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To develop efficient concerted companion (CC) dyes for fabricating high-performance DSSCs, three organic
dyes XL1-XL3 have been designed by varying the position and number of the B-hexylthiophene (HT)
bridges, and these organic dye units are covalently linked with our previously reported porphyrin dye
XW10 to construct the corresponding CC dyes XW74-XW76. Among the organic dyes, XL3 contains two
B-hexylthiophene units at both the donor and acceptor parts and thus possesses stronger light-harvesting
capability in the green light region. Because of the most complementary absorption between XL3 and
XW10 as well as the excellent photovoltaic behavior of the individual XL3 dye, the corresponding CC
dye XW76 affords the best PCE (10.78%) among all the CC dyes. Upon coadsorption with CDCA, XW76
affords a highest PCE of 11.35%, which outperforms the previous cosensitization system of XW10+WS-5.
This work provides an approach for developing efficient DSSCs based on CC dyes composed of an organic
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dye unit with suitable 7 spacers inserted at appropriate positions.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Among the third-generation photovoltaic devices, dye-
sensitized solar cells (DSSCs) have aroused considerable attention
owing to their easy fabrication and colorful appearance since the
first report by Grdtzel and O'Regan in 1991 [1-3]. The power
conversion efficiencies (PCE) have been dramatically promoted
with the development of various mesoscopic semiconductors [4],
photosensitizers [5], redox shuttles [6,7] and device designs [8,9].
Among them, the photoactive sensitizers act as the electron pumps
to harvest light and transfer the excited electrons into the semi-
conductor in the DSSCs. In this respect, various types of sensitizers
have been developed. For example, ruthenium-based complexes
[10], metal-free organic dyes [11-13] and zinc porphyrin dyes
[14-18] have been designed to enhance the PCEs [19-25].

Porphyrin sensitizers, as the analogues of chlorophylls in pho-
tosynthesis, possess the properties of intense and broad absorp-
tion, convenient modification and remarkable light-thermal stabil-
ity, which enable them to be effective in fabricating efficient DSSCs
[26,27]. However, the absorption valley for porphyrins in the green
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light region limits their light-harvesting capability and the related
photovoltaic performance [28,29].

To fill up the absorption valley and improve the PCEs, various
organic sensitizers have been designed and used as the cosen-
sitizers for porphyrins to fabricate efficient DSSCs [18,30]. How-
ever, a number of factors need to be optimized for fabricating the
cosensitized DSSC devices, and the distribution of the dyes on the
semiconductor is rather difficult to control, which is unfavorable
for further improving the photovoltaic performance [31]. To ad-
dress these problems, we have recently developed a novel class
of concerted companion (CC) dyes to achieve the “intramolecular
cosensitization” effect by covalently linking the organic dye and
porphyrin dye units through long chains [14,32]. Remarkably, such
dyes feature panchromatic absorption, and endow the correspond-
ing DSSCs with high-efficiency and long-term photostability. Based
on this background, we herein report the optimization of the or-
ganic dyes to systematically modulate the absorption and thus im-
prove the performance of CC dyes. With respect to the design of
organic dyes, the thiophene unit has been extensively used as the
7 spacer [33], and its number [34,35] and position [36,37] in the
dye framework dramatically affect the photophysical properties of
the sensitizers. Thus, three organic dyes XL1-XL3 have been syn-
thesized by incorporating the B-hexylthiophene (HT) unit as the
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Fig. 1. Molecular structures of dyes XL1-XL3, XW74-XW76.

spacer, the electron-rich phenothiazine unit as the donor [38,39],
and benzothiadiazole as the auxiliary acceptor [40]. Then, these or-
ganic dye units are covalently linked with our previously reported
porphyrin dye XW10 [20] to construct the corresponding CC dyes
XW74-XW?76 (Fig. 1).

The number and position of the HT units dramatically affect
the photovoltaic behaviors of XL1-XL3. When it is shifted from
the donor (XL1) to the acceptor side (XL2), the anti-aggregation
and recombination suppressing capability are obviously improved,
accompanied with the elongation of the electron lifetime, giving
rise to an improved Voc (819 mV) for XL2. On the other hand, dye
XL3 contains two HT units at both sides of the benzothiadiazole
unit, and it not only shows stronger absorption in the green light
region, but also keeps the well-defined anti-aggregation character.
As a result, broadened IPCE profile, improved Jsc, high Voc and a
relatively high PCE of 8.69% have been obtained for XL3. Because
of the most complementary absorption character between XL3 and
XW10 as well as the good photovoltaic behavior for the individual
XL3 dye, the corresponding CC dye XW76 affords the highest Jsc,
Voc and PCE (10.78%) among the CC dyes. Notably, further coad-
sorption with chenodeoxycholic acid (CDCA) affords a high PCE of
11.35%. This work illustrates the importance of tailoring the po-
sition and number of 7 spacers in the organic dye components
for regulating the spectral response and thus elevating the photo-
voltaic performance of the CC dyes.

The synthetic procedures for XL1-XL3 and XW74—XW?76 are
illustrated in Scheme S1 (Supporting information). The dye pre-
cursors were obtained via Sonogashira and Suzuki coupling reac-
tions. Subsequent hydrolysis reactions under alkali conditions af-
forded the final dyes. The structures of all new compounds have
been characterized by NMR and mass spectra, see details in Sup-
porting information.

Fig. 2 presents the absorption spectra of the dyes in THF and
adsorbed on thin TiO, films, and Table S1 (Supporting information)
summarizes the corresponding data. The different positions of the
HT unit in the isomeric dyes XL1 and XL2 induce a 16 nm red shift
of the low energy transition band for XL2 (494 nm) relative to that
of XL1 (478 nm), demonstrating that the thiophene moiety linked
neighboring to the acceptor unit may induce less distortion and
better conjugation of the molecule [41], as indicated by the cal-
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Fig. 2. Absorption spectra of the sensitizers (a) in THF solutions, and (b) adsorbed
on TiO, films (2 pm).

culated smaller dihedral angles in the optimized structures (vide
infra). Different from these two dyes, XL3 contains two HT units
on both sides of the benzothiadiazole unit, exhibiting a further
bathochromically shifted absorption peak at 507 nm with a higher
molar extinction coefficient. Compared with XL1 and XL2, XL3 is
expected to be a better cosensitizer for porphyrin dye XW10, con-
sidering its better compensation of the absorption valley of XW10.
Indeed, by combining XL3 with XW10, the CC dye XW76 presents
a better panchromatic response compared to XW74 and XW?75, es-
pecially in the wavelength range from 500 nm to 600 nm (Fig. 2a).

Upon adsorption onto the TiO, films (Fig. 2b), XL1-XL3 and
XW74—-XW76 show broadened bands, which facilitate the light
harvesting in the DSSCs. Notably, the absorption spectra exhibit
negligible blue shift upon adsorption, compared with those in the
solutions, indicating the absence of notable aggregation on the
TiO, films [32].

Electrochemical behavior of the organic dyes and CC dyes ad-
sorbed on TiO, films were measured by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) (Table S2, Figs. S2 and
S3 in Supporting information) to evaluate the feasibility of electron
transfer. The highest occupied molecular orbital (HOMO) levels of
XL1-XL3 and XW74—-XW?76 are 0.95~0.99 V vs. NHE, more pos-
itive than the I7/I3~ redox potential (~0.4 V vs. NHE), indicating
the possibility for dye regeneration. In addition, their lowest unoc-
cupied molecular orbital (LUMO) levels are calculated to be —1.26
~ —0.94 V versus NHE, well above the conduction band edge of
TiO, (—0.5 V vs. NHE), implying the feasibility for electron injec-
tion.

The two sub-dye units in the CC dyes are expected to be elec-
tronically independent, as have been revealed by the theoretical
calculations in our previous work [32]. Herein, we have investi-
gated the optimized molecule structures and the frontier molecular
orbitals of the XL dyes using DFT calculations [42]. As presented
in Fig. S4 (Supporting information), the XL dyes exhibit similar
electron distribution in the frontier orbitals. The HOMOs are de-
localized mainly over the phenothiazine donor, the neighboring m
spacer and the auxiliary benzothiadiazole acceptor. Whereas, the
LUMOs are distributed mainly from the acceptor to the benzothia-
diazole moiety. For the isomeric dyes XL1 and XL2, the latter ex-
hibits better overlapping between the HOMO and LUMO electrons
with respect to the former, demonstrating that the HT unit neigh-
boring to the acceptor terminal is favorable for the charge trans-
fer and injection of the excited electrons into the TiO, semicon-
ductor. With respect to the optimized geometry, the dihedral an-
gles between the HT and benzothiadiazole units are smaller than
15°, irrespective of the position of the HT unit. On the other hand,
the angles between the donors and the adjacent units increase in
the order of XL2 (31.58°) < XL3 (41.86°) ~ XL1 (42.01°), indicating
that the steric hindrance associated with the hexyl chain on the
HT unit and the neighboring phenothiazine donor can raise the di-
hedral angle between them, and thus the more severe distortion
could interrupt the conjugation, resulting in weakened intramolec-
ular charge transfer (ICT) effect. This structural feature leads to the
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Fig. 3. (a) J-V characteristic curves, (b) IPCE spectra, plots of (c) C,, and (d) T versus the bias voltages of the DSSCs based on the sensitizers.

Table 1
Photovoltaic performance of DSSCs based on XL1-XL3, XW74-XW?76 and the refer-
ence dye XW10.2

Dyes Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)

XL1 776 + 2 15.09 + 0.31 67.41 + 0.66 7.89 + 0.14
XL2 819+ 5 15.50 + 0.14 64.53 + 0.39 8.19 £ 0.13
XL3 810 + 3 16.31 £ 0.16 65.81 + 0.24 8.69 + 0.07
XW74 752 £ 3 18.56 + 0.16 70.29 + 0.69 9.81 + 0.06
XW75 754 + 2 19.24 + 0.33 69.62 + 0.46 10.10 £ 0.21
XW76 765 + 5 19.94 + 0.18 70.70 + 0.66 10.78 £+ 0.11
XW76° 768 + 3 20.19 + 0.21 70.94 + 1.11 10.99 + 0.14
XW76°¢ 772 +£ 2 20.48 + 0.26 71.74 £ 047 11.35 + 0.07
XW764 774 + 4 19.53 + 0.30 72.16 + 0.30 10.91 + 0.21
Xw10 711 £ 5 17.90 + 0.04 68.4 £ 0.5 8.6 £ 0.1 [20]

3 The data were collected from three parallel cells (average values and errors).
The TiO, electrode was dipped in the dye bath without CDCA.

b 0.5 mmol/L CDCA was added in the dye bath.

¢ 1.0 mmol/L CDCA was added in the dye bath.

4 1.5 mmol/L CDCA was added in the dye bath.

observed blue shift of the ICT band of XL1, consistent with the
hypsochromically shifted absorption spectrum of XL1 with respect
to that of XL2.

To evaluate the photovoltaic behavior of the XL series dyes,
they have been utilized in fabrication of DSSCs using the I~/I3~
electrolyte (see Supporting information for more details). The J-V
curves (Fig. 3a) and IPCE spectra (Fig. 3b) were studied under AM
1.5 global sunlight and the corresponding photovoltaic parameters
are collected in Table 1. The solar cells based on XL1 afford the Jsc,
Voc, and PCE of 15.09 mA/cm?2, 776 mV, and 7.89%, respectively,
and XL2 exhibits an improved Jsc of 15.50 mA/cm?2, which may be
ascribed to the red-shifted absorption and better overlapping be-
tween the HOMO and LUMO orbitals as indicated by the theoreti-
cal calculations (vide supra). Meanwhile, XL2 exhibits an improved
Voc of 819 mV, which is among the highest Voc values achieved
for the DSSCs based on the iodine electrolyte [18,43,44]. The ex-
traordinary V¢ value may be ascribed to the well balanced anti-
aggregation ability around both the donor and the acceptor [45].
As a result of the improved Jsc, Voc, an improved PCE of 8.19% was
achieved for XL2. Compared with XL2, XL3 affords a similar V,
accompanied with a dramatically enhanced Jsc of 16.31 mA/cm?,
which may be ascribed to the stronger light-harvesting capability
as a consequence of the larger conjugated skeleton. Finally, XL3 af-
fords a highest PCE of 8.69% among the XL series of dyes, which
may be ascribed to its most extensive absorption wavelength range
as well as its highest molar extinction coefficient (vide supra), in
spite of its smallest adsorption amount (Table S3 in Supporting in-
formation). To further understand the trend for the photocurrents,
the incident photon-to-current conversion efficiency (IPCE) spectra
have been recorded. As depicted in Fig. 3b, XL1-XL3 display sim-
ilar high IPCE plateaus exceeding 85% around 500 nm, with the
band edges gradually extended in the sequence of XL1 < XL2 <
XL3, consistent with that of the increasing Jsc values.
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Coadsorption of XL1-XL3 with various concentrations of CDCA
was also investigated (Table S4 in Supporting information) to check
the possibility of further improving the Vo by reducing the dye-
aggregation [46]. However, lowered Vqc, Jsc and PCE values were
obtained in the presence of CDCA. The decreased Vpc values in-
dicate that the inherent excellent anti-aggregation ability of the
XL-sensitizers cannot be further improved by using CDCA, and the
lowered Jsc values may be attributed to the decrease in the dye
loading amounts due to the competitive adsorption of CDCA [24].

On this basis, we continued to check the photovoltaic behav-
ior of the CC dyes XW74—XW?76, which contain both the organic
dye units of XL1-XL3 and a porphyrin dye unit of XW10 [20]. As
a result, higher IPCE plateaus over the 300 nm to 700 nm range
and higher Jsc values in the sequence of XW74 (18.56 mA/cm?2)
< XW75 (19.24 mA/cm?) < XW76 (19.94 mA/cm?) have been
achieved. This trend is consistent with that obtained for the cor-
responding organic dye components (XL1 < XL2 < XL3). The Jsc
values obtained for the CC dyes are dramatically higher than that
obtained for XW10, which may be related to the panchromatic ab-
sorption character and high charge collection efficiencies (n¢c) for
the CC dyes (Table S6 in Supporting information). Because of the
contribution by the high V¢ values of the XL1-XL3 components,
the CC dyes exhibit Vo values higher than that of the porphyrin
component XW10 [20] by at least 40 mV, with a highest Vo¢ of
765 mV achieved for XW76. As a result of the highest Vo and Jsc,
a highest PCE of 10.78% has been achieved for XW76. Despite the
relatively high PCE, the obtained V¢ still needs to be further im-
proved. Thus, coadsorption of XW76 with various concentrations
of CDCA was explored. Upon addition of CDCA, gradual improve-
ment of V¢ is observed. However, excessive CDCA will compete
with the sensitizer on the TiO, film, leading to decreased dye load-
ing amount and lowered Jsc. Finally, by using an optimal concen-
tration of 1.0 mmol/L CDCA, the best cell performance has been
achieved with the Vyc, Jsc, and PCE of 772 mV, 20.48 mA/cm?, and
11.35%, respectively. The relative deviations between the Jsc values
obtained from the J-V tests and the integral ones obtained from
the corresponding IPCE spectra lie within the range of 7%-12% (Ta-
ble S5 and Figs. S5 and S6 in Supporting information). This dis-
agreement may be ascribed to the fact that more electrons and
heat generated in the full irradiation applied in the J-V test endow
higher charge transport and collection efficiencies, and thus higher
Jsc values were obtained in the J-V tests. By contrast, such effects
are not so obvious in the monochromatic IPCE measurement [47].

With the purpose of revealing the factors affecting the V¢ val-
ues, electrochemical impedance characteristics under the dark con-
dition have been monitored (Fig. S8 in Supporting information).
The charge transport resistance (Ri;) and charge recombination re-
sistance (Rrec) at a bias potential of —0.75 V are summarized in
Table S6 (Supporting information), and the plots of chemical ca-
pacitances (C,) and electron lifetimes (7) versus the bias voltages
are shown in Figs. 3c and d. The results indicate that the Ry val-
ues are comparable for all the dyes (9.94~15.28 Q). By contrast,
the Rrec values are dramatically different and positively related to
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the V¢ values. Theoretically, for a certain electrolyte, the quasi-
Fermi level of the TiO, semiconductor, which is associated with
the conduction band edge level (Ec) and the free electron density,
is a key factor affecting the Vo [48]. As presented in Fig. 3c, the
Ec-related C, values exhibit slight difference for all the dyes, in-
dicative of the negligible effect of the conduction band shift on
the Voc. By contrast, the T values, which are related positively to
the free electron density in the TiO, films, raise in the order of
XW10 < XW74 ~ XW75 < XW76 < XL1 < XL3 < XL2 at a fixed
bias voltage, coinciding with the trend of increasing V¢ (Table 1).
These results demonstrate that the V¢ values are dominated by
the densities of the free electrons for these dyes, as revealed by
the trends observed for R and t. Impressively, the DSSCs sen-
sitized with XL2 and XL3 exhibit marvelous t values which are
roughly an order of magnitude higher than the corresponding val-
ues for the other dyes, consistent with the extraordinary V¢ val-
ues of 819 and 810 mV, respectively. These results further reveal
that the presence of an HT unit close to the acceptor terminal can
effectively suppress molecular aggregation and charge recombina-
tion, thus improving the free electron density and elongating the
electron lifetime.

Photostability is a crucial factor for practical applications of
DSSCs [49]. In this work, the long-term photovoltaic performance
of the DSSCs soaked in visible light was monitored to evaluate
the photostability. After 500 h of visible light soaking, the repre-
sentative cells sensitized by XL3 and XW?76 afforded efficiencies
of 7.75% and 10.04%, which are 89% and 93% of the initial PCEs,
respectively (Fig. S9 in Supporting information), further confirm-
ing that the DSSCs based on the CC dyes comprising two anchor
groups display superior photostability with respect to those based
on the single-anchor ones.

In summary, three metal-free organic sensitizers XL1—XL3, fea-
tured with different numbers and positions of B-hexylthiophene
units and a benzothiadiazole unit, have been synthesized and used
as the organic components for covalently linking with a porphyrin
dye XW10 to construct the corresponding CC dyes XW74—XW76.
Notably, XL2 with the S-hexylthiophene near the acceptor side
affords a striking Voc of 819 mV because of its superior anti-
aggregation effect. Dye XL3 comprising two HT groups on both
sides of the benzothiadiazole unit not only shows intensified ab-
sorption bands in the green light region but also maintains the
excellent anti-aggregation capability to give a relatively high Vg
(810 mV). On this basis, the corresponding CC dyes show enhanced
Jsc values compared to XW10 because of their panchromatic ab-
sorption behavior. Among them, XW76 contains the XL3 subunit,
which exhibits the best photovoltaic behavior among the XL series
of dyes as well as the most complementary absorption with XW10,
affording the highest PCE of 10.78%. Coadsorption of XW76 with
CDCA affords a further improved PCE of 11.35%, which outperforms
the previous intermolecular cosensitization system of XW10+WS-5
(11.0%) [20]. These results illustrate the importance of tailoring the
position and number of 7 spacers in designing high-performance
organic dyes, which can be used as components for further link-
ing with a porphyrin dye unit to construct CC dyes for fabricating
efficient DSSCs.
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