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ABSTRACT: Cyanoacrylic and carboxyl groups have been developed as
the most extensively used electron acceptor and anchoring group for the
design of sensitizers for dye-sensitized solar cells. In terms of the
photoelectric conversion efficiency, each of them has been demonstrated to
be superior to the other one in certain cases. Herein, to further understand
the effect of these two groups on cell efficiencies, a series of porphyrin
sensitizers were designed and synthesized, with the acceptors systematically
varied, and the effect of the neighboring ethynylene unit was also
investigated. Compared with the sensitizer XWS which contains a

Red Shift

carboxyphenyl anchoring moiety directly linked to the meso-position of

the porphyrin framework, the separate introduction of a strongly electron-withdrawing cyanoacrylic acid as the anchoring group
or the insertion of an ethynylene unit can achieve broadened light absorption and IPCE response, resulting in higher J,. and
higher efficiency. Thus, compared with the efficiency of 4.77% for XWS$, dyes XW1 and XW6 exhibit higher efficiencies of 7.09%
and 5.92%, respectively. Simultaneous introduction of the cyanoacrylic acid and the ethynylene units into XW?7 can further

broaden light absorption and thus further improve the J,.. However, XW7 exhibits the lowest

V., value, which is not only related

to the floppy structure of the cyanoacrylic group but also related to the aggravated dye aggregation effect due to the extended
framework. As a result, XW7 exhibits a relatively low efficiency of 5.75%. These results indicate that the combination of the
ethynylene and cyanoacrylic groups is an unsuccessful approach. To address this problem, a cyano substituent was introduced to
XWS8 at the ortho position of the carboxyl group in the carboxyphenyl acceptor. Thus, XW8 exhibits the highest efficiency of
7.59% among these dyes. Further cosensitization of XW8 with XS3 dramatically improved the efficiency to 9.31%.
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B INTRODUCTION

With increasing demand for clean and renewable energy,
various approaches for solar energy conversion have been
developed over the past decades. Among them, dye-sensitized
solar cells (DSSCs) have been demonstrated to have the
advantages of relatively low cost, high efficiency, and easy
fabrication. Since first reported by Gritzel and co-workers in
1991," various sensitizers with electron donor—z bridge—
electron acceptor (D—7—A) frameworks have been developed
for fabricating efficient DSSCs.”"*

Porphyrins and porphyrin analogues have been widely used
in the field of functional materials because of their strong
absorption, excellent electronic properties, and easy structural
modification.">™** Especially, D—z—A type zinc porphyrin
sensitizers have been used as efficient sensitizers in the past
decade.”> ™" Up to date, the highest photoelectric conversion
efficiency (PCE) record of ~13% was achieved by a zinc
porphyrin dye SM315.>" Photovoltaic behavior of a zinc
porphyrin sensitizer is highly dependent on the donor and the
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acceptor.””** As an electron donor, carbazole has been widely
used in developing sensitizers.”*™>" In this respect, we have
designed carbazole-based sensitizers XW1—XW4, achieving the
high efficiency of 10.45% through a combined approach of
molecular structure optimization and cosensitization.”” On the
other hand, the carboxylic acid group has been extensively used
as the electron acceptor and the anchoring group.'® To further
enhance the electron-withdrawing character, red-shift the
absorption bands, and improve the electron injection ability,
the cyanoacrylic group was used as the electron acceptor in a
number of sensitizers.”” % In spite of these successful
examples, the floppy structure of the cyanoacrylic group was
also observed to decrease the cell efficiencies in some
cases.”*#*%*! Thus, correlation between the electron acceptor
and the cell efficiency still remains rather elusive. On the other
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Chart 1. Chemical Structures of the Porphyrin Dyes and the Cosensitizer XS3“
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hand, the combination of an ethynylene unit with the acceptor
is also an effective approach for extending the absorption
wavelength range,**™* but this approach further complicates
the acceptor—efficiency correlation.*”*' Hence, further work is
highly desired with the purpose to understand the correlation
and thus provide further insights into developing efficient
sensitizers.

As mentioned above, it has been demonstrated that
cosensitization of two dyes with complementary absorption
spectra is also an effective approach for enhancing the light
harvesting efficiency and thus achieve an PCE higher than both
of the individual dyes.'**”*

On the basis of the aforementioned background and our
previous work on XW1—XW4, we herein report the design and
synthesis of XW1 derivatives, XWS—XW8 (Chart 1). The effect
of the acceptor and the ethynylene unit on the cell efliciency
was systematically investigated. Compared with XWS, separate
incorporation of the cyanoacrylic and acetylene groups in XW6
and XW1 can efficiently red-shift light response of the dyes,
which is favorable for enhancing the sunlight harvesting
efficiency and the cell efficiency. However, concurrence of
these two groups in XW7 caused enhanced charge recombi-
nation rate and drastically decreased V, thus resulting in a
relatively low PCE of 5.75%. In contrast, in XW8, the cyano
group was introduced to the ortho-position of the carboxyl
group in the carboxyphenyl acceptor, and thus the PCE was
improved to 7.59%. Furthermore, a high PCE of 9.31% was
achieved through cosensitization of XW8 and XS3. These
results provide further insights into optimizing the porphyrin
sensitizer structures as well as the cosensitization approach for
developing efficient DSSCs.

B RESULTS AND DISCUSSION

Syntheses and Characterization. As depicted in Scheme
1, intermediate 5> was used to react with 1—4 through Suzuki
or Sonogashira coupling reactions to afford the intermediates
1s—3s and the target molecule XW8. Finally, the target
sensitizers were obtained through hydrolysis or Knoevenagel
condensation reactions. Consequently, dyes XW5—XW8 were
successfully synthesized in acceptable yields and fully
characterized with NMR and HRMS (Figures S1—S11).

Optical Properties. The new porphyrin dyes XW5—XW8
as well as XW1 exhibited typical metalloporphyrin features of
an intense Soret band and moderate Q bands. UV—vis
absorption spectra of all the five dyes are presented in Figure
1. The peak positions and molar absorption coefficients
obtained in THF are listed in Table 1.

It is obvious that the acetylene group can dramatically red
shift the absorption peaks. Take the low-energy peaks, for
example, XW1 and XW7, which exhibit 28 and 32 nm red shift
as compared to XWS and XW8, respectively. In contrast, the
cyanoacrylic group only induces a slight red shift as compared
with the carboxyphenyl group. Thus, XW6 and XW?7 exhibit 5
and 9 nm red shift as compared to XW5 and XW1, respectively.
On the other hand, XW8 contains a cyano group on the
carboxyphenyl moiety at the ortho-position relative to
—COOH, and an ethynylene unit was incorporated between
the carboxy-phenyl moiety and the porphyrin framework.
Because of the extended framework and the strong electron-
withdrawing CN group, its lowest-energy peak is centered at
665 nm, which is red-shifted by 29—66 nm, as compared with
the other four dyes. From the absorption spectra, it can be
concluded that insertion of an acetylene unit and/or
introducing a stronger electron-withdrawing moiety as the
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Scheme 1. Synthetic Route for XW5—-XW8*
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Figure 1. UV—vis adsorption spectra of the dyes in THF solution.

electron acceptor is favorable for extending the absorption and
improving the light harvesting ability. Especially, XW8
demonstrates the most extensive absorption range among
these dyes, which is favorable for harvesting the sunlight.

The photovaoltaic behavior is directly related to the
absorption spectra of the dyes adsorbed on the TiO, film.
Upon adsorption on TiO,, all the dyes showed broadened
Soret and Q bands, which is favorable for absorbing the
sunlight (Figure S12).

Theoretical Calculations. Suitable spatial distributions of
the frontier orbitals are essential for DSSCs. Toward a better
understanding of the frontier molecular orbitals of the
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Table 1. Absorption and Emission Data for the Dyes in THF

emission A,

dyes absorption A, [nm] (¢ [10° M~ em™'])* [nm]“
XW5s 427 (370), 557 (26.0), 599(9.7) 609, 657
XW6 428 (285), 558 (23.8), 604(11.2) 617
XW7 432 (101), 453 (108), 573 (13.1), 636 (26.5) 648
XW8 450 (349), 574 (21.7), 631(47.0) 665 (17.4) 641
XWI1Y 446 (302), 574 (13.6), 627 (30.4) 638

“The absorption and emission data were measured in THF. Excitation
wavelengths/nm: 446 nm (XW1), 427 nm (XWS5), 427 nm (XW6),
453 nm (XW?7), 450 nm (XW8). "The data were reported in our
previous work.

sensitizers, density functional theory (DFT) calculations were
performed, and the corresponding contour plots are illustrated
in Figure 2. For all the dyes, the HOMO orbitals are mainly
distributed over the donor and the porphyrin framework, while
the LUMO orbitals are predominantly distributed over the
porphyrin framework and the acceptor, which can result in
redistribution of the electron from the HOMO to the LUMO
and thus enabling the electron transfer from the donor to the
anchoring group and successive electron injection from the
LUMO to the conduction band of TiO,. In the optimized
molecular structures, the dihedral angles between the porphyrin
cores and the anchoring phenylene groups are quite different.
Without an ethynylene linker, the molecules are highly
distorted, with large dihedral angles of 66.0° and 62.7° for
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Figure 2. Frontier molecular orbital profiles of the dyes calculated by DFT.

XWS and XWB6, respectively. In contrast, XW7 and XWS8, as
well as XW1, exhibit very small angles of nearly 0°, indicating
that the presence of the ethynylene unit can significantly
improve the planarity and 7-conjugation, which is consistent
with the observation of red-shifted absorption peaks, as
compared with XWS5 and XW6. It is noteworthy that the
LUMOs of XW6—XW8 are much more delocalized than that of
XWS, indicative of the strong ICT character caused by the
presence of the electron-withdrawing CN group. Time-
dependent DFT calculations show that both the maximum
absorption wavelengths and the corresponding oscillator
strengths follow the order XW7 > XW8 > XW1 > XW6 >
XWS (Table S1, Figures S13—14). It is clear that XWS is not an
ideal sensitizer due to its highly localized excitation at the
porphyrin core. Although the HOMO and LUMO of XW6
indicate large charge-transfer excitation, the lowest excited state
of XW6 contains mixed electronic transitions from several
frontier molecular orbitals, such that the maximum absorption
wavelength is shorter than those of XW7 and XWS8. The
computational results are in accordance with the experimentally
measured short-circuit current and photovoltaic efficiency
except for XW7, and XW8 exhibits the best performance
among all the investigated sensitizers (vide infra).

Electrochemical Properties. Electrochemical properties of
the dyes could illustrate the possibility of electron transfer
processes. Thus, cyclic voltammetry measurements were
performed (Table 2 and Figures S15—S16).

HOMO levels of XW5—XWS8 are 0.70, 0.79, 0.84, and 0.87
V, respectively, and the LUMO levels are estimated to be
—1.51, —=1.32, —1.13, and —1.13 V, respectively. Obviously, the

Table 2. Absorption and Emission Data for the Dyes in THF

HOMO [V]* Ey_, [eV]® LUMO [V]¢
XWS 0.70 221 —1.51
XW6 0.79 211 132
XW7 0.84 1.97 -1.13
XW8 0.87 2.00 -1.13
XW1 0.87 1.96 —-1.09

“HOMO levels were measured in acetonitrile with 0.1 M tetra-n-
butylammonium hexafluorophosphate (TBAPF) as electrolyte (work-
ing electrode: FTO/TiO,/dye; reference electrode: SCE; calibrated
with ferrocene/ferrocenium (Fc/Fc') as an external reference.
Counter electrode: Pt. °E,_, was estimated from the intersection
wavelengths of the normalized UV—visible absorption and the
fluorescence spectra. “The LUMO was calculated using the equation
LUMO = HOMO — E,_,.
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LUMO levels of all the dyes lie well above the conduction band
of TiO, (—0.5 V vs NHE). Meanwhile, the HOMO levels lie
below the iodide/triiodide redox potential (0.4 V vs NHE),
indicating that both the electron injection and dye regeneration
processes are feasible.”> XW7 and XWS8, as well as XW1, exhibit
narrower HOMO—LUMO energy gaps and relatively positive
LUMO orbitals relative to those for XW5 and XW6, resulting
from the presence of an additional ethynylene bridge, which is
also consistent with the red shift of the absorption bands.

Photovoltaic Performance of DSSCs. On the basis of the
above-mentioned results, the dyes were used for fabrication of
DSSCs, and the corresponding photovoltaic parameters are
summarized in Table 3. The photocurrent—voltage curves and
the incident photon-to-current conversion efficiency (IPCE)
action spectra are shown in Figure 3.

Table 3. Summary of DSSC Performance Parameters for
Dyes and Cosensitization

dyes Jic [mA cm™2] V,. [mV] FF PCE [%]
XW1 14.36 713 0.69 7.09
XWS 10.65 648 0.69 4.77
XW6 12.19 689 0.70 592
XW7 13.10 610 0.72 575
XW8 15.72 700 0.69 7.59
XS3 15.69 739 0.69 7.94
XW1+XS3° 17.17 723 0.70 8.75
XW8+XS3” 1823 705 0.73 931
xwi1? 14.99 716 0.66 7.13
xs3” 1573 748 0.68 8.02

“The cosensitization was performed through an optimized stepwise
approach: the TiO, electrode was first dipped in 0.2 mM of the
porphyrin dye in toluene/ethanol (v/v, 1/4) for 10 h, rinsed with
ethanol, and then immersed in a 0.3 mM solution of XS3 in
chloroform/ethanol (v/v, 3/7) for 1 h. YThe data were reported in our
previous studies.””*®

The obtained power conversion efficiencies (PCEs) lie in the
range of 4.77%—7.59% in the order of XW5 < XW7 < XW6 <
XW1 < XWS8, indicative of the significant influences of the
ethynylene unit and the anchoring groups on the photovoltaic
performances of the DSSCs. As observed from Figure 3(a), the
bandwidths of the IPCE spectra were observed to be increased
in the order of XWS§ < XW6 < XW1 < XW7 < XWS8, which is
consistent with the corresponding absorption spectra. However,
the short-circuit current density (J,.) values exhibit a slightly
different order of XW5 < XW6 < XW7 < XW1 < XW8, where
the J,. for XW7 is lower than that of XW1. This observation
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Figure 3. (a) IPCE action spectra for the DSSCs based on XW5—XW8 and XW1. (b) J—V characteristics of the DSSCs.
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Figure 4. Chemical capacitance C, (a), electron lifetime 7 (b), and interfacial charge transfer resistance Ry (c) of the cells based on XWS—XW8 and

XW1 as a function of bias voltage.

might be ascribed to the lower IPCE values of XW7 than those
of XW1 in large wavelength ranges of 300—460 nm and 530—
640 nm.

Open-circuit voltage (V) is also an essential parameter for
DSSCs. The obtained V,. for XW7 is 610 mV, which is
dramatically lower than that of 713 mV for XWI. This
observation may be ascribed to the floppy structure associated
with the cyanoacrylic acid group.””*****" Actually, among all
these dyes, XW7 exhibited the lowest V. value, which is not
only related to the floppy structure of the cyanoacrylic group
but also related to the aggravated dye aggregation effect due to
the extended framework of coexisting ethynylene and
cyanoacrylic moieties.*”*"*® These results indicate that the
combination of the ethynylene and cyanoacrylic groups turns
out to be an unsuccessful approach. In contrast, in XW8, a
cyano substituent was introduced to the ortho-position of the
carboxyl group in the carboxyphenyl acceptor. Compared with
XW?7, XW8 exhibited much higher V. of 700 mV and a higher
PCE of 7.59%.
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Contrary to the tendency observed for XW7 and XW1, the
cyanoacrylic moiety containing dye XW6 exhibited a higher V.
than the corresponding carboxyphenyl containing dye XWS,
indicating that the relative performance of the carboxyphenyl
and the cyanoacrylic anchoring groups may be dependent on
the presence of the ethynylene moiety; i.e., with a concurrent
ethynylene moiety, the carboxyphenyl moiety tends to afford a
higher V,, and the cyanoacrylic moiety tends to provide a
higher V. in the absence of the ethynylene moiety. To further
understand the discrepant tendency, we continued to check the
electrochemical impedance spectroscopy.

Electrochemical Impedance Spectroscopy. As we
know, the V__ of a DSSC is dependent on the electron quasi-
Fermi-level (E;) in TiO,, which can be inferred from the
chemical capacitance (C,) values. On the other hand, V. is also
related to the electron lifetime. Thus, electrochemical
impedance spectroscopy (EIS) measurements were carried
out at different potential bias. The chemical capacitance (C,),
the interfacial charge transfer resistance (R¢r), and the electron
lifetime (7) were obtained through fitting the EIS spectra.”®
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Figure S. (a) IPCE action spectra and (b) the J—V characteristics of the cosensitized DSSCs.

The plots of C, values shown in Figure 4 demonstrate that the
positions of the conduction band edge of sensitized TiO, are
dependent on the acceptors of the dyes. XW7 and XW8
showed smaller capacitance data than the other dyes, indicating
a negative shift of the conduction band edge.”"””>* As shown
in Figure 4, at a given voltage bias, the fitted Rcr and 7 lie in the
order of XW7 < XWS5 < XW6 < XW8 < XW1, suggesting the
same order of decreasing charge recombination rate and
increasing electron lifetime.”® Among these dyes, the relatively
low C, values observed for XW7 tend to improve the V,, and
the small Ror and 7 values tend to decrease the V.
Coexistence of these conflicting effects finally affords a lowest
V. value for XW7 among all these dyes, and the order for Rcr
and 7 agrees well with that of the V, values, indicating that the
V.. is mainly dependent on the charge recombination process,
instead of the electron quasi-Fermi-level in TiO,.

Photostability. Photostability is essential for real applica-
tions of DSSCs. In order to investigate the effects of different
anchoring groups on the photostability, the dyes were adsorbed
on the TiO, photoanode films and subsequently irradiated
under standard one-sun illumination for 0, 5, 15, and 30 min,
respectively. The recorded UV—vis spectra are shown in Figure
S17. All the dyes show acceptable to excellent photostability.
Notably, XW6 demonstrates much better photostability than
the other dyes, which may be related to the presence of the
cyanoacrylic anchoring group and absence of the ethynylene
unit.

Cosensitization. As mentioned above, XW8 and XW1
exhibit the higher efficiencies among all the dyes. However, it is
also obvious that its IPCE curve exhibits two absorption valleys
around 520 and 380 nm (Figure 3). Fortunately, our previously
reported dye XS83 (Chart 1)* has two absorption peaks exactly
in these two wavelength ranges. Hence, it can be anticipated
that cosensitization of these porphyrin dyes with XS3 may
afford higher efficiencies. Therefore, we fabricated DSSCs
through cosensitization of XW8 and XW1 with XS3 and
checked the photovoltaic behavior (Table 3, Figure S, and
Figure S18). As can be seen from the IPCE curve (Figure Sa),
both absorption valleys of XW8 and XW1 are well filled up.
Thus, for XW8, the IPCE values are higher than 70% in a large
wavelength range of 360—670 nm. As a result, the J. value of
the cosensitized DSSC is dramatically improved to 18.23 mA
cm™?, and the efficiency is enhanced to 9.31%. Similarly, a PCE
of 8.75% was achieved for the cosensitization of XW1 and XS3.

B CONCLUSIONS

In summary, porphyrin sensitizers containing a carbazole
electron donor were designed, synthesized, fully characterized,
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and used for fabricating dye-sensitized solar cells. In these dyes,
the systematically varied acceptors and the neighboring
ethynylene units exhibit a dramatic effect on the photovoltaic
behavior. Compared with sensitizer XWS which contains a
carboxyphenyl anchoring moiety directly linked to the meso-
position of the porphyrin framework, the separate introduction
of a strongly electron-withdrawing cyanoacrylic acid as the
anchoring group or the insertion of an ethynylene unit can
achieve broadened light absorption and IPCE response,
resulting in higher J,. and higher photoelectric conversion
efficiency. Thus, compared with the efficiency of 4.77% for
XWS, dyes XW1 and XW6 exhibit higher efliciencies of 7.09%
and 5.92%, respectively. Simultaneous introduction of the
cyanoacrylic acid and the ethynylene units into XW7 can
further broaden light absorption and thus improve the J. from
that of 12.19 mA cm™2 for XW6 to 13.10 mA cm™2 However,
XW?7 exhibits the lowest V. value, which is not only related to
the floppy structure of the cyanoacrylic group but also related
to the aggravated dye aggregation effect due to the extended
framework. As a result, XW?7 exhibits a relatively low efficiency
of 5.75%. To avoid the drawbacks of the cyanoacrylic group, a
cyano substituent was introduced to XW8 at the ortho-position
of the carboxyl group in the carboxyphenyl acceptor. Thus,
XWS8 exhibits a highest J,. of 15.72 mA cm™?, a high V. of 700
mV, and a highest PCE of 7.59% among all these dyes.
Electrochemical impedance spectroscopy measurements re-
vealed that the V,_ values for these dyes are mainly dependent
on the charge recombination processes, instead of the electron
quasi-Fermi-levels in TiO,. Furthermore, upon cosensitization
of XW8 with XS3, absorption valleys of XW8 are well filled up.
As a result, the ] value and the efliciency were dramatically
improved to 18.23 mA cm™* and 9.31%, respectively.

These results provide further insight into optimizing the
porphyrin sensitizer structures by considering the combined
effect of the acceptor and the neighboring ethynylene unit, and
cosensitization has been demonstrated to be effective for
further improving the cell efficiencies. Investigations on
developing novel porphyrin sensitizers for further efficiency—
structure correlations are underway in our group in the
following respects: excluding the ethynylene unit from XW8
and varying the substitution positions of the carboxyl and the
cyano groups.”

B EXPERIMENTAL SECTION

Reagents and Equipment. All chemicals and solvents were
purchased from commercial sources and used without further
purification unless otherwise noted. The TiO, paste and the
transparent FTO conducting glass (fluorine-doped SnO,, transmission
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>90% in the visible range, sheet resistance 15Q/square) were
purchased from Geao Science and Educational Co. Ltd. Besides, the
FTO glass was washed with a detergent solution, deionized water,
ethanol, and acetone successively under ultrasonication for 20 min
before use. '"H NMR and "*C NMR spectra were obtained using a
Bruker AM 400 spectrometer. HRMS measurements were performed
using a Waters LCT Premier XE spectrometer. UV—vis absorption
spectra in solution and adsorbed on TiO, films were recorded on a
Varian Cary 100 spectrophotometer, and fluorescence spectra were
recorded on a Varian Cray Eclipse fluorescence spectrophotometer.
FT-IR spectra were recorded in the region of 400—4000 cm™ on a
Thermo Electron Avatar 380 FT-IR instrument (KBr Discs).

Synthesis and Characterization of the Dyes. The main
synthetic pathways were presented in Scheme 1. All the four new
dyes were synthesized from the starting compound of porphyrin §,
which was prepared as reported ealier.>’1 and 2 were purchased from
commercial sources and used as received. 3 and 4 were synthesized
according to the reported procedures.**®’

1s: A mixture of porphyrin § (100 mg, 0.063 mmol), 1 (58 mg, 0.32
mmol), Pd(PPh;), (9 mg, 0.008 mmol), Na,CO; (67 mg, 0.63 mmol)
in PhMe (30 mL), and EtOH (6 mL) was refluxed for 5 h under
nitrogen. Then, the solvent was removed in vacuo. The residue was
dissolved in CH,Cl, and washed with water, dried over anhydrous
sodium sulfate, and evaporated to afford the crude product, which was
purified by chromatography on silica gel columns. Recrystallization
from CH,Cl,/CH;O0H gave the target compound (92 mg, yield 89%).
'"H NMR (CDCl,;, 400 MHz, ppm): 0.37—0.52 (m, 24H), 0.62—0.69
(m, 8H), 0.76—0.81 (m, 20H), 0.87—1.16 (m, 40H), 3.83 (t, ] = 6.4
Hz, 8H), 4.01 (s, 3H), 7.00 (d, ] = 8.4 Hz, 4H, phenyl), 7.40 (t, ] = 6.8
Hz, 2H, phenyl), 7.58 (t, ] = 7.2 Hz, 2H, phenyl), 7.69 (t, ] = 8.4 Hz,
2H, phenyl), 7.83 (d, ] = 8.4 Hz, 2H, phenyl), 7.94 (d, ] = 8.4 Hz, 2H,
phenyl), 8.26 (t, J = 7.6 Hz, 2H, phenyl), 8.31 (d, J = 8.0 Hz, 2H,
phenyl), 8.41 (d, ] = 8.0 Hz, 2H, phenyl), 8.45 (d, ] = 8.0 Hz, 2H,
phenyl), 8.80 (d, ] = 4.4 Hz, 2H, pyrrolic), 8.91 (d, ] = 4.8 Hz, 2H,
pyrrolic), 8.96 (d, ] = 4.4 Hz, 2H, pyrrolic), 9.00 (d, ] = 4.8 Hz, 2H,
pyrrolic). ®C NMR (CDCl;, 100 MHz,): § 13.02, 21.56, 24.13, 27.53,
27.65, 28.01, 28.16, 30.76, 48.88, 51.26, 52.37, 67.55, 104.20, 109.00,
102.49, 117.09, 119.41, 123.66, 127.79, 130.23, 133.60, 140.01, 147.59,
149.68, 158.99, 166.53. MALDI-TOE-MS: calcd for C,ogH,3sNsO¢Zn,
1635.95; found, 1636.33.

2s: It was prepared according to the same procedure as that for 1s,
except that 2 (48 mg, 0.32 mmol) was used instead of 1. '"H NMR
(CDCly, 400 MHz, ppm): 0.35—0.43 (m, 8H), 0.49—0.56 (m, 16H),
0.62—0.69 (m, 10H), 0.76—0.81 (m, 20H), 0.87—1.04 (m, 32H),
1.12—1.16 (m, 6H), 3.84 (t, ] = 6.4 Hz, 8H), 7. 00 (t, ] = 8.4 Hz, 4H,
phenyl), 7.40 (t, ] = 7.6 Hz, 2H, phenyl), 7.58 (t, ] = 6.8 Hz, 2H,
phenyl), 7.70 (t, ] = 8.4 Hz, 2H, phenyl), 7.83 (t, ] = 8.4 Hz, 2H,
phenyl), 7.94 (d, ] = 8.4 Hz, 2H, phenyl), 8.25 (t, ] = 4.0 Hz, 2H,
phenyl), 827 (d, ] = 4.0 Hz, 2H, phenyl), 8.41 (d, J = 8.0 Hz, 2H,
phenyl), 8.45 (d, J = 8.0 Hz, 2H, phenyl), 8.79 (d, ] = 4.8 Hz, 2H,
pyrrolic), 8.93 (d, J = 4.4 Hz, 2H, pyrrolic), 8.96 (d, ] = 4.8 Hz, 2H,
pyrrolic), 9.00 (d, J = 4.8 Hz, 2H, pyrrolic), 10.38 (s, 1H). *C NMR
(CDCl,, 100 MHz): § 14.10, 22.63, 25.20, 28.60, 28.72, 29.08, 29.24,
29.33, 29.46, 31.83, 68.61, 105.25, 110.06, 117.69, 120.49, 124.74,
129.77, 131.50, 135.29, 141.06, 148.97, 150.84, 160.04, 192.62.
MALDI-TOF-MS: caled for C,psH;3;NsOsZn, 1605.94; found,
1606.47.

3s: A mixture of the porphyrin 5 (100 mg, 0.063 mmol), 3 (42 mg,
0.32 mmol), Pd(PPh;), (11 mg, 0.01 mmol), Cul (2 mg, 0.01 mmol)
in THF (30 mL), and Et;N (3 mL) was refluxed for S h under
nitrogen. Then, the solvent was removed in vacuo. The residue was
purified by column chromatography on silica gel columns. Yield: 44
mg, 43%. '"H NMR (CDCl,, 400 MHz, ppm): 0.40—0.45 (m, 8H),
0.49-0.57 (m, 15H), 0.61—0.69 (m, 10H), 0.77—0.82 (m, 25H),
0.86—0.92 (m, 10H), 0.96—1.03 (m, 16H), 1.09—1.16 (m, 8H), 3.87
(t, ] = 6.4 Hz, 8H), 7.02 (d, ] = 8.4 Hz, 4H, phenyl), 740 (t, ] = 7.2
Hz, 4H, phenyl), 7.57 (t, ] = 8.0 Hz, 2H, phenyl), 7.72 (t, ] = 8.4 Hz,
2H, phenyl), 7.82 (d, ] = 8.0 Hz, 2H, phenyl), 7.93 (d, J = 8.0 Hz, 4H,
phenyl), 8.03 (d, J = 8.0 Hz, 2H, phenyl), 8.26 (d, ] = 7.6 Hz, 2H,
phenyl), 8.42 (d, ] = 8.4 Hz, 2H, phenyl), 8.88 (d, ] = 4.4 Hz, 2H,

pyrrolic), 8.92 (d, J = 4.4 Hz, 2H, pyrrolic), 8.98 (d, ] = 4.8 Hz, 2H,
pyrrolic), 9.72 (d, J = 4.8 Hz, 2H, pyrrolic), 9.99 (s, 1H). *C NMR
(CDCl,, 100 MHz,): § 13.74, 22.03, 28.17, 28.64, 31.24, 38.98, 39.40,
39.82, 54.15, 67.65, 94.00, 95.78, 98.35, 104.84, 109.67, 114.46,
119.96, 122.98, 129.57, 130.88, 134.70, 140.29, 148.34, 150.52, 159.21,
191.23. HRMS (ESI, m/z): [M + Na]* caled for C,o,H;3,NNaO¢Zn,
1652.9339; found, 1652.9334.

XWS: A mixture of the porphyrin carboxylate 1s (90 mg, 0.055
mmol) and LiOH-H,0 (92 mg, 2.2 mmol) in THF (30 mL) and H,0
(2 mL) was refluxed for 12 h under nitrogen. Then, the reaction
mixture was diluted with CH,Cl, and washed with H,O. The organic
layer was separated and concentrated in vacuo to afford the crude
product, which was purified on a silica gel column to give the product
as a red powder (61 mg, yield 68%). 'H NMR (CDCl;:DMSO-dg =
1:3, 400 MHz, ppm): 0.31—0.37 (m, 8H), 0.56—0.63 (m, 16H), 0.73—
0.78 (m, 20H), 0.86—0.95 (m, 22H), 1.04—1.13 (m, 24H), 1.20—1.27
(m, 2H), 3.83 (t, ] = 7.6 Hz, 8H), 7.05 (d, ] = 8.0 Hz, 4H, phenyl),
7.38 (t, J = 7.6 Hz, 2H, phenyl), 7.37 (t, ] = 7.6 Hz, 2H, phenyl), 7.55
(t, ] = 8.4 Hz, 2H, phenyl), 7.68 (t, ] = 8.4 Hz, 2H, phenyl), 7.81 (d,
= 8.4 Hz, 2H, phenyl), 7.97 (d, ] = 7.6 Hz, 2H, phenyl), 825 (d, ] =
8.0 Hz, 2H, phenyl), 8.33 (t, J = 8.0 Hz, 4H, phenyl), 8.42 (d, J = 8.0
Hz, 2H, phenyl), 8.66 (d, J = 4.0 Hz, 2H, pyrrolic), 8.72 (d, ] = 4.4 Hz,
2H, pyrrolic), 8.77 (d, ] = 4.4 Hz, 2H, pyrrolic), 8.87 (d, ] = 4.8 Hz,
2H, pyrrolic), 13.08 (s, 1H, COOH). °*C NMR (CDCl;:DMSO-dq =
1:2, 100 MHz): 5 13.78, 20.98, 22.02, 24.63, 25.10, 28.10, 28.19, 28.57,
28.63, 28.78, 28.81, 30.30, 31.22, 34.26, 67.00, 104.87, 109.66, 112.97,
117.50, 117.74, 120.01, 120.36, 120.82, 123.00, 124.18, 124.80, 126.00,
127.17, 127.62, 129.51, 129.65, 130.39, 130.68, 131.03, 134.10, 135.48,
136.00, 138.78, 140.29, 142.43, 147.79, 148.22, 148.63, 149.85, 151.41,
159.27, 167.56. HRMS (ESI, m/z): [M + Na]* calcd for
CiosH131NsNaO¢Zn, 1644.9289; found, 1644.9283. IR (KBr pellet,
cm™t): 3447(br), 2923(s), 2852(s), 1692(m), 1589(m), 1514(w),
1497(w), 1454(s), 1363(w), 1335(w), 1315(w), 1248(m), 1203(w),
1170(w), 1101(s), 999(s), 795(m), 769(w), 748(m), 723(m).

XW®6: A mixture of 2s (90 mg, 0.06 mmol) and cyanoacetic acid (26
mg, 0.30 mmol) in acetonitrile (10 mL) was heated to reflux in the
presence of piperidine (1 mL) for 12 h under nitrogen. After cooling,
the mixture was diluted with CH,Cl,, washed with water, dried over
Na,SO,, and evaporated in vacuo. The crude product was purified by
column chromatography on silica gel to give the product. Yield: 44 mg,
47%. "H NMR (CDCl;:DMSO-dg = 1:3, 400 MHz, ppm): 0.42—0.45
(m, 8H), 0.63—0.64 (m, 16H), 0.74—0.84 (m, 22H), 0.90—0.96 (m,
20H), 1.02—1.14 (m, 26H), 3.83 (t, ] = 4.8 Hz, 8H), 7.01 (d, ] = 8.8
Hz, 4H, phenyl), 7.34 (t, ] = 7.2 Hz, 2H, phenyl), 7.37 (t, ] = 7.2 Hz,
2H, phenyl), 7.55 (d, ] = 7.6 Hz, 2H, phenyl), 7.65 (t, ] = 8.0 Hz, 2H,
phenyl), 7.82 (d, ] = 8.4 Hz, 2H, phenyl), 7.95 (d, ] = 8.0 Hz, 2H,
phenyl), 8.27 (d, ] = 8.4 Hz, 2H, phenyl), 8.30—8.36 (m, 4H, phenyl),
8.43 (d, J = 8.0 Hz, 2H, phenyl), 8.50 (s, 1H), 8.75—8.78 (m, 4H,
pyrrolic), 8.81 (d, J = 4.8 Hz, 2H, pyrrolic), 8.89 (d, ] = 4.8 Hz, 2H,
pyrrolic). HRMS (ESI, m/z): [M + Nal]* calcd for
CysH 3, NaNgO4Zn, 1695.9398; found, 1695.9392. IR (KBr pellet,
em™): 3422(br), 2923(s), 2852(s), 2220(w), 1625(w), 1592(m),
1526(w), 1514(w), 1497(w), 1454(s), 1388(m), 1336(m), 1315(w),
1248(m), 1204(w), 1205(m), 1173(w), 1100(s), 999(s), 811(w),
795(m), 749(m), 723(m).

XW7: It was prepared according to the same procedure as that for
XW6, except that 3s (90 mg, 0.06 mmol) was used instead of 2s. Yield:
36 mg, 38%. 'H NMR (CDClL;:DMSO-d; = 1:3, 400 MHz, ppm):
0.41—0.44 (m, 8H), 0.61—0.64 (m, 14H), 0.74—0.81 (m, 22H), 0.92—
1.03 (m, 36H), 1.10—1.13 (m, 8H), 1.24—1.27 (m, 4H), 3.88 (t, ] = S.
6 Hz, 8H), 7.06 (d, ] = 8.4 Hz, 4H, phenyl), 7.38 (t, ] = 7.6 Hz, 2H,
phenyl), 7.56 (t, ] = 8.0 Hz, 2H, phenyl), 7.71 (t, ] = 8.0 Hz, 2H,
phenyl), 7.82 (d, ] = 8.4 Hz, 2H, phenyl), 7.96 (t, ] = 8.0 Hz, 2H,
phenyl), 8.10 (d, ] = 8.4 Hz, 2H, phenyl), 8.13 (s, 1H), 8.17 (d, ] = 7.2
Hz, 2H, phenyl), 8.30 (d, ] = 7.6 Hz, 2H, phenyl), 8.40 (d, ] = 8.0 Hz,
2H, phenyl), 8.73 (d, ] = 4.4 Hz, 2H, pyrrolic), 8.82 (d, J = 4.4 Hz, 4H,
pyrrolic), 9.63 (d, ] = 4.4 Hz, 2H, pyrrolic). HRMS (ESI, m/z): [M +
Na]* caled for C;;oH;3,NgNaOgZn, 1719.9398; found, 1719.9392. IR
(KBr pellet, cm™): 3421(br), 2292(s), 2815(s), 1625(w), 1590(s),
1509(m), 1454(s), 1388(w), 1363(w), 1335(w), 1315(w), 1248(m),
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1230(m), 1206(w), 1185(w), 1000(s), 998(s), 946(w), 837(w),
811(w), 795(m), 770(w), 748(m), 723(m).

XWS8: It was prepared with reference to the procedure reported by
Gritzel and co-workers.*> A mixture of porphyrin § (150 mg, 0.095
mmol), 4 (122 mg, 0.474 mmol), Pd(PPh;), (23 mg, 0.020 mmol),
Cul (4 mg, 0.02 mmol), and K,CO; (29 mg, 0.21 mmol) was put into
a 100 mL Schlenk flask. Later on, piperidine (0.23S, 2.74 mmol), THF
(30 mL), and methanol (5 mL) were added into the flask, and the
reaction mixture was refluxed for 48 h under nitrogen. Then the
mixture was diluted with H,O and CH,Cl,. The organic layer was
separated and subsequently dried over anhydrous Na,SO,. The solvent
was removed, and the residue was purified on a silica gel column to
obtain XW8 as a dark green solid, which was further purified by
recrystallization in CH,Cl, and MeOH. Yield: 39 mg, 18%. 'H NMR
(CDCl,:DMSO-d, = 1:3, 400 MHz, ppm): 0.32—0.35 (m, 8H), 0.44—
0.59 (m, 16H), 0.72—0.78 (m, 20H), 0.86—1.00 (m, 40H), 1.07—1.12
(m, 8H), 3.87 (t, ] = 5.6 Hz, 8H), 7.10 (d, J = 8.4 Hz, 4H, phenyl),
7.39 (t, J = 7.2 Hz, 2H, phenyl), 7.56 (t, ] = 8.0 Hz, 2H, phenyl), 7.73
(t, ] = 8.4 Hz, 2H, phenyl), 7.81 (d, ] = 8.0 Hz, 2H, phenyl), 7.98 (d, ]
= 8.0 Hz, 2H, phenyl), 8.29 (d, J = 7.6 Hz, 2H, phenyl), 8.39 (d, ] =
8.0 Hz, 2H, phenyl), 8.47 (s, 1H, phenyl), 8.70 (d, ] = 4.8 Hz, 2H,
pyrrolic), 8.78 (d, ] = 4.4 Hz, 2H, pyrrolic), 8.81 (d, ] = 4.4 Hz, 2H,
pyrrolic), 9.66 (d, ] = 4.4 Hz, 2H, pyrrolic). HRMS (ESI, m/z): [M +
Na]* caled for CyogH;30NgNaOgZn, 1693.9241; found, 1693.923S. IR
(KBr pellet, cm™): 3446(br), 2923(s), 2852(s), 2185(m), 1695(m),
1593(s), 1525(w), 1507(w), 1455(s), 1379(w), 1336(w), 1249(m),
1207(w), 1101(s), 999(s), 794(m), 749(m), 724(m).

Theoretical Approach. Density functional theory (DFT)
calculations using the hybrid B3LYP functional®"®* and the 6-31G*
basis set® were employed to optimize the ground state geometries of
compounds XW5—XW8. All calculations were performed using the
Gaussian09 program package.®* The Los Alamos effective core
potential basis set (LANL2DZ) is used for the zinc atom.®® Time-
dependent DFT calculations were carried out at the optimized
geometries using the M06 density functional.®

Photovoltaic Device Fabrication. The procedure reported by
Gritzel and co-workers®” was adapted to prepare the TiO, electrodes
and fabricate the sealed cells for photovoltaic measurements. The TiO,
films which were obtained by a screen-printing method with a working
area of 0.12 cm* were used as the photoelectrode. First, a 12 um thick
film of 13 nm sized TiO, particles was printed on the FTO glass. Later
on, the FTO glass coated with TiO, film was kept in a clean box for 5
min, dried at 125 °C for 6 min, and then coated with a 5 um thick
second layer of 400 nm light-scattering anatase particles. Finally, the
electrodes were gradually sintered in a muffle furnace at 275 °C for 5
min, at 325 °C for $ min, at 375 °C for § min, at 450 °C for 15 min,
and at 500 °C for 15 min, respectively. Before use, these films were
immersed into a 40 mM aqueous TiCl, solution at 70 °C for 30 min,
washed with water and ethanol, and then heated again at 450 °C for 30
min, after which the films were immersed into a 0.2 mM solution of
the porphyrin dyes XW5—XW8 and XW1 in a mixture of toluene and
ethanol (volume ratio of 1:4) at room temperature for 10 h. As for
cosensitization,”® these porphyrin-sensitized films were washed with
ethanol, dried in air, and immersed in a solution of X$3 (0.3 mM) in a
mixture of chloroform and ethanol (volume ratio of 3:7) at room
temperature for 1 h. For preparing the Pt counter electrode, the FTO
glass was sputtered with three drops of 0.02 M H,PtCl in 2-propanol
and followed by annealing treatment at 400 °C for 15 min
subsequently, and a hole (diameter of 0.8 mm) was drilled on the
counter electrode. The perforated sheet was cleaned by ultrasound in
ethanol for 10 min. To fabricate the DSSC devices, the dye-covered
TiO, electrode and Pt-counter electrode were tightly clipped together
into a sandwich-type cell and sealed with a hot-melt gasket of 25 pm
thickness made of ionomer Sulyn 1702 (DuPont). The electrolyte
solution L130, which consists of 0.1 M LiI, 0.0S M 12, 0.6 M 1-methyl-
3-propyl-imidazolium iodide (PMII), and 0.5 M 4-tert-butylpyridine
(TBP) in a mixture of acetonitrile and valeronitrile (volume ratio of
85:15), was introduced into the cell through the hole in the back of the
counter electrode. Then the hole was sealed by a UV-melt gum and a
cover glass.

Electrochemistry and Photoelectrochemistry. Cyclic voltam-
metry measurements were conducted in acetonitrile with a scan rate of
100 mV s™' using a Versastat II electrochemical workstation
(Princeton Applied Research), which used 0.1 M TBAPF, (Aldrich)
as the supporting electrolyte, the sensitizer attached to a nanocrystal-
line TiO, film deposited on the conducting FTO glass as the working
electrode, a platinum wire as the counter electrode, and a regular
calomel electrode in saturated KCI solution as the reference electrode.
Photovoltaic properties were measured by employing an AM 1.5 solar
simulator equipped with a 300 W xenon lamp (model no. 91160,
Oriel). The incident light intensity was calibrated to 100 mW cm™>
with a Newport Oriel PV reference cell system (model 91150 V), and
the J—V curves were obtained by applying an external bias to the cell
and measuring the generated photocurrent with a model 2400 source
meter (Keithley Instruments, Inc. USA). The voltage step and delay
time of the photocurrent were 10 mV and 40 ms, respectively. The
incident monochromatic photon-to-electron conversion efficiency
(IPCE) of the solar cells was recorded using a Newport-74125 system
(Newport Instruments), and the intensity of monochromatic light was
measured with a Si detector (Newport-71640). The electrochemical
impedance spectroscopy (EIS) measurements were achieved on a
Zahner IMé6e Impedance Analyzer (ZAHNER-Elektrik GmbH &
CoKG, Kronach, Germany), of which the frequency ranged between
0.1 Hz and 100 kHz, and the alternative signal was 10 mV. The data
were later plotted with ZSimp-Win software.

Stability Study. For photostability study, the absorbance of the
dyes adsorbed on the nanocrystalline films was evaluated for four times
after irradiation for 0, 5, 15, and 30 min, respectively. The irradiation
was performed by visible light (420 nm) from a solar simulator
operating at AM 1.5 (100 mW cm™) with an ultraviolet cutoff filter.
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