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Porphyrin sensitizers play essential roles in the development of efficient dye-sensitized solar cells (DSSCs).
To further improve power conversion efficiency (PCE), it is vital to reduce undesirable dye aggregation that
causes serious charge recombination and lowered open-circuit voltages (V). To this end, we herein report
a new class of porphyrin-based dyes XW40 and XW41, with the porphyrin cores strapped with two circle
chains. Compared with the reference sensitizer XW10 which contains a porphyrin core wrapped in four
dodecoxyl chains, the double strapping in XW40 not only effectively suppresses the dye aggregation but
also improves the dye loading amount. As a result, the V.. and photocurrent (Jsc) were improved by 19
mV and 0.8 mA cm™2, respectively, compared with the corresponding values of XW10, and the efficiency
was improved from 8.6% obtained for XW10 to 9.3% for XW40. To further extend the spectral response,
an electron-withdrawing benzothiadiazole (BTD) unit was introduced as an auxiliary acceptor in XW41.
Impressively, the onset wavelength of its IPCE spectrum was dramatically red-shifted to 830 nm.
However, the extended m-conjugation framework results in aggravated dye aggregation, and thus
a lowered efficiency of 8.2% was obtained for XW41. Through a combined approach of coadsorption
and cosensitization, the efficiencies were dramatically enhanced to 10.6% and 10.2% for XW40 and
XW41, respectively, as a result of simultaneously enhanced V.. and Js.. The results of this work provide
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Introduction

Because of the increasingly serious energy shortage problems
associated with the exhaustion of fuel energy resources, inex-
haustible clean energy sources are highly desired. In this
respect, solar energy has been considered as the most viable
option for sustainable development of human society. Among
the photovoltaic devices, dye-sensitized solar cells have drawn
considerable attention over the past two decades, showing
advantages of relatively low-cost, eco-friendliness, and relatively
high PCE." Since Gritzel and coworkers first reported a ruthe-
nium dye based DSSC with a PCE of 7.1% in 1991,> numerous
efforts have been devoted to improve cell efficiency. For this
purpose, porphyrin and their derivatives have been developed
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a novel strategy for developing efficient DSSCs by employing strapped porphyrin dyes.

as promising sensitizers because of their facile structural
modification and intrinsic strong absorption capability,
showing an intense Soret band and moderate Q bands in the
ranges of 400-450 nm and 550-650 nm, respectively.*®

Highly efficient porphyrin sensitizers usually feature
a donor-m-acceptor (D-m-A) configuration.® Such structures
exhibit excellent intramolecular charge transfer (ICT) proper-
ties, and tunable optical, physical and electrochemical proper-
ties.” However, simple porphyrin dyes usually exhibit poor
absorption in the near infrared (NIR) region. To enhance light-
harvesting ability in the NIR region, porphyrin sensitizers with
extended conjugation frameworks have been developed.®*™°
However, this approach usually aggravates the undesired dye
aggregation, which may result in serious charge recombination,
low electron-injection efficiency, and poor cell performance.****
To overcome such a problem, efficient porphyrin dyes have
been developed by wrapping the porphyrin macrocycle with
four o-alkoxyl moieties on the meso-phenyl substituents.'*>° In
this respect, we have designed XW10 using a phenothiazine-
based donor, and an efficiency of 8.6% was achieved for the
individual dye.*

On the basis of XW10, with the purpose of further sup-
pressing the dye aggregation effect, we herein report a new class
of porphyrin sensitizers XW40 and XW41 (Fig. 1) with double

This journal is © The Royal Society of Chemistry 2019
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structures of the porphyrin dyes and the

straps. Compared with XW10, the straps in XW40 are favourable
for suppressing dye aggregation, resulting in simultaneously
improved V,. and Js. and an efficiency of 9.3%, obviously higher
than the 8.6% obtained for XW10. On this basis, XW41 was
synthesized by introducing an auxiliary benzothiadiazole (BTD)
moiety with the purpose of further extending the absorption
spectrum.>*?* As a result, the onset wavelength of photocur-
rent response was red-shifted to 830 nm. Upon cosensitization
with an organic dye, Z1, high efficiencies of 10.6% and 10.2%
were achieved for XW40 and XW41, respectively, based on the
traditional iodine electrolyte. Although circle chain strapping
has been demonstrated to be effective in developing organic
dyes,”?* and strapped porphyrins have been reported for
fabrication of OLEDs, and to achieve charge transfer and
sensitization behavior on semiconductor films,>*>° this
approach has not yet been employed in designing efficient
porphyrin dyes. The results of this work provide an effective
novel strategy for designing efficient porphyrin dyes by intro-
ducing double straps.

Results and discussion
Synthesis of dyes

The synthesis routes are depicted in Scheme 1 and Scheme S1.t
2,6-bis(Hex-5-en-1-yloxy)benzaldehyde 1 was prepared from
commercially available 2,6-dihydroxybenzaldehyde in 92%
yield. Acid-catalysed condensation of 1 with dipyrromethane
followed by DDQ oxidation provided 5,15-bis(2,6-bis(hex-5-en-1-
yloxy)phenyl)porphyrin 2. Bromination of 2 with NBS followed
by Zn"-ion insertion gave porphyrin 4, which was subjected to
ring-closing metathesis (RCM) using the second-generation
Grubbs catalyst, affording the key intermediate doubly strapped
porphyrin 5. Then, it was successively reacted with the ethynyl
derivatives of phenothiazine, and the acid ester of the acceptor
through Sonogashira reactions to introduce the donor and the
acid ester of the acceptor, respectively, in the meso-positions of
the strapped porphyrin framework. Finally, the target dyes were
obtained through hydrolysis of the corresponding esters. All the
compounds were systematically characterized by "H NMR, *C
NMR, and mass spectrometry (HRMS; ESIT). In addition, the key
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Scheme 1 Synthetic routes to sensitizers XW40 and XW41. Reaction
conditions: (i) 6-bromo-1-hexene, K,COs, DMF; (ii) TFA, DDQ, EtzN,
CH,Cly; (iii) NBS, CHCly; (iv) Zn(OAc),-2H,0, CH,Cl,, CHsOH; (v) 2nd
generation Grubbs catalyst, CH,Cly; (vi) 3-ethynyl-10-hexyl-7-(4-
(hexyloxy)phenyl)-10H-phenothiazine, AsPhs, Pdy(dba)s, THF, EtsN;
(vii) for 7a: methyl-4-ethynylbenzoate, Pd;(dba)s, AsPhs, EtsN, THF; for
7b:  methyl  4-(7-ethynylbenzo(cl][1,2,5]thiadiazol-4-yl)benzoate,
Pd,(dba)s, AsPhs, EtsN, THF; and (viii) LIOH-H,O, THF, H,O.

intermediate 5 was further characterized with single crystal X-
ray diffraction analyses (Fig. S47).

Spectral properties

The electronic absorption spectra of the dyes in THF are shown
in Fig. 2, and the corresponding absorption together with
emission data are listed in Table 1.

As expected, all the porphyrin dyes exhibit a typical intense
Soret band around 460 nm and less intense Q bands in the
wavelength range of 600-750 nm. Compared with XW10, doubly
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Fig. 2 Absorption spectra of the porphyrin dyes and the cosensitizer
Z1in THF.
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Table 1 Absorption spectral and electrochemical data for XW40,
XW41 and 71

Dye Amax/nm (¢/10° M~ em™1)* Amax/NM”
Xw10* 459 (316), 591 (10.4), 666 (75.2) 676
XW40 461 (286), 594 (10.9), 664 (76.6) 672
XW41 468 (156), 627 (14.3), 680 (83.7) 700
71 386 (8.03), 501 (19.2) 672

“ Absorption peaks in THF (4 x 10~° M). ?

Emission peaks in THF (4 x
107° M).

strapped porphyrin dye XW40 exhibits slightly red-shifted Soret
band, and its Q bands are almost identical to those of XW10. As
expected, the introduction of an auxiliary benzothiadiazole
(BTD) group in XW41 dramatically improves the light-harvest-
ing ability up to 730 nm.

The absorption spectra of XW40 and XW41 on 3 pm thick
TiO, films are shown in Fig. S1.f Compared with the corre-
sponding absorption spectra in THF, all the spectra acquired on
the films show broadened absorption, beneficial for enhancing
the light-harvesting ability, and the Q peaks are hypsochromi-
cally shifted, which can be ascribed to the deprotonation of the
carboxylic acid moiety.***> Notably, the weak blue shoulder of
the Soret band observed for XW10 was not discernible in XW40,
indicating that the H-type aggregation of porphyrins on TiO,
might be insignificant. However, the re-appearance of the
obvious blue-shoulder of the Soret band in the XW41/TiO,
spectrum indicates severe aggregation due to the introduction
of the BTD group,'**° which is detrimental to DSSC photovoltaic
performance.

Electrochemical studies

Cyclic voltammetry (Fig. S31) was carried out to investigate the
thermodynamic driving force of electron injection from the
photoexcited dyes to the conduction band of TiO,, and dye
regeneration by the redox electrolyte. The obtained HOMO
levels corresponding to the ground state oxidation potentials of
the two dyes are 0.71 and 0.72 V (vs. NHE), respectively (Table 2).
Their HOMO levels are well below the redox potential of the
iodide/triiodide couple (~0.4 V vs. NHE), indicating thermody-
namically feasible regeneration processes for the sensitizers,
and the respective LUMO levels of —1.15 and —1.08 V for XW40

Table 2 Electrochemical data and the energy levels of the molecular
orbitals for the dyes adsorbed on TiO; films

Dyes HOMO%V (NHE) Eoo’IV LUMO/V (NHE)
XW40 0.71 1.86 ~1.15
XW41l 0.72 1.80 —1.08

“ HOMO levels were obtained from the first oxidation potential
measured in acetonitrile wusing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF;) as the electrolyte (working electrode:
FTO/TiO,/dye; reference electrode: SCE; calibrated with ferrocene/
ferrocenium (Fc/Fc') as an external reference. Counter electrode: Pt).
b Estimated from the wavelength at the intersection (Ainer) Of
normalized and emission spectra with the equation Ey_o = 1240/Ainter-
¢ The LUMO was calculated from the equation LUMO = HOMO — E_,,.
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Fig. 3 Schematic energy-level diagram of XW10,** XW40 and XW41.

and XW41 lie well above the conduction band edge of TiO,
(—0.5 V vs. NHE), indicating sufficient driving forces for the
electron injection processes (Fig. 3).

Theoretical calculations

To gain insight into the electron distribution of distinct
porphyrin dyes, density functional theory (DFT) calculations
were performed using the Gaussian 09 program package. As
presented in Fig. 4, the HOMO orbitals of porphyrin dyes XW40
and XW41 are distributed over the phenothiazine donors and
the porphyrin frameworks. The LUMO orbitals of XW40 are
predominantly delocalized over the acceptor and porphyrin
moiety, while the LUMO orbitals of XW41 are mainly delo-
calized over the porphyrin framework, the BTD unit and the
carboxyphenyl acceptor. The obvious overlap between the
HOMO and LUMO orbitals facilitates the efficient intra-
molecular charge-transfer from the donor to the acceptor and
subsequent electron-injection from the excited dyes to the TiO,
ﬁlm'34736

Photovoltaic performance

The porphyrin dyes were evaluated as the sensitizers for fabri-
cating DSSCs based on the traditional I /I3~ electrolyte. Fig. 5
shows the photocurrent-voltage (/-V) curves of the DSSCs, and
the photovoltaic parameters are listed in Tables 3 and S1.}
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Fig. 4 Frontier molecular orbital profiles of XW40 and XW41.
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The DSSCs based on XW40 exhibit a PCE of 9.3%, higher
than the 8.6% obtained for XW10, with V,. and Js. improved to
730 mV and 18.90 mA cm™ >, respectively, compared to the
respective values of 711 mV and 17.90 mA cm ™~ obtained for
XW10.** These observations indicate that the porphyrin core
strapping is favorable for suppressing the aggregation effect
and reducing the charge recombination, and thus the V,. of
XW40 was significantly enhanced by 19 mV, compared to that of
XW10. On the other hand, the J,. of XW40 was also improved
despite the fact that XW40 and XW10 possess identical
T-conjugation backbones and very similar absorption spectra.
To further understand the enhancement of J;., we measured the
adsorption amounts of the dyes (Table 3). The loading amount
of XW40 was found to be 1.99 x 10~7 mol cm™ 2, 23% higher
than the 1.62 x 10”7 mol cm ™2 measured for XW10. Hence, the
higher J,. obtained for XW40 can be rationalized by its larger
dye adsorption amount, which may be ascribed to the fact that
the doubly strapped porphyrin molecule may occupy a smaller
area, because the doubly strapped structure is more compact
than the quadruply wrapped structure. Compared to XW40,
although XW41 absorbs light over a broader range due to the
presence of an extra BTD unit, it exhibits a lower PCE of 8.2%,
which may be ascribed to the lower V,. of 695 mV associated

Table 3 Photovoltaic parameters of the porphyrin DSSCs under AML.5 illumination (power, 100 mW cm™
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Fig. 6 IPCE action spectra for the DSSCs based on XW10,** Z1, XW40
and XW41.

with the aggravated dye aggregation effect induced by the
extended conjugation framework. However, the efficiency of
XW41 is still higher than the 7.8% obtained for XW11,* in
agreement with the superior anti-aggregation abilities of the
doubly strapped porphyrins relative to the quadruply wrapped
porphyrins.

The incident photon-to-current conversion efficiency (IPCE)
spectra for the dyes were also measured to probe the efficiencies
for the conversion of the absorbed sunlight to electrical current
at various wavelengths. As shown in Fig. 6, the bandwidths of
IPCE spectra for XW40 are almost the same as those of XW10,*
but the plateau is slightly higher than that of XW10, which is
consistent with the improved J,.. Impressively, the introduction
of the auxiliary BTD acceptor unit in XW41 successfully
expanded the light responsive wavelengths into the NIR region
with a striking onset wavelength of 830 nm, but the plateau is
obviously lowered, leading to a lowered J,. of 16.77 mA cm ™.

It is obvious that both XW40 and XW41 exhibit obvious
valleys within 500-600 nm in the IPCE spectra. To fill up the
valleys, an organic dye, Z1 (Fig. 1, Table S27), was thus synthe-
sized and employed for co-sensitization with XW40 and XW41.

2). The active area is 0.12 cm?

2

Dye loading amount
(x 1077 mol cm?)

Dye Voo/mV Jse/mA cm™ FF PCE (%) Porphyrin 71
XW10“ 711+ 5 17.90 £ 0.04 0.684 + 0.005 8.60 £+ 0.10 1.62 \
XW40 730 £ 3 18.67 £ 0.75 0.683 £ 0.021 9.31 £ 0.12 1.99 \
XWwW41 695 + 2 16.77 £ 0.31 0.701 £ 0.006 8.16 £+ 0.10 2.78 \
71° 788 £ 3 13.30 £ 0.15 0.781 £ 0.004 8.23 4+ 0.03 \ 6.47
XW40 + Z1°¢ 742 + 1 19.36 £ 0.49 0.694 £ 0.013 9.97 £ 0.06 1.62 3.67
XW41 + Z1° 728 £ 3 18.32 £ 0.13 0.728 £ 0.003 9.71 £ 0.01 2.65 1.96
XW40/CDCA + Z1¢ 748 + 2 19.59 £ 0.21 0.719 +£ 0.004 10.55 £+ 0.11 1.64 2.73
XW41/CDCA + Z1¢ 726 £ 2 19.63 £ 0.31 0.715 £ 0.003 10.19 £ 0.21 2.39 3.06

% The data were reported in our previous work.” ® The measurement procedure was adapted from the reported work.”” © The cosensitization was
performed through an optimized stepwise approach: the TiO, electrode was first dipped in 0.2 mM porphyrin dye in chloroform/ethanol (v/v, 3/
2) for 12 h, rinsed with ethanol, and then immersed in a 0.3 mM solution of Z1 in chloroform/ethanol (v/v, 1/1) for 1.5 h (XW40 + Z1) or 0.75 h

(XW41 + Z1). ¢ The approach is similar to the simple cosensitization

approach, except that the TiO, electrode was first dipped in a cocktail

solution of porphyrin (0.2 mM) and CDCA (1.0 mM), then in Z1 (0.3 mM) for 1.5 h for the optimized conditions.

This journal is © The Royal Society of Chemistry 2019
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Upon co-sensitization, the valleys in the IPCE spectra were filled
up by the contribution from the absorption of Z1, and thus
better photovoltaic performance was achieved for both XW40
and XW41, with higher efficiencies of 10.0% and 9.7%,
respectively, as a result of simultaneously improved J,. and V..
The enhancement of Ji. can be readily rationalized by the fact
that the IPCE spectra are obviously improved upon cosensiti-
zation. On the other hand, the improved V,,. values achieved for
the cosensitization systems lie between the corresponding
values obtained for the individual porphyrin dyes and the
cosensitizer. These observations agree well with previous results
of cosensitization systems.?*?%

Generally, the utilization of CDCA as a coadsorbent is
effective for suppressing dye aggregation and enhancing the
photovoltaic performance. Hence, a combined strategy of
coadsorption and cosensitization was employed with the
purpose of further enhancing the photovoltaic performance of
DSSCs. Thus, the DSSCs were fabricated by immersing TiO,
films in a cocktail solution containing the individual
porphyrin dye and CDCA for 12 h, followed by dipping in
a solution containing Z1. Compared with XW40 + Z1 and XW41
+ 71, the J, values obtained for XW40/CDCA + Z1 and XW41/
CDCA + Z1 were improved to 19.59 and 19.63 mAcm 2,
respectively, with the efficiencies enhanced to 10.6% and
10.2%, respectively. The improved J,. values are consistent
with the improved IPCE responses (Fig. 6). As we know, the
presence of CDCA can suppress dye aggregation, decrease the
rate of aggregation-induced non-radiative energy transfer,
enhance electron injection yield, and thus improve the IPCE
response.” For XW40/CDCA + Z1, the improved IPCE response
around 500 nm was offset by the decreased loading amount of
Z1 which features a broad absorption around 500 nm
(Fig. S51). Meanwhile, the loading amount of XW40 remains
almost unchanged. As a result, the IPCE response was
improved mainly in the Q band region. For XW41/CDCA + Z1,
the loading amounts of XW41 and Z1 were decreased and
increased, respectively, compared with the corresponding
values for the cells based on XW41 + Z1. Consistently, the IPCE
response was improved mainly within the wavelength range of
400-600 nm.

Electrochemical impedance spectroscopy analysis

The V,. for a DSSC is dependent on the TiO, conduction band
edge (Ecg) and the charge recombination process, which can be
inferred from the chemical capacitance (C,) and electron life-
time (t), respectively. To provide further insight into the
improved photovoltaic behavior of the doubly strapped
porphyrin dyes, electrochemical impedance spectroscopy (EIS)
was conducted under dark conditions. Thereby, the C, and t
values were obtained through fitting the EIS spectra.

As shown in Fig. 7a, the devices based on XW40 showed
similar C, values with those of XW10 at a given V,.. However,
the electron lifetimes of XW40 were found to be obviously
longer than those of XW10 (Fig. 7b), indicating a slower inter-
facial charge recombination process, which is consistent with
the significantly enhanced V,. for the doubly strapped

2190 | Chem. Sci., 2019, 10, 2186-2192
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porphyrin dyes. On the other hand, the C, values of XW41 are
lower than those of XW40, which is favorable for improving the
Voe. However, the electron lifetimes for XW41 are much shorter
than those of XW40 which is unfavorable for the V.. As a result
of the contradictory effects, XW41 exhibits a lower V,. than

790

\-\l\-——’l—-‘.\_ .

— .

— .

J__/ mA cm™?
N
o

FF
o
3
(4]

—
—

10 I —

—

PCE /%

0 200 400 600 800 1000
Time /h

Fig. 8 Variation of the photovoltaic parameters (Voc, Jsc. FF, and PCE)
with aging time for the DSSC device based on XW40/CDCA + 71
measured under AM 1.5 illumination (100 mW cm~2) at 60 °C over
1000 h.
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XW40, indicating that the V,. values are predominantly gov-
erned by the electron lifetimes. These results are consistent
with the more severe dye aggregation of XW41 associated with
the extended conjugation framework due to the presence of the
additional BDT unit.

Photostability

In addition to high efficiency, long-term stability is a critical
requirement for practical use of DSSCs. Here, the V., Js., FF and
PCE values for the XW40/CDCA + Z1 cells were recorded over
a period of 1000 h under one sun soaking at 60 °C (Fig. 8). After
1000 h light soaking, more than 90% of the initial PCE value was
retained, indicating that the DSSCs based on XW40/CDCA + Z1
are photostable.

Conclusions

In summary, a new class of doubly strapped porphyrin sensi-
tizers has been designed and successfully synthesized as DSSC
sensitizers. Compared to the dyes with the porphyrin core
wrapped with four long alkoxyl chains, the circle chain strap-
ping can further suppress the dye aggregation and charge
recombination. Thus, the V,. was greatly improved from 711 mV
(XW10) to 730 mV (XW40). Moreover, the much more compact
structures of the strapped porphyrins are favorable for
improving the dye loading amount, leading to the improvement
of Js. With the simultaneously improved V,. and J,., the effi-
ciency of 9.3% achieved for the strapped porphyrin was found to
be significantly higher than the 8.6% obtained for the wrapped
dye XW10. The auxiliary electron-withdrawing unit BTD in
XW41 successfully extended the response spectral range with
a striking onset wavelength of 830 nm in the IPCE spectra, but
the extended m-conjugation framework resulted in a lowered
efficiency of 8.2% because of the aggravated dye aggregation.
After applying a combined approach of coadsorption with
CDCA and cosensitization with Z1, high efficiencies of 10.6%
and 10.2% were achieved for XW40 and XW41, respectively.
These results provide a novel strategy for developing efficient
DSSCs by employing strapped porphyrin dyes.
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