 4.00 (s, 3H, —OCH3). FT-IR (KBr, cm™): 3386, 3060,
2948, 1629 (s, ve_y), 1589, 1486, 1467, 1430, 1413, 1334, 1267,
1205, 1145, 1074, 1031, 987, 908, 860, 804, 755, 730, 694, 647, 605,
545, 528, 458. ESI-MS: m/z = 213.1 [M + H]".

(E)-2-Methyl-N-((6-methoxypyridin-2-yl)methylene)aniline (L,).
Yield: 3.34 g (89%). Anal. Calcd for L, [C,H,,N,0 (226.28)]: C,
74.31; H, 6.24; N, 12.38. Found: C, 74.45; H, 6.35; N, 12.23. '"H NMR
(CDCl,, 400 MHz, ppm): 837 (s, 1H, HC=N), 7.84 (d, 1H,
pyridine-Hs), 7.68 (t, 1H, pyridine-H,), 7.24 (d, 1H, pyridine-H;),
6.81=722 (m, 4H, phene-H), 4.00 (s, 3H, —OCH,), 2.38 (s, 3H,
—CH,). FT-IR (KBr, cm™): 3064, 2948, 2856, 1633 (s, vc—y), 1591,
1575, 1484, 1467, 1430, 1322, 1265, 1214, 1187, 1145, 1112, 1074,
1033, 987, 867, 804, 757, 730, 644, 576, 532, 457. ESI-MS: m/z =
2272 [M + HJ".

(E)-2,4,6-Trimethyl-N-((6-methoxypyridin-2-yl)methylene)aniline
(L3). Yield: 2.95 g (70%). Anal. Calcd for Ly [CsHsN,O (254.32)]:
C, 75.56; H, 7.13; N, 11.01. Found: C, 75.68; H, 7.05; N, 11.22. 'H
NMR (CDCly, 400 MHz, ppm): 8.20 (s, 1H, HC=N), 7.86 (d, 1H,
pyridine-Hs), 7.70 (t, 1H, pyridine-H,), 6.89 (s, 2H, phene-H), 6.85
(d, 1H, pyridine-H;), 3.98 (s, 3H, —OCH,), 2.13—-2.29 (m, 9H,
—CH,). FT-IR (KBr, cm™): 3432, 3080, 2948, 2857, 1646 (s, ve—x),
1589, 1572, 1466, 1442, 1423, 1384, 1375, 1333, 1321, 1267, 1231,
1205, 1144, 1076, 1034, 986, 974, 860, 839, 816, 807, 733, 651, 629,
576, 505, 494, 46S. ESI-MS: m/z = 2553 [M + H]".

General Procedure for Six Zn(ll)/Hg(ll) Complexes. The complexes
were synthesized by dissolving metal salts ZnCl, (27.3 mg) or HgCl,
(54.3 mg) and 1 mol equiv of the respective Schiff-base ligands in
anhydrous solutions (methanol or acetonitrile or methanol/dichloro-
methane). The yellow solutions were refluxed for 12 h and
subsequently filtered. X-ray quality single crystals of six Zn(II)/Hg(II)
complexes were grown from slow evaporation of their solutions
(Scheme 1).

ZnL,Cl, (Zn1). Yield: 453 mg (65%). Anal. Calcd for Znl
[C3H,CLN,0Zn (348.54)]: C, 44.80; H, 3.47; N, 8.04. Found: C,
44.94; H, 3.35; N, 7.98. '"H NMR (CDCl,, 400 MHz, ppm): 8.64 (s,
1H, HC=N), 8.14 (t, 1H, pyridine-H;), 7.80 (d, 1H, pyridine-H,),
7.78 (d, 1H, pyridine-H;), 7.24—7.54 (m, SH, phene-H), 4.27 (s, 3H,
—OCHj;). FT-IR (KBr, cm™): 3435, 3081, 2981, 2874, 1620 (w,
Veen), 1595, 1569, 1478, 1428, 1374, 1298, 1237, 1173, 1099, 1016,
961, 910, 869, 803, 769, 737, 684, 665, 641, 599, 549, 518, 478. ESI-
MS: m/z = 313.1 [M — CI]".

HglL,Cl, (Hg1). Yield: $9.0 mg (61%). Anal. Calcd for Hgl
[C3H,,CLN,OHg (483.74)]: C, 32.28; H, 2.50; N, 5.79. Found: C,
32.07; H, 2.66; N, 5.83. '"H NMR (CDCl;, 400 MHz, ppm): 8.59 (s,
1H, HC=N), 7.85 (t, 1H, pyridine-H;), 7.65 (d, 1H, pyridine-H,),
7.44 (d, 1H, pyridine-H;), 6.96—7.43 (m, SH, phene-H), 4.07 (s, 3H,
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—OCHj,). FT-IR (KBr, cm™): 3435, 3062, 2955, 2869, 1628 (w,
Vcn), 1586, 1570, 1474, 1425, 1373, 1299, 1237, 1176, 1096, 1004,
954, 861, 817, 772, 742, 685, 590, 546, 517, 469. ESI-MS: m/z = 449.1
M — CI]*.

ZnL,Cl, (Zn2). Yield: 42.1 mg (58%). Anal. Caled for Zn2
[C,H,,CLN,0Zn (362.56)]: C, 46.38; H, 3.89; N, 7.73. Found: C,
46.54; H, 3.97; N, 7.50. '"H NMR (CDCl;, 400 MHz, ppm): 8.37 (s,
1H, HC=N), 8.16 (t, 1H, pyridine-H;), 7.80 (d, 1H, pyridine-H,),
7.53 (d, 1H, pyridine-H;), 6.97—7.27 (m, 4H, phene-H), 4.27 (s, 3H,
—OCHj), 2.48 (s, 3H, —CHj,). FT-IR (KBr, cm™): 3434, 3079, 2985,
2857, 1630 (m, ve_y), 1600, 1580, 1481, 1428, 1372, 1303, 1234,
1211, 1187, 1175, 1116, 1099, 1088, 1040, 1016, 993, 964, 877, 866,
811,795, 770, 740, 719, 664, 604, 579, 541, 507, 480, 456. ESI-MS: m/
z =2272 [M — Zn—2Cl]*".

HglL,Cl, (Hg2). Yield: 53.8 mg (54%). Anal. Caled for Hg2
[C\,H,CL,N,OHg (497.76)]: C, 33.78; H, 2.84; N, 5.63. Found: C,
33.96; H, 2.57; N, 5.51. 'H NMR (CDCl;, 400 MHz, ppm): 8.48 (s,
1H, HC=N), 7.97 (t, 1H, pyridine-H;), 7.73 (t, 1H, pyridine-H,),
7.58 (d, 1H, pyridine-H;), 6.97—7.10 (m, 4H, phene-H), 4.03 (s, 3H,
—OCHj), 2.43 (s, 3H, —CHj,). FT-IR (KBr, cm™): 3435, 3075, 2943,
2834, 1619 (m, ve_y), 1582, 1571, 1477, 1460, 1424, 1375, 1312,
1297, 1234, 1186, 1177, 1115, 1097, 1034, 1011, 992, 960, 948, 871,
860, 795, 768, 745, 730, 718, 658, 638, 600, 572, 536, 515, 473, 458,
446. ESL-MS: m/z = 499.7 [M + HJ*, 4632 [M — Cl]".

ZnlsCl, (Zn3). Yield: 57.0 mg (73%). Anal. Caled for Zn3
[CHsCLN,0Zn (390.61)]: C, 49.20; H, 4.65; N, 7.17. Found: C,
49.57; H, 4.53; N, 7.38. "H NMR (CDCl;, 400 MHz, ppm): 8.27 (s,
1H, HC=N), 8.15 (d, 1H, pyridine-H;), 7.49 (d, 1H, pyridine-H,),
7.32 (d, 1H, pyridine-H;), 6.93 (s, 2H, phene-H), 429 (s, 3H,
—OCH,), 2.29 (m, 9H, —CH,). FT-IR (KBr, cm™): 3435, 3085, 2944,
2919, 2862, 1637 (m, vc—y), 1598, 1575, 1482, 1431, 1368, 1308,
1296, 1226, 1201, 1178, 1145, 1093, 1039, 1014, 977, 950, 895, 856,
806, 749, 740, 641, 595, 583, 500, 449. ESI-MS: m/z = 3552 [M —
1), 3183 [M — 2CI]".

Hgl;Cl, (Hg3). Yield: 694 mg (66%). Anal. Caled for Hg3
[C,¢H,sCLN,OHg (525.81)]: C, 36.55; H, 3.45; N, 5.33. Found: C,
36.88; H, 3.38; N, 5.20. '"H NMR (CDCl,, 400 MHz): 8.44 (s, 1H,
HC=N), 8.02 (t, 1H, pyridine-Hs), 7.42 (d, 1H, pyridine-H,), 7.18
(d, 1H, pyridine-H;), 6.92 (s, 2H, phene-H), 4.16 (s, 3H, —OCHj),
224-2.30 (m, 9H, —CH;) ppm. FT-IR (KBr, cm™): 3434, 3085,
2968, 2915, 2861, 1637 (m, ve_y), 1590, 1575, 1474, 1431, 1379,
1367, 1293, 1228, 1199, 1177, 1147, 1085, 1037, 1006, 977, 949, 898,
860, 836, 806, 749, 735, 640, 594, 566, 496, 435. ESI-MS: m/z = 475.2
[M — Cl — CH,]"

Crystallographic Data Collection and Structure Refine-
ments. Suitable crystals of ligand L; and six complexes Znl1—Zn3
and Hgl—Hg3 were selected and mounted on a Rigaku R-AXIS
RAPID IP diffractometer. Diffraction data were collected using
graphite-monochromatized Mo Ka radiation (1 = 0.71073 A). The
structures were solved with direct methods* and refined with full-
matrix least-squares on F”. All hydrogen atoms were constrained in
geometric positions to their parent atoms, and non-hydrogen atoms
were refined anisotropically. The detailed crystal structure refinement
data of L3, Zn1—Zn3, and Hgl—Hg3 are summarized in Table 1. The
CCDC numbers are 1046956, 1046957, 1046958, 1046959, 1046960,
1046961, and 1046962 for Znl, Hgl, Zn2, Hg2, L;, Zn3, and Hg3,
respectively.

Dye-Sensitized Solar Cell Fabrication. TiO, paste was prepared
according to the following procedure. A fluorine-doped tin oxide
(FTO, 15 Q sq™") conductive glass (NSG) was screen printed with a
titania film, which was dried at 100 °C for § min, and this was done six
times. TiO, film was then sintered at 500 °C for 15 min. After cooling
to 80 °C, the photoanodes were stained by immersing them into
ligand (L;—L;) or complex (Zn3 and Hg3) in absolute ethanol
solution (0.3 mM) for 2 h; after this, it was washed with ethanol.
Finally, it was further immersed into N719 in absolute ethanol solution
(0.3 mM) for 14 h, followed by washing with ethanol. The electrolyte
used contained 0.5 M Lil, 0.05 M I,, and 0.1 M tert-butylpyridine in a
1:1 solvent mixture of acetonitrile/propylene carbonate.
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Device Characterization. The current—voltage (J—V) character-
istics of the DSSCs were measured using a Keithley source meter
(model 2400) in the dark and under illumination. The incident light
intensity was 100 mW cm™?, calibrated by a standard silicon solar cell.
During the -V measurement, a 0.16 cm* mask was used to get a
uniform working area for all cells. The incident photon-to-current
conversion efficiency (IPCE) spectra of the DSSCs were measured
using an EQE/IPCE spectral response system (Newport). The
electrochemical impedance spectra, in the dark and under illumination,
were recorded using a CHI660D electrochemical workstation
(Chenhua, China); measurements were taken under standard global
AML.S solar irradiation over a frequency ranging from 0.1 to 10° Hz.
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