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ABSTRACT: Two new organic dyes (PTN1 and NPT1) of the
configuration D—A—7z—A, based on 2H-[1,2,3]triazolo[4,5-c]-
pyridine (PT) as a central linker, have been synthesized and
used as the sensitizers for dye-sensitized solar cells. Compared with
pyridal[2,1,3]thiadiazole-containing congeners, the new dyes have
conversion efficiencies nearly 1 order higher due to alleviation of
charge trapping. The best conversion efficiency of the cell reaches
6.05% (under AM 1.5G irradiation). Upon addition of the
coadsorbent CDCA, the efficiency is boosted to 6.76%, which
reaches ~90% of the standard based on N719.

O rganic dyes as light harvesters for dye-sensitized solar
cells (DSSCs) have attracted considerable attention for
the past two decades after the seminal report of Gritzel and co-
workers on ruthenium complexes.' The record high conversion
efficiency (17) of 13.0% has been achieved with a Zn-porphyrin
complex-based DSSC recently.” In addition to ruthenium
complexes and porphyrin dyes, metal-free sensitizers have also
been intensively studied because of their molecular design
flexibility and low cost.® Very recently, an impressively high cell
efficiency of 11.5% has also been achieved with a metal-free
dye.>

A conventional metal-free dye has a common structural motif
D—7—A,* where D is the electron donor, A is the electron
acceptor, and # is the conjugated spacer between the two.
Charge transfer from the donor to the acceptor is beneficial to
red shifting the absorption spectra and facilitating electron
injection from the photoexcited dye molecule to the TiO,
photoanode. In order to extend the absorption to a longer
wavelength region for better light harvesting, the D—z—A
design can be modified with insertion of an auxiliary acceptor,
described as the D—A—z—A approach.® High cell efficiencies
up to 9% have been proven possible with D—A—7—A type
sensitizers.® In our earlier reports, we found that incorporation
of electron deficient entities such as benzo[2,1,3]thiadiazole
(BT) and the cyanovinyl entity in the conjugated spacer
significantly red shift the absorption. However, we also found
that charge trapping at the electron deficient unit of the spacer
could jeopardize charge separation and result in inferior cell
performance.” Compared with the BT entity, dyes or polymers
based on a benzotriazole (BTz) entity have a higher LUMO
energy level and wider HOMO/LUMO gap,8 because the lone
pair on the nitrogen atom of BTz is more basic than that on the
sulfur atom of BT and hence is more easily donated into the
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triazole ring,9 leading to the more electron-rich character of the
BTz. Though the electron-withdrawing —N=N-— and —C=
N— groups'® render the BTz to be electron-accepting'" and
capable of electron transporting,'> charge trapping is greatly
alleviated in BTz-based dipolar sensitizers > compared to the
BT-based congeners.

In our previous report, we successfully synthesized a series of
new dyes using an electron-deficient pyridal[2,1,3]thiadiazole"*
(PyT) entity as an auxiliary acceptor and obtained the
maximum efficiency of 4.24%. Though PyT dyes had an even
longer wavelength absorption compared with their BTz
congeners, they exhibited significant charge trapping and
deteriorated the cell performance. Therefore, we decided to
replace PyT with a 2H-[1,2,3]triazolo[4,5-c]pyridine (PT)
entity so as to reach a compromise between light harvesting
and charge trapping. To the best of our knowledge, there is no
report on PT-based sensitizers for DSSCs. Herein, we report
the synthesis and DSSC performance of two new PT-based
organic dyes PTN1 and NPT1 for the first time. The power
conversion efficiency up to 6.76% along with a high Vioc (0.70
V) was achieved with NPT1-based DSSC.

Our synthetic approach to regioregular PT-containing dyes is
centered on the chemistry of 2H-[1,2,3]triazolo[4,5-c]pyridine
(PT). The key precursor, 4,7-dibromo-2-hexyl-2H-[1,2,3]-
triazolo[4,5-c]pyridine (PTBr,, 1), was synthesized in two
steps by following a modified reported method."> The alkyl
chain present at the nitrogen atom is beneficial to the solubility
in common organic solvents and may possibly suppress the
close contact of the electrolytes toward the TiO, surface (vide
infra).'® The first Stille coupling of the asymmetric PTBr,
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selectively occurred at the position adjacent to the nitrogen.'”

Consequently, two isomers (Figure 1), PTN1 (N atom facing
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Figure 1. Structures of the dyes.
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Table 1. Electro-optical Parameters of the Dyes

abb (e x 10* HOMO/
m)? A’ Eip (0x)°  LUMO?  Eo ¢ Ey o
dyes [nm] [nm me] [eV] [eV] v]
PTN1 464 (3.99), 482 548 (90) 5.75/— 238 -111
390 (2.14) 337
NPT1 476 (447), 476 553 (83) S75/— 237 —106
386 (1.95) 338

“Measured in THF (solution). “Absorption maxima of film (adsorbed
on Ti0,). “Measured in CH,Cl,. scan rate = 100 mV s™'; electrolyte =
[(-CJHL).JINPE]s Eye = (Ep + Ey)/2, AE, = (Ey, — Ey) where E,
and E,. are peak anodic and cathodic potentials, respectively.
Oxxdatlon potential reported is adjusted to the potentlal of ferrocene
which was used as an internal reference. “HOMO and LUMO
energies are calculated using formula HOMO = 5.2 + (E,;, — Eg),
LUMO = E,_, — HOMO. “Optical band gap energy gap, E,_, was
derived from the intersection of absorption and emission spectra.
: the excited state oxidation potential vs NHE.

toward the acceptor) and NPT1 (N atom facing away from the
acceptor), were successfully synthesized by following the
pathways described in Scheme 1. The new dyes were
characterized through 'H, *C NMR, and HRMS spectroscopy.

Scheme 1. Synthetic Scheme for PTN1 and NPT1 Dyes
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UV—vis absorption spectra of both dyes in THF are
presented in Figure 2, and their corresponding data are
summarized in Table 1. The absorption spectra of both show
two prominent bands in the regions 350—400 nm and 400—550
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Figure 2. UV—vis absorption spectra of dyes in THF (107° M).
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nm. The former can be attributed to the aromatic z—z*
transition of triphenylamine, and the later broad band can be
attributed to the intramolecular charge transfer (ICT) from the
triphenylamine donor to the cyanoacetic acid acceptor with
some delocalized 7—7* transition character.'® The A, value of
the ICT band is 464 and 476 nm for PTN1 and NPTI,
respectively. As expected, the absorption maxima of PT-based
dyes are 51gn1ﬁcantly blue shifted (50—60 nm) compared with
the PyT-based dyes,'* which can be attributed to the higher
basicity of the nitrogen atom of the PT unit. This observation is
in conformity with the trend found in benzotriazole- and
benzothiadiazole-based dyes and is also supported by
theoretical computations (vide infra)."** It is noteworthy that
the ICT band of PT-based dyes have much higher molar
extinction coefficient (PTN1: 39900, NPT1: 44700) than PyT
based dyes (SC-PyTN1: 19300, SC-NPyT1: 35100), implying
a stronger 7—7* transition character in the former and can be
attributed to the better planarity of the conjugated spacer in the
former (vide infra).

Figure SS depicts the absorption spectra of the organic dyes
adsorbed on a porous TiO, nanoparticle film (4 um in
thickness). Upon adsorption on the TiO,, the dyes PTN1 and
NPT1 exhibited a red shift of 18 nm and ~0 nm, respectively,
indicating that J-aggregation of the dye molecules is less serious
for the NPT1 dye and is evidenced from its higher cell
efficiency (vide infra).

Electrochemical properties of PTN1 and NPT1 were studied
by cyclic voltammetry (CV) in CH,Cl, solutions. The cyclic
voltammograms are shown in Figure S1, and the relevant data
are compiled in Table 1. The dyes exhibit a reversible one-
electron redox couple attributed to the oxidation of the
arylamine. The NPT1 is oxidized at a higher potential than
PTNI1 due to the shorter distance between the electronegative
nitrogen atom of PT and the arylamine in the former, similar to
the trend observed in the PyT-based dyes.'* The HOMO
energy level deduced from the redox potentials for PTN1 and
NPT1 were found to be the same (5.75 eV), similar to the
trend found in the PyT dyes.'* The excited state potential (Ey_,
*), estimated from the first oxidation potential at the ground
state and E,_, are more negative (Table 1) than the
conduction band edge of TiO, (—0.5 V vs NHE), ensuring
an efficient electron injection process from the excited state of
the dyes into the TiO, electrode. In contrast, the more positive
oxidation potential of the dyes compared with that of the I7/I*~
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redox couples (~0.4 V vs NHE) indicates that regeneration of
the dyes is thermodynamically feasible.

The charge excitation behavior for the dyes is further
examined via density functional calculations. Selected frontier
orbitals of the dyes are shown in Figure 3. The results from the

dye PTN1 NPT1

LUMO

Figure 3. Frontier orbitals of the dyes (HOMO and LUMO).

time independent approach are compiled in Table S1. The
HOMO is mainly distributed from the arylamine extending to
the conjugated bridge. In comparison, the LUMO is mainly
distributed from the 2-cyanoacrylic acid extending to the
bridge. Therefore, charge transfer from the arylamine donor to
the 2-cyanoacrylic acid acceptor is evident. Figure S4 displays
the changes in the Mulliken charge for the dyes upon vertical
excitation, as calculated via TDDFT (data Table S1, Supporting
Information). Compared with the PyT unit in PyTIN1 and
NPyT1 dyes'* as well as BT unit in the S1 dye,”* the Mulliken
charge change (Aq) and the product of the oscillator strength
and the Mulliken charge change (f X Aq) of the PT unit in
both PTN1 and NPT1 dyes for S, — S, transition are less
negative, indicating the charge trapping effect of the PT unit in
both PTN1 and NPT1 dyes is alleviated significantly. In our
previous report,'’ we found that the more negative f X Aq value
of the acceptor (anchor) could be used as an approximation for
the electronic coupling strength from the dye molecule to the
attached TiO, nanoparticle, and the more negative f X Aq value
was corresponding with the larger short-circuit current of the
cell. In this study, we also found that the acceptor of the new
dyes had a more negative f X Aq value in the Sy — S, transition
(PTN1: —0.20; NPT1: —0.23) compared with PyTN1 (—0.08)
and NPyT1 (—0.02) dyes, and thus larger Jc values (PTNI:
9.32; NPyT1: 13.37; PyIN1: 0.72; NPT1: 2.41 mA cm™2).
Dye-sensitized solar cells with an effective area of 0.16 cm”
and the electrolyte composed of 0.05 M 1,/0.5 M Lil/0.5 M
tert-butylpyridine (TBP) in acetonitrile solution were fabricated
to explore the potentials of new dyes as the sensitizers. The
incident photo-to-current conversion efficiency (IPCE) plots of
the cells and the typical photocurrent—voltage J—V curves of
the devices under the illumination of AM 1.5G (100 mW cm™2)
as well as the dark current are shown in Figure 4. The
performance parameters for the cells are summarized in Table
2. The highest IPCE performance was observed for the dye
NPT1 in the range 350 to 650 nm, with a maximum value of
~75% at 520 nm (~85% for NPT1 + 30 mM CDCA; see
Figures 4b and S9). The power conversion efficiency of the cell
is 3.69% and 6.05% for PTN1 and NPTI, respectively. In
contrast, PyTN1 (0.19%) and NPyT1 (0.82%) have much
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Figure 4. Current density—voltage/dark-current curves (a) and IPCE
plots (b) of DSSCs based on PTN1 and NPT1 dyes.
e

Table 2. Device Performance Parameters of the Dyes

dyes Voc/V Jsc/mA/cm? FF n %
PTN1 0.57 9.32 0.70 3.69
PTNI® 061 10.83 0.73 4.85
NPT1® 066 + 000 1337 £ 031 069 + 001 605 + 0.15
NPT1¢  0.70 13.41 0.72 6.76
N719 0.76 13.93 0.66 7.53

“Dye with addition of 30 mM CDCA. “Taken from three
measurements.

lower cell efficiencies.* The short-circuit current (Jsc) value of
the PT cells (PTN1: 9.32; NPT1: 13.37 mA cm™) is also
much higher than that of the PyT cells (PyTN1: 0.72; NPyT1:
241 mA cm™). The nearly 1 order improvement of the
efficiency and significantly higher Jsc value from PyT dyes to
PT dyes can be attributed to serious charge trapping in the
former (vide infra, see computation). It is interesting to note
that the cell performance of NPT1 is much better than that of
PTNI. This outcome could be ascribed to several reasons: (1)
NPT1 has more intense ICT absorption; (2) NPT1 has a
higher dye loading by ~18% (PTN1: 3.12 X 10~ mol/cm* and
NPT1: 3.68 X 1077 mol/cm?*); (3) NPT1 can suppress the
dark current more effectively (vide infra, see electrochemical
impedance spectra (EIS)); (4) there is better electron transport
in the cell of NPT1 (vide infra, see EIS).

Although the long alkyl chain at the PT entity may help to
ease dye aggregation,16 some degree of dye aggregation still
occurs (Figure SS). As dye aggregation tends to quench the
excited dye molecule and jeopardizes the electron injection
efficiency,”® we also fabricated DSSCs from the dyes containing
30 mM of chenodeoxycholic acid (CDCA) as the coadsorbent.
The cell performance was improved significantly for both dyes:
NPT, 0.72 V, 10.63 mA cm™2, 6.76%; PTN1, 0.61 V, 10.83
mA cm™?, 4.85%. It is believed that both dye aggregation and
charge recombination are eased. Alleviation of dye aggregation
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can be supported by the blue shift of the absorption spectra of
PTN1 and NPT1 when CDCA was added (Figure SS). Dark
current suppression, on the other hand, is supported by
comparison of EIS with and without addition of CDCA (vide
infra, EIS).

Figure S6 shows the EIS of DSSCs measured in the dark.
The intermediate frequency semicircle in the Nyquist plot
represents the charge transfer phenomena between the TiO,
surface and the electrolyte, i.e,, the dark current. The resistance
toward the dark current is larger for the cell of NPTI,
indicating its more effective suppression of dark current. This is
consistent with the smaller dark current (Figure 4a) and the
larger Vi (Table 2) measured. More compact packing of the
NPT1 dye likely more efficiently blocks the electrolytes from
approaching the TiO, surface. EIS was also measured for
DSSCs of NPT1 with different concentrations of CDCA (0, 10,
and 30 mM). The resistance toward the dark current increases
as the concentration of CDCA increases (Figure S7).

Figure S8 shows the Nyquist plots upon illumination of 100
mW cm™ under open-circuit conditions. The radius of the
intermediate frequency semicircle in the Nyquist plot will be
used to deduce the electron-transport resistance, and the
smaller radius means lower electron transport resistance. There
is no significant difference found in the electron transport
resistance between PTN1 (12.85 Ohm) and NPT1 (12.27
Ohm).

In summary, we have successfully designed and synthesized
two new organic sensitizers (PTN1 and NPT1) containing 2H-
[1,2,3]triazolo[4,5-c]pyridine as the central linkage for high-
performance dye-sensitized solar cells. Compared to pyridal-
[2,1,3]thiadiazole-based dyes, the conversion efficiency of the
DSSCs is nearly 1 order higher. The best cell performance has a
Voc of 0.66 V, Jc of 13.37 mA/cm?, and conversion efficiency
of 6.05%. Upon CDCA addition, the efficiency was further
boosted to 6.76% reaching ~90% of the standard cell based on
N719. Significant improvement of the cell performance of the
new dyes compared to their pyridal[2,1,3]thiadiazole congeners
can be attributed to the alleviation of charge trapping of the
[1,2,3]triazolo[4,5-c]pyridine moiety compared with the
pyridal[2,1,3]thiadiazole moiety.
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