Published on 12 April 2023. Downloaded on 3/20/2026 6:11:31 PM.

¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Solar cells sensitized by donor-linked concerted

’ '.) Check for updates ‘
companion dyesf

Cite this: J. Mater. Chem. C, 2023,

11,5450 Jiaxin Luo,’ Yuging Wang,? Shaojin Shi,® Yuankun Wu,® Taochun Ma,? Leyao Wang,®

Glib Baryshnikov, (2 ° Xinyan Wu, 2 *® Chengjie Li 2 ** and Yongshu Xie {2 *

Recently, concerted companion (CC) dyes have been developed by covalently linking the acceptors of
organic and porphyrin dye units. Herein, a new class of CC dyes XW85 and XW86 have been designed by
linking the donors of porphyrin and organic dye units with CgH;> and Cy,H,4 chains, respectively. The DSSCs
of XW85 based on the |s7/I™ electrolyte show significant Jsc (17.20 mA cm™2) and PCE (8.96%), and XW86
exhibits higher Jsc (18.55 mA cm™2) and PCE (9.76%), which are also higher than those of the corresponding
cosensitization systems. However, the PCEs for XW85 and XW86 are lower than that of the acceptor-linked
reference dye XW76 despite the obviously larger dye adsorption amounts. Desorption studies reveal that the
CC dyes may be either double-anchored or single-anchored, with the double/single anchoring ratios lying
in a sequence of XW85 (1.31) < XW86 (1.88) < XW76 (6.34), consistent with that of increasing PCE. These
observations indicate that the non-adsorbed sub-dye unit cannot effectively contribute to electron injection,
and thus relatively large mono-anchoring proportions for XW85 and XW86 result in their relatively low Jsc,
and the difference between XW85 and XW86 indicates that a longer linking chain is beneficial for partially
alleviating the unfavorable single anchoring, resulting in superior performance. The results indicate that the

Received 5th December 2022,
Accepted 27th March 2023

DOI: 10.1039/d2tc05167b photovoltaic behavior for the CC dyes may be further enhanced by avoiding the unfavorable alignment of
the two carboxyl groups in opposite directions and thus simultaneously anchoring the two carboxyl groups,

rsc.li/materials-c which may be realized through more rational molecular design.

Although high power conversion efficiencies (PCEs) have
been achieved for the DSSCs based on porphyrin dyes due to
The conversion and utilization of solar energy have attracted their excellent light-harvesting properties,®>*'%2°2% one of the
extensive attention because of the demand for energy consump-  main drawbacks for porphyrin sensitizers is the weak absorp-
tion, carbon emission reduction, and environmental protection."  tion in the green color region between the Soret and Q bands,
As a representative technique in the field of photoelectric conver-  which limits sunlight harvesting and the PCE.2*"? To address
sion, dye-sensitized solar cells (DSSCs) have been considerably  this problem, a cosensitization strategy has been developed and
developed since the first report by Gratzel and O’Regan in 1991.””  extensively employed by using a porphyrin dye and an organic
As an essential component of DSSCs, light absorbing sensitizers dye with complementary absorption to achieve panchromatic

Introduction

harvest sunlight and transfer the photogenerated electrons into
the semiconductor (TiO,). Various types of sensitizers, such as
ruthenium-based complexes,®’ metal-free organic dyes,®** and
porphyrin dyes,””>' have been designed with the purpose of
improving the photovoltaic performance.*>
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absorption and PCE improvement.**® Despite the success in
this respect, the optimization process of the cosensitization
approach is somewhat complicated and it is challenging to
control the distribution of the two dyes on the semiconductor
interface.®”*® Recently, we have developed a class of concerted
companion (CC) dyes by covalently linking the organic dye and
porphyrin dye units through flexible chains at the acceptor
moieties.”>**™*! For example, XW76 has been constructed by
linking the acceptors of two sub-dye units corresponding to
XW10 and XL3 (Fig. 1a).>**° Notably, these dyes exhibit pan-
chromatic absorption in the visible region, resulting in high
efficiencies and long-term photostability because of the double
anchoring effect.

It has been reported that the capability of suppressing charge
recombination may be improved by linking two branches of

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-0716-3385
https://orcid.org/0000-0002-6942-7067
https://orcid.org/0000-0001-5602-6566
https://orcid.org/0000-0001-8230-7599
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc05167b&domain=pdf&date_stamp=2023-04-11
https://doi.org/10.1039/d2tc05167b
https://doi.org/10.1039/d2tc05167b
https://rsc.li/materials-c
https://doi.org/10.1039/d2tc05167b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011016

Published on 12 April 2023. Downloaded on 3/20/2026 6:11:31 PM.

Paper

Cotis

Cebhis

CgHi30

XW76
(acceptor-linked)

Fig. 1 Molecular structures of dyes (a) XW10,2° XL3, XW76,*° XW85-XW86 and (b) DB-B, DB-D.**

organic dye units at the donor parts, and thus the photovoltaic
performance may be enhanced (Fig. 1b).*>™° Inspired by these
results, the sub-dye units identical to those used for XW76 have
been employed to construct two novel CC dyes XW85 and XW86
by linking the phenothiazine donors with flexible chains of
CeHi, and C,,H,,, respectively (Fig. 1a).

As a result, XW86 exhibits higher incident photon-to-current
conversion efficiency (IPCE) plateau, larger Jsc, and higher
PCEs (9.76% for I; /I and 8.78% for [Co(bpy)s]****) compared
to those of XW85. Notably, the PCE of XW86 is also higher than
those obtained by the cosensitizations of XW10 and XL3.
However, the PCE obtained for XW86 is lower than that of the
reference acceptor-linked CC dye XW76. The desorption beha-
vior measurements have revealed that considerable amounts of
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dyes are singly anchored in the devices of XW85 and XW86,
which lowers the PCE of the cells. Compared with XW85, XW86
with the longer linking chain affords an enhanced double/single
anchoring ratio (1.88 for XW86 vs. 1.31 for XW85), resulting
in superior performance for XW86. The results indicate that the
photovoltaic performance for CC dyes may be further improved
by enhancing the double-anchoring proportion through elabo-
rate molecular design in the future.

Results and discussion
Syntheses of the CC dyes

The synthetic procedures for the donor-linked CC dyes XW85
and XW86 are outlined in Scheme 1. Initially, the Suzuki

O

2a: n=2 (69%)
2b: n=5 (59%)

XWS85 (89%)
XWS86 (85%)

K>2COs, THF, H,O; (ii) AsPhs, Pd,(dba)s,

Pd(PPhz)4, K.CO3, THF, H,O; (v) LIOH-H,0, THF, H,O.
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coupling of diphenothiazine tetrabromides PTZ-a and PTZ-b*’
with 4-(hexyloxy)phenylboronic acid yielded the donor-attached
dibromides 1a and 1b, respectively. Subsequent Pd-catalyzed
Sonogashira coupling reactions with porphyrin alkynyl inter-
mediate ZnP-A"® produced 2a and 2b, respectively. Thereafter,
Pd-catalyzed Miyaura coupling reactions of 2a and 2b with
bis(pinacolato)diboron followed by Suzuki coupling with the
organic dye acceptor unit BT-BTD-A" provided esters 3a and
3b, respectively, and then hydrolysis of the ester groups
afforded XW85 and XW86. The structures of all the synthesized
compounds have been characterized by "H NMR, *C NMR,
mass spectra, IR spectra and melting point (see the Experi-
mental section and the ESIf).

Optical properties

The absorption spectra of the dyes in THF and anchored on
thin TiO, films are presented in Fig. 2, with the corresponding
data summarized in Table S1 (ESIt). Due to the structural
similarity with the reported CC dye XW76, the donor-linked
CC dyes XW85 and XW86 exhibit panchromatic absorption in
the visible region similar to that of XW76."° The similar
absorption characteristics of the three CC dyes indicate that
the linking chain positions and lengths hardly perturb their
light-harvesting capability. Upon anchoring onto the TiO,
films, all the dyes show broadened bands (Fig. 2b), which can
facilitate light-harvesting in the DSSCs.

To explore the possibility of energy transfer between the sub-
dye units of the CC dyes, the emission spectra of the dyes have

35 (a) —— XW85
—— XW86
3.0 ——XL3
—— XW10
= 251 -
z XW76
o
S 2.04
€
g 1.5 4
% 10l
0.5
0.0

350 400 450 500 550 600 650 700
Wavelength (nm)

Normalized absorption

0.0

450 500 550 600 650 700
Wavelength (nm)

Fig. 2 Absorption spectra of the sensitizers (a) in THF, and (b) adsorbed
on TiO; films (2 um).
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been measured. The porphyrin dye XW10 and the organic dye
XL3 exhibit emission at 675 nm and 629 nm, respectively
(Fig. S1a, ESIf), and the CC dyes XW85, XW86, and XW76
demonstrate a strong emission peak at ca. 675 nm corres-
ponding to the porphyrin unit (Fig. S1a and b, ESIt), with the
peak at ca. 629 nm contributed by the organic dye unit
considerably weakened, irrespective of the excitation wave-
length (Fig. Sic, ESIt). These results are indicative of effective
energy transfer from the organic dye unit to the porphyrin unit,
which may partially compensate for the photocurrent loss for
the singly anchored CC dyes via the porphyrin unit (vide infra).

Electrochemical properties

The electrochemical behavior of the CC dyes was investigated
by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) (Fig. S2, ESIt) to estimate the thermodynamic feasibility
of the charge transfer processes. The energy level diagrams for the
sensitizers, electrolyte redox potential, together with the conduc-
tion band edge of TiO, are shown in Fig. 3. The oxidation
potentials (E,y) of XW85 and XW86, corresponding to their high-
est occupied molecular orbital (HOMO) levels, were found to be
0.83 and 0.80 V (vs. NHE), respectively, which are lower than the
I, /" and [Co(bpy)s]*""*" redox potentials (~0.4 V and 0.56 V vs.
NHE, respectively) indicative of enough driving force for the
reduction of the dye cations.”® The optical band gaps (Eo )
of XW85 and XW86 were both estimated to be 1.91 eV from
the intersection of the normalized absorption and fluorescence
spectra in THF. From the difference between the E,, and E.
values, the excited state potentials were calculated to be —1.08 and
—1.11 V (vs. NHE), considerably higher than that of the conduc-
tion band of TiO, (—0.5 V vs. NHE) suggesting that both of the
sensitizers provide sufficient driving force for electron injection.

Photovoltaic performance

To evaluate the photovoltaic behavior of the donor-bridged CC
dyes, the corresponding DSSCs have been fabricated using the
I;7/1" and [Co(bpy);*"'** electrolytes (see the ESIt for details).
The photocurrent density-voltage (/-V) curves (Fig. 4a and c)
and IPCE spectra (Fig. 4b and d) were measured under simu-
lated sunlight (AM 1.5) and the corresponding photovoltaic
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Fig. 3 Energy level diagrams of the sensitizers with respect to the con-
duction band of TiO, and the redox potentials of Is~/I~ and [Co(bpy)s]>*/?*.
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Fig. 4 J-V characteristic curves of the DSSCs using (a) iodine-based and (c) cobalt-based redox mediators, and IPCE spectra of the DSSCs using

(b) iodine-based and (d) cobalt-based redox mediators.

parameters are collected in Table 1. For the DSSCs based on the
I;7/I" electrolyte, XW85 exhibits Vo, Jsc, and PCE of 767 mV,
17.20 mA cm ™, and 8.96%, respectively. Compared with XW85,
XW86 exhibits a slightly decreased Voc (755 mV) but an
elevated Jsc (18.55 mA cm ™ ?), and the resulting PCE (9.76%)
is higher than that of XW85. Compared to the corresponding
component dyes XL3 (PCE of 8.69%)' and XW10 (PCE of
8.6%),”® XW85 and XW86 show moderately improved photo-
voltaic performance. Furthermore, the efficiency achieved for
XW86 is higher than that of 9.28% obtained for the device
cosensitized with XW10 and XL3, which exhibits a considerably
lower Jsc as a result of the considerably lowered adsorption
amount of the porphyrin dye accompanied with the coadsorption
of the organic dye (Table 1 and Table S2, S3, ESIt). Compared with
the iodine-based DSSCs, the devices based on the cobalt electrolyte
exhibit improved Vo attributable to the higher potential of the
cobalt redox mediator.>® Despite the improved Vo, the Jsc values
are considerably lowered because of the mass transport limitation
of the bulky cobalt complex.>" As a result, XW85 and XW86 exhibit
lowered efficiencies of 7.80% and 8.78%, respectively.

As illustrated in Fig. 4b and d, the IPCE spectra of XW85 and
XW86 exhibit a panchromatic response over the visible region,
similar to that of XW76. By integrating the IPCE data, J*°F
values could be obtained, and they were found to be lower than
the corresponding Jsc values obtained from the j-V tests by
0.5%-12.3% (Table 1 and Fig. S4, ESI{). These results may be
rationalized by the fact that the full irradiation applied in the

This journal is © The Royal Society of Chemistry 2023

J-V test generates more heat and electrons, resulting in higher
charge transport and collecting efficiencies, and thus higher
Jsc values were obtained in the J-V tests.>® Compared with the
IPCE of XW85, XW86 presents an elevated plateau, consistent
with its higher Jsc, indicating that the longer linking chain in
XWS86 is favorable for improving the Jsc. Compared with XW85
and XW86, the traditional cosensitization approach affords
inferior IPCE values around the Q-band region of the porphyrin
dyes within 600-750 nm, which may be related to the very
small amount of adsorbed porphyrin dye XW10 (0.42 x
10~ mol em ™2 for I; /I" and 0.2 x 10~ ® mol cm ™2 for Co>"*")
relative to the organic dye XL3 (23.5 x 10 ® mol cm™ 2 for I; /I~
and 17.2 x 10~® mol cm~? for Co*"*") (Table 1). As a resul,
relatively small Jsc values were obtained for the cosensitized
devices. These results indicate that the donor-linked CC dyes
XW85 and XW86 are indeed effective in enhancing the spectral
response and the Jsc of the DSSCs because of their panchromatic
absorption. However, the IPCE plateau and the Jsc for XW85 and
XW86 are still obviously lower than those of the acceptor-linked
CC dye XW76, despite their similar absorption spectra. As a
result, XW85 and XW86 exhibit lowered PCE values relative to
XW76 (Table 1).

Considering that internal factors like electron injection
efficiency (1in;) and dye regeneration efficiency (i) may
induce the difference in the IPCE values between the two types
of CC dyes,”>? time-resolved fluorescence spectra of the dyes
adsorbed on Al,0; and TiO, films were checked to evaluate the

J. Mater. Chem. C, 2023, 11, 5450-5460 | 5453
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Table 1 Photovoltaic parameters of DSSCs under AM1.5 illumination (power, 100 mW cm™2)?

View Article Online

Dyes Electrolyte Voc [MV]  Jsc [mAem 2]  J%°F [mA em™?]°  FF [%] PCE [%)] Dye loading [x 10®* mol ecm™?]
XW85 L7/ 767 £2  17.20 £0.27  15.91 (8.1%) 67.92 £ 0.52 8.96 £ 0.08 12.6

XW86 I/ 755+2  18.55+0.32  16.83 (10.2%) 69.66 £ 0.59 9.76 £ 0.16  11.7

XW10 + XL3”  I;7/1” 794 £4  16.60 £ 0.26 14.78 (12.3%) 70.40 + 0.23  9.28 £ 0.15  0.42 (XW10)/23.5(XL3)
XL3* L7/ 810 +3  16.31 £0.16  14.84 (9.9%) 65.81 £ 0.24 8.69 £0.07  25.0

XW10%° I /1 711+5  17.90 £0.04  16.08 (11.3%) 68.4 + 0.5 8.6 + 0.1 9.4

XW76*° I,/ 765 +5  19.94 +0.18  18.28 (9.1%) 70.70 £ 0.66 10.78 + 0.11 8.2

XW85 [Co(bpy)sP"?* 923 4+2  11.79£0.14  11.72 (0.6%) 71.65 £ 0.55 7.80 £0.12 7.4

XW86 [Co(bpy)sP"** 911 4+2  13.33+£0.29  13.02 (2.4%) 72.29 £ 0.80 8.78 £0.11 6.9

XW10 + XL3”  [Co(bpy)s ™" 951 4+1  11.27+0.15  11.11 (1.4%) 71.59 £ 0.69 7.68 £0.17 0.2 (XW10)/17.2(XL3)
XL3 [Co(bpy)sP"** 9754+1  10.79 £0.11  10.58 (2.0%) 72.10 £1.15 7.59 £0.15 17.6

XW10 [Co(bpy)s*** 891 +2  12.094+0.21  11.91 (1.5%) 72.78 £0.49 7.84 £0.16 5.1

XW76 [Co(bpy)sP"?* 919+2  14.63 £0.22  14.55 (0.5%) 7212 £1.00 9.69 £0.13 4.2

“ The data were collected from three parallel cells (average values and errors). ” The TiO, electrode was dipped in a mixed dye solution (XW10/XL3,
1/2) in a mixture of chloroform and ethanol (1/1, v/v) for 10 h (device M3 in the ESI). ¢ The /" values were obtained by integrating the IPCE
spectra, and the deviations from the corresponding Jsc values obtained from the J-V tests are listed in the parentheses.

electron injection dynamics. Compared to those of the dyes
on Al,O;, the emission for all the dyes on the TiO, films are
strongly quenched, indicating that the electrons in the excited
singlet states of all the adsorbed dyes can effectively inject
into TiO,, showing high #;,; values exceeding 85% (Fig. S5 and
Table S4, ESIf). The transient absorption measurements were
further used to study the regeneration kinetics of the dyes with
inert electrolyte and active redox electrolytes. The decay signals
for the dye-sensitized TiO, films with inert electrolyte originate
from the recombination between the dye cations and the
injected electrons, with the recombination lifetimes (t,.) lying
within 79-99 ps (Fig. S6 and Table S5, ESIT). Upon contact with
the redox electrolytes, the electron transfer from the I~ or Co>*
species to the dye cations accelerates the decay processes,
showing regeneration lifetimes of less than 10 ps and 7.
exceeding 90%. The relatively high #;,; and #yg values for all
the dyes ensure smooth electron injection and dye regeneration
processes. Although 7, and 7., roughly lie in the sequence of
XW85 < XW86 < XW76, identical with that of gradually
improved IPCE and Jsc, the relatively small differences for the
Ninj and 1., values of these dyes cannot fully account for the
considerable IPCE and Js¢ differences. Another possible factor
affecting IPCE and Js¢ is the adsorption amounts of the dyes. In
contrast to the fact that XW85 and XW86 exhibit lowered Jsc
values relative to XW76, the adsorption amounts of XW85 and
XW86 are obviously higher than that of XW76 (Table 1). This
disagreement indicates that the anchoring states for the CC
dyes linked at different positions may be quite different. Hence,
we continued to check their anchoring behavior.

Desorption behavior

The anchoring behavior was explored by checking the dye
desorption processes. Thus, the TiO, films adsorbed with the
dyes were soaked in 0.01 M NaOH solution (THF/H,0), and the
plots of the remaining dye percentages versus the soaking time
are shown in Fig. 5. As a result, XL3 and XW10 are completely
desorbed within 14 minutes, indicating that the desorption
processes are rather fast for the mono-anchored dyes. In
contrast, the desorption behavior of the CC dyes is considerably
different. A fast desorption process in the initial 14 minutes

5454 | J Mater. Chem. C, 2023, 11, 5450-5460

affords 55%, 63% and 84% of the remaining adsorption
amounts for XW85, XW86 and XW76, respectively. Subse-
quently, a much slower desorption process was observed. When
the TiO, films were soaked for a total of 1 h, the remaining
adsorption amounts were found to be 46%, 55%, and 82%,
respectively. The two desorption processes imply that the CC
dyes may adsorb on the TiO, nanoparticles in two distinct
modes, ie., single-anchoring or double-anchoring. Thus, the
single-anchoring mode corresponds to the fast desorption in
the first 14 minutes, while the double-anchoring relates to the
subsequent slow desorption process. Judging from the
desorption ratios, the acceptor-bridged CC dye XW76 exhibits
a higher ratio of double anchoring on TiO,, compared with
those of XW85 and XW86. Thus, the slow desorption process
for each CC dye was linearly fitted and extrapolated to evaluate
the single-anchored dye amount (Fig. S7 and Table S6, ESIt). As
a result, the double/single anchoring ratios were obtained to be
1.31, 1.88 and 6.34 for XW85, XW86 and XW76, respectively.
These data indicate that extending the linking chain between
the donor units is favorable for enhancing the double-
anchoring ratio, and the double/single anchoring ratios for
the donor-linked CC dyes (XW85 and XW86) are considerably
lower than that for the acceptor-linked one (XW76). These

100 -
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X
=
S 60
3
2
B 40+ —a— XW85
O —o— XW86
0 20 —a—XL3
—v— XW10
0. —o— XW76

0 10 2|0 30 40 50 60
Soaking time (min)

Fig. 5 Plots of the decrease in dye adsorption amounts versus the
soaking time in 0.01 M NaOH solution (THF/H,O, 1/1).
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desorption results are consistent with the theoretical calcula-
tions (vide infra).

To further monitor the anchoring states of the dyes, the
ATR-FTIR spectra of the dyes have been collected. All the dyes
show a characteristic C—O stretching band of the carboxyl
group at ~1690 cm ™" (Fig. S8, ESIT). Upon anchoring onto the
TiO, films, this peak disappears for XL3, XW10, and XW76,
while the peak at ~1390 cm ' attributable to symmetric
stretching vibrations (v,m) of COO™ is considerably intensified,
indicating the nearly complete deprotonation and adsorption of
the dyes on the TiO, surface. In contrast, the corresponding
spectra for the adsorbed dyes of XW85 and XW86 still exhibit a
weak peak at 1689 cm™ ', indicating the presence of considerable
amounts of non-adsorbed carboxyl groups, which is consistent
with the existence of mono-anchored dyes as revealed by the
desorption study (vide supra). Similar results have also been
reported for other multi-anchoring dyes.>** In addition, the
desorption processes for the dyes were also monitored by ATR-
FTIR. Unfortunately, no obvious peak could be observed at
~1690 cm ™' corresponding to free carboxyl groups after the
initial fast desorption stage (2 min) for XW85 and XWS86,
although the single-anchored dye has not been completely
desorbed at this stage. This result may be attributed to the
formation of carboxylate salts under strongly basic conditions.
Further prolonged desorption time (14 and 60 min) afforded
similar IR characters.

Accompanying the trend of decreasing double/single
anchoring ratios, decreasing Jsc values were obtained for the
CC dyes XW76, XW86, and XW85, despite the increasing
adsorption amounts (Table 1). These observations indicate that
each singly anchored CC dye molecule may contain a sub-dye
unit hanging away from TiO,, and thus it occupies a smaller
area on the TiO, film. As a result, more dye molecules may be
adsorbed, leading to an increase in the adsorption amounts,
which may partially compensate for the Jsc loss induced by the
single anchoring effect. In addition, the effective energy trans-
fer from the organic dye unit to the porphyrin dye unit may
also partially compensate for the Jsc loss. As a consequence,
the lowered Jsc values obtained for XW85 and XW86 (17.20
and 18.55 mA cm ?) are still comparable to that of XW76
(19.94 mA cm ™ ?) despite the unfavorable single anchoring effect.

Theoretical calculations

To further understand the anchoring behavior of the CC dyes,
theoretical calculations were performed (Fig. S9, ESIT).>**” The
binding energies (Ep.) were calculated by subtracting the energy
of the total system from the sum of the respective energies of
the dye and TiO,: Eye = (Eage + Etio2) — Eaye/tio2- The calculated
Epe values for the double-anchored dyes lie in the order of
XW85 (23.8 kcal mol™") < XW86 (26.0 kcal mol™') < XW76
(38.4 kcal mol ™) (Table S7, ESIt), consistent with the much
stronger adsorption of XW76 than XW85 and XW86 revealed by
the desorption study. Furthermore, the Ej. values for the two
single-anchoring modes of XW85 and XW86 were calculated to
be much smaller, lying within the range of 1.7-11.0 kcal mol %,
implying that the adsorption of the mono-anchored dyes may
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be weaker and easier to desorb from the film, which is fully
consistent with the desorption studies (vide supra). As mentioned
above, the porphyrin dye XW10 adsorbs much less efficiently than
the organic dye XL3 in the cosensitized systems. However, theo-
retical calculations reveal that there is no obvious difference
between their Ey. values, indicating that the preferable adsorption
of XL3 in the cosensitization systems may be related to its smaller
molecular size. In contrast, the single-anchored CC dyes XW85
and XW86 exhibit quite different adsorption behavior. The
adsorption via the porphyrin unit may be preferable, as evidenced
by the higher E,. values (8.9 and 11.0 kcal mol ") relative to
those of adsorption via the organic unit (1.7 and 6.1 keal mol )
(Table S7, ESIt). As a result, the energy transfer from the organic
dye unit to the porphyrin unit may indeed partially compensate
for the Jsc loss induced by the single anchoring of XW85 and
XW86 (vide supra).

Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) data for the
DSSCs were measured in the dark to explore the effect of
electrode interface properties on the Voc. Theoretically, for a
certain redox couple, the Voc is mainly dominated by the
semiconductor conduction band energy level (Ecg) and the free
electron density,51 and the Ecp for TiO, is affected by the
density of states (DOS),*® which is proportional to the capaci-
tance (C,) level. As a result, the DSSCs based on the I;/I"
electrolyte exhibit slightly different DOS values for all the dyes
at a fixed bias voltage (Fig. 6a), indicative of a relatively weak
effect of the conduction band shift on the Vyc. On the other
hand, the free electron density is mainly governed by the charge
recombination resistance (R..) values, which increase in the order
of XW10 (60.0 Q cm?®) < XW86 (81.8 Q cm?) < XW76 (171.6 Q cm?)
< XW85 (199.9 Q cm®) < XW10 + XL3 (698.6 Q cm®) < XL3
(784.1 Q cm?) at the fixed bias voltage of —0.75 V (Fig. 6b), in a
trend the same as that of increasing Vo values. On this basis, the
electron lifetimes (z) were calculated from the equation of 7 = C,, x
Ry and plotted against DOS (Fig. 6¢). At the same DOS, the order of
increasing t values is roughly consistent with those of increasing
R and V¢ values. These results indicate that the densities of the
free electrons in the TiO, films dominate the V¢ of the devices.
Similar EIS properties were also observed for the cobalt-based
DSSCs (Fig. S10 and Table S8, ESIT).

The similar C, values obtained for XW85 and XW86 indicate
that the linking chain lengths only slightly affect the conduc-
tion band positions. On the other hand, ethylene glycol units
can usually trap Li", shift the CB upward and thus enhance the
Voc.> However, XW85 exhibits a C,, close to that of XW76. The
slightly higher Vo obtained for XW85 may be related to the fact
that the adsorption amount for XW85 is obviously higher than
that of XW76 and thus a more compact dye layer is formed for
XW85, which suppresses the charge recombination process as
thus a higher R,.. is observed for XW85. Compared with XW86,
XW85 possesses a shorter linkage and it shows higher R
and Voc values (Table 1), indicating that the presence of a
more non-anchored sub-dye unit may block the penetration of
oxidized species in the electrolyte to approach TiO,, and thus
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Fig. 6 (a) Plots of DOS versus the bias voltages, (b) complex-plane plots at
applied voltage of —0.75V, and (c) = versus DOS of the DSSCs using Iz~ /I~
electrolyte measured in the dark.

suppress charge recombination. Based on the EIS data, the
electron collection efficiencies (1..1) were also calculated, which
lie in the ranges of 85.8-98.1% and 83.8-88.4% for I3 /1™ (Vpjas =
—0.75 V) and Co*""** (Vas = —0.85 V), respectively (Table S8,
ESIT). The lower 7. values obtained for the cobalt electrolyte
are consistent with the lower Jsc and IPCE platforms observed
for the corresponding DSSCs (Fig. 4b and d).

Durability

The PCE of the DSSCs soaked in long-term visible light was
monitored to evaluate the photostability, which is a crucial
factor for practical applications of DSSCs.®® The cells sensitized
by XW85 and XW86 with I3 /I redox shuttle provided PCEs of
8.05% and 8.86% after 500 h of visible light soaking, which are
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Fig. 7 Plots of the changes in the PCEs vs. the illumination time for the
solar cells sensitized by XW85, XW86, XL3, XW10 and XW76, respectively.

89.8% and 90.8% of the initial efficiencies, respectively (Fig. 7),
lying between those of 88.8% and 93.1% observed for XW10
and XW76, respectively. The sequence agrees well with that of
the double/single anchoring ratios, i.e., the singly anchored dye
XW10 exhibits the worst photostability. Whereas, XW85, XW86
and XW76 exhibit increasing photostability with the double/
single anchoring ratios gradually improving from 1.31 to 6.34.
These results indicate that enhancing the double anchoring
proportion will improve the photostability, which is favorable
for real applications.

Conclusions

In summary, two novel CC dyes XW85 and XW86 have been
constructed by linking the donors of two sub-dye units corres-
ponding to XL3 and XW10 with flexible chains of C¢H;, and
C;,H,,4, respectively. Compared to XW85, XW86 exhibits higher
Jsc values of 18.55 and 13.33 mA cm ™2 and PCEs of 9.76% and
8.78% for I, /" and [Co(bpy);]*"'*" electrolytes, respectively,
which are also higher than those of the cosensitized DSSCs
based on XL3 and XW10. However, the PCE of XW86 does not
outperform that of the acceptor-linked reference CC dye XW76.
The desorption study revealed that the CC dyes may adsorb
either in the double anchoring mode or the single anchoring
mode, and the double/single anchoring ratios lie in the increas-
ing sequence of XW85 (1.31) < XW86 (1.88) < XW76 (6.34),
consistent with the sequence of increasing PCE. These results
indicate that the lower photovoltaic performance of XW85 and
XW386 relative to XW76 may be related to the fact that the non-
adsorbed sub-dye unit in the mono-anchored dye molecules may
not effectively contribute to electron injection, and thus large
portions of mono-anchoring observed for XW85 and XW86 result
in their relatively poor Jsc and PCE. Compared with XW85, the
larger double/single anchoring ratio observed for XW86
indicates that elongation of the linking chain is favorable for
double anchoring, leading to an enhanced Jsc of XW86, despite
its smaller adsorption amount than that of XW85.

The adverse single-anchoring problem of the CC dyes
revealed in this work indicates that the photovoltaic behavior
may be further enhanced by addressing this problem through
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more rational molecular design in the future. For example,
both the donors and the acceptors of the respective sub-dye
units may be linked with flexible chains to rule out the
possibility of opposite alignment of the two carboxyl groups
between sub-dye units and thus simultaneously anchor the
carboxyl groups, resulting in enhanced Jsc and PCE.

Experimental
Synthesis of the CC dyes XW85-XW86

Compounds PTZ-a, PTZ-b, BT-BTD-A, and ZnP-A were synthe-
sized according to the literature.””~*° The synthetic routes for
dyes XW85 and XW86 are shown in Scheme 1 with the details
described as follows:

la. To the mixture of PTZ-a (440 mg, 0.55 mmol) and
(4-(hexyloxy)phenyl)boronic acid (307 mg, 1.38 mmol) in THF
(20 mL) were added 2 M K,CO; aqueous solution (1.40 mL,
2.80 mmol) and Pd(PPh;), (32 mg, 0.03 mmol) under a nitrogen
atmosphere. The mixture was refluxed for 18 h, and then a
saturated aqueous solution of ammonium chloride was added
at room temperature. The mixture was extracted with dichlor-
omethane (DCM) (50 mL x 3) and the organic phase was dried
over Na,SO,, filtered, and then concentrated under reduced
pressure. The obtained residue was purified by silica gel
column chromatography with DCM/petroleum ether (1/6, v/v)
as the eluent to give a yellow solid of 1a (100 mg, 19%). "H NMR
(400 MHz, CDCl;, ppm): & 7.41 (d, J = 8.5 Hz, 4H), 7.30 (d, ] =
8.7 Hz, 2H), 7.27 (s, 2H), 7.23-7.19 (m, 4H), 6.95-6.90 (m, 4H),
6.83 (d,J = 8.4 Hz, 2H), 6.66 (d, J = 8.4 Hz, 2H), 3.98 (t,] = 6.6 Hz,
4H), 3.80 (s, 4H), 1.84-1.74 (m, 8H), 1.51-1.42 (m, 8H), 1.38-
1.32 (m, 8H), 0.95-0.87 (m, 6H). **C NMR (151 MHz, CDCl): §
158.54, 144.32, 143.40, 135.57, 132.06, 129.84, 129.65, 127.44,
126.99, 125.57, 125.43, 124.59, 116.45, 115.68, 114.76, 114.35,
68.05, 47.09, 31.57, 29.23, 26.44, 26.25, 25.71, 22.59, 14.03.
HRMS (ESI, m/z): [M + H]" caled for Cs4Hs59Br,N,0,S,,
989.2385; found, 989.2382. FT-IR (ATR, cm™'): 2931 (m), 2855
(m), 1604 (m), 1580 (w), 1518 (w), 1491 (m), 1458 (s), 1393 (s),
1375 (m), 1234 (s), 1187 (m), 1107 (m), 1023 (m), 876 (m), 798
(s), 749 (m), 679 (w), 606 (m). mp 119-121 °C.

1b. The synthetic procedure resembles that for synthesizing
compound 1a except using compound PTZ-b (2.88 g, 3.27 mmol)
instead of PTZ-a. The obtained crude product was purified by
silica gel column chromatography with DCM/petroleum ether
(1/6, v/v) as the eluent to give a yellow viscous liquid of 1b
(600 mg, 17%). "H NMR (400 MHz, CDCl;, ppm): § 7.42 (d, J =
8.5 Hz, 4H), 7.35-7.28 (m, 4H), 7.25-7.18 (m, 4H), 6.95-6.91
(m, 4H), 6.86 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 3.97 (t,] =
6.6 Hz, 4H), 3.80 (s, 4H), 1.84-1.73 (m, 8H), 1.50-1.38 (m, 8H),
1.37-1.31 (m, 8H), 1.29-1.18 (m, 12H), 0.94-0.88 (m, 6H). **C
NMR (151 MHz, CDCl,): § 158.55, 144.32, 143.43, 135.49, 132.11,
129.83, 129.57, 127.43, 126.77, 125.58, 125.37, 124.35, 116.39,
115.61, 114.78, 114.27, 68.07, 47.47, 31.62, 29.48, 29.41, 29.27,
29.17, 26.82, 26.67, 25.75, 22.63, 14.10, 14.08. HRMS (ESI, m/2):
[M + HJ]" caled for CgH;Br,N,0,S,, 1073.3324, found,
1073.3317. FT-IR (ATR, cm '): 2931 (m), 2855 (m), 1605 (m),
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1580 (w), 1518 (w), 1491 (m), 1458 (s), 1393 (s), 1375 (m), 1235 (s),
1186 (m), 1107 (m), 1023 (m), 876 (m), 798 (s), 749 (m), 678 (w),
606 (m).

2a. To the mixture of Pd,(dba); (6 mg, 0.01 mmol), AsPh;
(34 mg, 0.11 mmol), compound 1a (110 mg, 0.11 mmol), and
ZnP-A (80 mg, 0.06 mmol) in THF (12 mL) was added triethy-
lamine (3 mL) under a nitrogen atmosphere. The solution was
refluxed for 18 h. After cooling down to room temperature, the
reaction mixture was concentrated under reduced pressure.
The obtained residue was purified by silica gel column chro-
matography with DCM/petroleum ether (2/3, v/v) as the eluent
to give a dark green solid of 2a (90 mg, 69%). 'H NMR
(400 MHz, CDCl;, ppm): ¢ 9.63 (d, J = 4.6 Hz, 2H), 9.59 (d, J =
4.5 Hz, 2H), 8.88 (d, J = 4.6 Hz, 2H), 8.84 (d, J = 4.5 Hz, 2H),
8.18-8.14 (m, 2H), 8.01-7.97 (m, 2H), 7.77-7.68 (m, 4H), 7.48-
7.44 (m, 2H), 7.38-7.29 (m, 3H), 7.25-7.20 (m, 5H), 7.02 (d, J =
8.4 Hz, 4H), 6.99-6.89 (m, 4H), 6.82 (d, J = 8.5 Hz, 1H), 6.69
(d, J = 9.3 Hz, 1H), 6.43 (d, J = 8.7 Hz, 2H), 4.01-3.94 (m, 7H),
3.90-3.78 (m, 10H), 3.37 (t, J = 6.6 Hz, 2H), 1.93-1.75 (m, 6H),
1.39-1.32 (m, 6H), 1.30-1.23 (m, 16H), 1.19-1.10 (m, 10H), 1.09-
0.83 (m, 52H), 0.70-0.59 (m, 8H), 0.58-0.39 (m, 24H). *C NMR
(151 MHz, CDCL,): § 166.67, 159.93, 158.49, 158.11, 151.65,
151.34, 150.60, 150.48, 144.34, 143.40, 139.60, 135.59, 133.70,
132.15, 132.06, 131.95, 131.63, 131.06, 130.53, 130.17, 129.87,
129.77, 129.69, 129.64, 128.64, 128.44, 127.43, 127.26, 125.66,
125.50, 125.45, 125.41, 124.68, 124.44, 123.98, 123.27, 122.46,
121.91, 121.54, 120.94, 116.45, 115.73, 115.63, 115.31, 115.27,
114.78, 114.75, 114.35, 105.10, 68.58, 68.06, 67.97, 67.92, 64.80,
47.24,47.15, 31.84, 31.61, 31.53, 31.50, 30.21, 30.15, 30.13, 29.95,
29.90, 29.87, 29.87, 29.83, 29.80, 29.49, 29.40, 29.29, 29.25, 29.14,
29.09, 28.98, 28.76, 28.65, 26.54, 26.45, 26.35, 26.28, 26.20, 25.73,
25.57,25.27, 23.27, 22.64, 22.62, 22.56, 16.11, 14.09, 14.06, 14.03.
HRMS (ESI, m/z): [M + H]" caled for Cy4eH;5,BrNgOgS,Zn,
2352.1779, found, 2352.1724. FT-IR (ATR, cm™%): 2920 (s), 2850
(s), 2187 (m), 1720 (m), 1602 (m), 1586 (m), 1518 (W), 1492 (m),
1457 (s), 1392 (m), 1237 (s), 1206 (m), 1099 (s), 995 (m), 876 (w),
795 (m), 714 (m). mp 78-80 °C.

2b. The synthetic procedure resembles that for synthesizing
compound 2a except using compound 1b (200 mg, 0.19 mmol)
instead of 1a. The obtained crude product was purified by silica
gel column chromatography with DCM/petroleum ether (2/3, v/v)
as the eluent to give a dark green solid of 2b (90 mg, 59%).
"H NMR (400 MHz, CDCl;, ppm): J 9.62 (d, J = 4.6 Hz, 4H), 8.89
(d,J = 4.6 Hz, 2H), 8.86 (d, J = 4.6 Hz, 2H), 8.17-8.08 (m, 2H),
7.95 (t, J = 6.2 Hz, 2H), 7.78-7.67 (m, 4H), 7.47 (d, J = 8.7 Hz,
2H), 7.40-7.31 (m, 4H), 7.25-7.16 (m, 4H), 7.02 (d, J = 8.5 Hz,
4H), 6.98 (d, J = 8.4 Hz, 1H), 6.94 (dd, J = 8.6, 2.7 Hz, 3H), 6.81
(dd, J = 8.8, 5.5 Hz, 3H), 6.66 (d, J = 8.5 Hz, 1H), 4.01-3.91 (m,
7H), 3.87 (t, J = 6.5 Hz, 10H), 3.78 (t, J = 7.1 Hz, 2H), 1.96-1.86
(m, 2H), 1.82-1.67 (m, 6H), 1.39-1.21 (m, 22H), 1.21-1.10
(m, 8H), 1.09-0.94 (m, 32H), 0.95-0.83 (m, 12H), 0.83-0.74
(m, 20H), 0.68-0.58 (m, 8H), 0.56-0.36 (m, 24H). *C NMR
(151 MHz, CDCl,): d 166.36, 159.95, 158.36, 158.25, 151.73,
151.41, 150.63, 150.51, 145.01, 144.31, 143.40, 143.18, 135.47,
135.34, 132.15, 132.05, 131.92, 131.76, 130.74, 130.68, 130.00,
129.96, 129.88, 129.81, 129.55, 129.31, 127.32, 127.19, 126.78,

J. Mater. Chem. C, 2023, 11, 5450-5460 | 5457


https://doi.org/10.1039/d2tc05167b

Published on 12 April 2023. Downloaded on 3/20/2026 6:11:31 PM.

Journal of Materials Chemistry C

125.48, 125.34, 125.25, 124.46, 124.37, 124.27, 124.24, 120.83,
116.37, 115.58, 115.54, 115.50, 114.77, 114.68, 114.23, 114.20,
105.16, 68.65, 68.06, 68.00, 47.71, 47.46, 31.86, 31.62, 31.60,
29.56, 29.49, 29.40, 29.29, 29.27, 29.21, 29.15, 29.09, 28.77,
28.67, 26.95, 26.85, 26.82, 26.68, 26.64, 25.73, 25.69, 25.33,
22.66, 22.64, 22.61, 14.12, 14.07. HRMS (ESI, m/2): [M + H]
caled for C;5,H19,BrN¢OgS,Zn, 2436.2718, found, 2436.2712.
FT-IR (ATR, cm%): 2920 (s), 2849 (s), 2187 (m), 1719 (m), 1602
(m), 1586 (m), 1518 (w), 1495 (w), 1456 (s), 1391 (m), 1240 (s),
1206 (m), 1096 (s), 996 (m), 879 (w), 791 (m), 712 (m). mp 66—
68 °C.

3a. To the mixture of compound 2a (71 mg, 0.03 mmol),
bis(pinacolato)diboron (9 mg, 0.04 mmol), and KOAc (15 mg,
0.15 mmol) in 1,4-dioxane (10 mL) was added Pd(PPhs;),Cl,
(5 mg, 0.01 mmol) under a nitrogen atmosphere. The mixture
was refluxed for 18 h, and then a saturated aqueous solution of
ammonium chloride was added to the reaction mixture at room
temperature. The mixture was extracted with DCM (50 mL x 3)
and the organic phase was dried over Na,SO,, filtered, and then
concentrated under reduced pressure. The obtained residue
was purified by flash silica gel column chromatography with
DCM/petroleum ether (2/1, v/v) as the eluent. The obtained
green residue was used for the next reaction without further
characterization. To the mixture of the obtained residue and
BT-BTD-A (24 mg, 0.03 mmol) in THF (10 mL) were added 2 M
K,CO; aqueous solution (0.10 mL, 0.20 mmol) and Pd(PPh;),
(3 mg, 0.003 mmol) under a nitrogen atmosphere. The reaction
was refluxed for 18 h, and then a saturated aqueous solution of
ammonium chloride was added to the reaction mixture at room
temperature. The mixture was extracted with DCM (50 mL x 3)
and the organic phase was dried over Na,SO,, filtered, and then
concentrated under reduced pressure. The obtained residue
was purified by silica gel column chromatography with DCM/
petroleum ether (3/2, v/v) as the eluent to give a brown solid of
3a (25 mg, 29% (two steps)). "H NMR (400 MHz, CDCl;, ppm): §
9.57 (d, J = 4.5 Hz, 2H), 9.51 (d, J = 4.6 Hz, 2H), 8.85 (d, J =
4.6 Hz, 2H), 8.80 (d, J = 4.5 Hz, 2H), 8.14 (d, J = 8.3 Hz, 2H), 8.00
(d, J = 8.3 Hz, 2H), 7.97 (d, J = 8.3 Hz, 2H), 7.74 (d, J = 8.5 Hz,
2H), 7.70 (d, J = 6.4 Hz, 2H), 7.55-7.50 (m, 3H), 7.48-7.43 (m,
2H), 7.40-7.36 (m, 4H), 7.34-7.28 (m, 4H), 7.23 (d, J = 2.1 Hz,
1H), 7.04 (d, J = 8.6 Hz, 5H), 6.97-6.91 (m, 5H), 6.87 (dd, J = 8.5,
6.9 Hz, 2H), 6.61 (d, J = 8.6 Hz, 2H), 3.99-3.94 (m, 12H), 3.90
(t,] = 6.6 Hz, 8H), 3.58 (t,] = 6.6 Hz, 2H), 2.64 (t, J = 7.9 Hz, 4H),
1.95-1.75 (m, 8H), 1.63 (s, 8H), 1.38-1.22 (m, 28H), 1.19-1.11
(m, 8H), 1.09-0.98 (m, 20H), 0.96-0.86 (m, 24H), 0.84-0.75
(m, 20H), 0.72-0.65 (m, 8H), 0.61-0.48 (m, 20H). "*C NMR
(151 MHz, CDCL;): 6 166.68, 166.55, 159.87, 158.49, 151.63,
151.28, 150.47, 150.39, 149.20, 144.92, 143.48, 143.20, 139.33,
139.30, 138.64, 136.04, 135.61, 135.46, 132.28, 132.17, 131.88,
131.57, 131.12, 130.96, 130.87, 130.55, 130.25, 130.13, 130.03,
130.00, 129.96, 129.87, 129.84, 129.79, 129.65, 129.53, 129.48,
129.37, 129.01, 128.79, 128.70, 128.16, 127.72, 127.59, 127.43,
127.25, 125.58, 125.51, 125.43, 125.11, 124.68, 124.64, 124.59,
124.52, 123.87, 120.79, 118.52, 118.31, 115.70, 115.45, 115.33,
115.22, 115.09, 114.79, 114.74, 105.13, 68.65, 68.04, 68.03,
47.23, 31.78, 31.68, 31.62, 31.56, 31.48, 30.89, 30.27, 30.19,
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29.82, 29.76, 29.74, 29.66, 29.52, 29.48, 29.44, 29.42, 29.32,
29.28, 29.21, 29.18, 29.16, 29.13, 29.08, 29.06, 29.01, 28.99,
28.97, 28.95, 28.92, 28.72, 28.63, 27.16, 27.14, 26.23, 26.16,
26.07, 25.70, 25.51, 25.27, 22.65, 22.60, 22.58, 22.53, 14.14,
14.10, 14.08, 14.04, 13.99. MS (MALDI-TOF, m/z): [M]" caled for
C15:H216Ng010S5Zn, 2897.5; found, 2897.2. FT-IR (ATR, cm™ )
2919 (s), 2849 (s), 2188 (m), 1720 (s), 1601 (s), 1586 (s), 1498 (W),
1455 (s), 1392 (m), 1270 (s), 1240 (s), 1205 (m), 1097 (s), 996 (m),
878 (w), 792 (m), 766 (m), 713 (m). mp 85-87 °C.

3b. The synthetic procedure resembles that for synthesizing
compound 3a except using compound 2b (70 mg, 0.03 mmol)
instead of 2a. The obtained crude product was purified by silica
gel column chromatography with DCM/petroleum ether (3/2, v/v)
as the eluent to give a brown solid of 3b (25 mg, 29% (two steps)).
"H NMR (400 MHz, CDCl;, ppm): § 9.62-9.57 (m, 4H), 8.87 (d, ] =
4.6 Hz, 2H), 8.84 (d, J = 4.5 Hz, 2H), 8.15 (d, J = 7.6 Hz, 2H), 7.97
(d,J = 8.2 Hz, 2H), 7.91 (s, 1H), 7.88 (d, J = 4.9 Hz, 2H), 7.76 (s,
1H), 7.73 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 2.4 Hz, 2H), 7.62 (s, 2H),
7.46 (d,J = 8.7 Hz, 2H), 7.42 (d, ] = 8.4 Hz, 2H), 7.38 (d,/ = 8.7 Hz,
2H), 7.38-7.31 (m, 2H), 7.31 (d,J = 2.1 Hz, 1H), 7.30-7.27 (m, 3H),
7.02 (d,J = 8.5 Hz, 4H), 6.93 (d, = 8.5 Hz, 4H), 6.90-6.86 (m, 2H),
6.84 (d, J = 8.8 Hz, 2H), 3.98 (d, J = 2.0 Hz, 3H), 3.96 (d, ] = 6.6 Hz,
2H), 3.91 (s, 5H), 3.90-3.83 (m, 12H), 2.73 (t, ] = 7.7 Hz, 2H), 2.67
(t,J = 7.9 Hz, 2H), 1.93-1.82 (m, 4H), 1.81-1.61 (m, 8H), 1.45-1.39
(m, 4H), 1.38-1.31 (m, 20H), 1.30-1.23 (m, 16H), 1.19-1.11 (m,
8H), 1.08-0.96 (m, 22H), 0.94-0.85 (m, 22H), 0.84-0.77 (m, 20H),
0.68-0.60 (m, 8H), 0.59-0.47 (m, 16H), 0.46-0.38 (m, 8H). *C
NMR (151 MHz, CDCl,): § 166.67, 166.42, 159.91, 159.87, 158.47,
158.35, 152.18, 151.66, 151.36, 150.56, 150.44, 149.45, 144.95,
144.49, 143.39, 143.14, 139.85, 139.51, 138.92, 136.40, 135.47,
135.30, 132.19, 132.15, 131.99, 131.66, 131.06, 130.94, 130.81,
130.78, 130.62, 130.41, 130.26, 129.94, 129.81, 129.64, 129.52,
129.38, 129.27, 129.00, 128.81, 128.45, 128.12, 128.01, 127.84,
127.71, 127.40, 127.31, 126.03, 125.46, 125.42, 125.40, 125.34,
124.63, 124.54, 124.51, 124.36, 124.32, 120.80, 118.77, 118.11,
115.53, 115.45, 115.39, 115.01, 114.97, 114.75, 114.70, 105.16,
101.26, 98.79, 68.62, 68.05, 68.02, 67.98, 47.66, 47.46, 32.03,
31.80, 31.66, 31.62, 31.58, 31.55, 31.47, 31.40, 31.01, 30.97,
30.92, 30.42, 30.36, 30.31, 30.28, 30.22, 30.15, 30.10, 30.03,
29.99, 29.90, 29.89, 29.85, 29.76, 29.74, 29.68, 29.50, 29.43,
29.36, 29.33, 29.31, 29.29, 29.24, 29.21, 29.17, 29.15, 29.07,
29.00, 28.99, 28.70, 28.60, 27.64, 27.18, 27.12, 27.09, 26.90,
26.78, 26.76, 26.68, 26.65, 26.62, 26.56, 26.52, 26.47, 25.71,
25.67, 25.25, 22.64, 22.60, 22.57, 14.12, 14.10, 14.06, 14.01. MS
(MALDI-TOF, m/z): [M]" caled for CygsH,35N5040S5Zn, 2981.5;
found, 2981.4. FT-IR (ATR, cm™%): 2919 (s), 2849 (s), 2188 (m),
1720 (s), 1600 (s), 1586 (s), 1498 (w), 1454 (s), 1392 (m), 1269 (s),
1240 (s), 1205 (m), 1096 (s), 996 (m), 878 (w), 792 (m), 765 (m),
713 (m). mp 76-78 °C.

XW85. Compound 3a (25 mg, 0.01 mmol) and LiOH-H,O
(56 mg, 1.3 mmol) were mixed in a solvent of THF/H,O (10 mL,
4/1, v/v). The mixture was refluxed for 24 h and then cooled
down to room temperature. The reaction mixture was acidified
with 2 M HCl to pH = 1-3 and extracted with DCM (50 mL X 3).
The organic phase was dried over Na,SO,, filtered, and then
concentrated under reduced pressure. The crude product was

This journal is © The Royal Society of Chemistry 2023
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purified by silica gel column chromatography with DCM/
methanol (30/1, v/v) as the eluent to give a brown solid of
XW85 (22 mg, 89%). 'H NMR (400 MHz, DMSO-dg: CDCl; =
2:1(v: v), ppm): & 9.56 — 9.49 (m, 4H), 8.72 (d, J = 4.6 Hz, 2H),
8.69 (d, J = 4.5 Hz, 2H), 8.17 (s, 2H), 8.15 (s, 2H), 8.05 (d, J =
8.4 Hz, 2H), 8.01-7.97 (m, 3H), 7.92 (s, 1H), 7.85 (d, J = 8.0 Hz,
1H), 7.79 (d, J = 7.7 Hz, 1H), 7.76 (d, ] = 8.8 Hz, 1H), 7.71-7.66
(m, 2H), 7.66 (d, J = 1.8 Hz, 1H), 7.57 (d, J = 8.2 Hz, 2H), 7.44
(d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.1 Hz,
1H), 7.30-7.27 (m, 2H), 7.24 (d, J = 8.0 Hz, 1H), 7.21 (d, J =
1.8 Hz, 1H), 7.03 (d, J = 8.5 Hz, 4H), 6.94 (d, J = 8.5 Hz, 2H),
6.90-6.85 (m, 3H), 6.81 (d, J = 8.5 Hz, 2H), 3.91 (t, ] = 6.5 Hz,
4H), 3.83 (t, J = 6.6 Hz, 12H), 2.80-2.75 (m, 2H), 2.71 (t, J =
1.9 Hz, 2H), 1.74-1.64 (m, 8H), 1.44-1.39 (m, 8H), 1.33-1.27
(m, 18H), 1.23-1.18 (m, 12H), 1.16-1.09 (m, 8H), 1.07-1.00
(m, 16H), 0.97-0.91 (m, 14H), 0.90-0.82 (m, 20H), 0.79-0.72
(m, 18H), 0.59-0.50 (m, 14H), 0.40-0.31 (m, 8H). MS (MALDI-
TOF, m/z): [M]" caled for CygoH,1,N5010S5Zn, 2869.4; found,
2869.3. FT-IR (ATR, cm ™ '): 2920 (s), 2848 (s), 2187 (m), 1689 (s),
1585 (s), 1500 (w), 1454 (s), 1390 (m), 1242 (s), 1205 (m), 1095
(s), 997 (m), 879 (w), 791 (m), 768 (m), 710 (m). mp 121-123 °C.

XW86. The synthetic procedure resembles that for synthe-
sizing compound XW85 except using compound 3b (25 mg,
0.01 mmol) instead of 3a. The crude product was purified by
silica gel column chromatography with DCM/methanol (30/1, v/v)
as the eluent to give a brown solid of XW86 (21 mg, 85%).
'H NMR (400 MHz, DMSO-dg: CDCl; = 2:1 (v: v), ppm): 6 9.56—
9.49 (m, 4H), 8.72 (d, J = 4.7 Hz, 2H), 8.69 (d, J = 4.5 Hz, 2H),
8.16 (s, 2H), 8.15 (s, 2H), 8.05 (d, J = 8.4 Hz, 2H), 8.02-7.96 (m,
3H), 7.91 (s, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 7.5 Hz, 1H),
7.75 (d, J = 8.6 Hz, 1H), 7.71-7.66 (m, 2H), 7.66 (d, J = 1.7 Hz,
1H), 7.58 (d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.3 Hz, 2H), 7.37 (d, ] =
8.4 Hz, 2H), 7.33 (d, J = 8.8 Hz, 1H), 7.30-7.26 (m, 2H), 7.24
(d, J = 8.4 Hz, 1H), 7.21 (s, 1H), 7.03 (d, J = 8.5 Hz, 4H), 6.94
(d, J = 8.3 Hz, 2H), 6.88 (d, J = 7.7 Hz, 3H), 6.81 (d, J = 8.4 Hz,
2H), 3.91 (t, J = 6.5 Hz, 4H), 3.84 (t, J = 6.5 Hz, 12H), 2.80-2.75
(m, 2H), 2.68-2.62 (m, 2H), 1.77-1.60 (m, 12H), 1.45-1.38
(m, 8H), 1.35-1.29 (m, 18H), 1.27-1.23 (m, 24H), 1.16-1.10
(m, 8H), 1.08-1.00 (m, 12H), 0.96-0.82 (m, 36H), 0.79-0.72
(m, 16H), 0.59-0.49 (m, 14H), 0.41-0.29 (m, 8H). MS (MALDI-
TOF, m/z): [M]" caled for Ci56H,,4N5010S5Zn, 2953.5; found,
2953.4. FT-IR (ATR, cm ™ '): 2920 (s), 2848 (s), 2185 (m), 1689 (s),
1600 (s), 1585 (s), 1497 (w), 1456 (s), 1392 (m), 1240 (s),
1203 (m), 1095 (s), 995 (m), 878 (w), 791 (m), 768 (m), 714
(m). mp 108-110 °C.

Further details about characterization figures, fabrication of
DSSCs, and photovoltaic behavior measurements can be found
in the ESL.f
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