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ABSTRACT: Three benzimidazole-based isomeric organic dyes possessing
two triphenylamine donors and a cyanoacrylic acid acceptor are prepared by

stoichiometrically controlled Stille or Suzuki—Miyaura coupling reaction which N[ severe | NS e
predominantly occurs on the N-butyl side of benzimidazole due to electronic g e \sgguantion;
preferences. Combined with the steric effect of the N-butyl substituent, ¢ N NB“s, "% oo ¢ NN DNC cooH
placement of the acceptor segment at various nuclear positions of S .
benzimidazole such as C2, C4, and C7 led to remarkable variations in

intramolecular charge transfer absorption, electron injection efficiency, and N N

charge recombination kinetics. The substitution of acceptor on the C4 led to ) SNB" NN

red-shifted absorption, while that on C7 retarded the charge transfer due to . . Efective |

twisting in the structure caused by the butyl group. Because of the cross- v | ;.':,r::.i.eg -
conjugation nature and poor electronic interaction between the donor and coor

acceptor, the dye containing triphenylamine units on C4 and C7 and the

acceptor unit on C2 showed the low oxidation potential. Thus, this dye

possesses favorable HOMO and LUMO energy levels to render efficient sensitizing action in solar cells. Consequently, it results
in high power conversion efficiency (5.01%) in the series with high photocurrent density and open circuit voltage. The high
photocurrent generation by this dye is reasoned to it exceptional charge collection efficiency as determined from the electron
impedance spectroscopy.

Bl INTRODUCTION circuit photocurrent (Jgc) and open circuit voltage (Vo)
directly. Recent attempts on dye design have mainly focused on
optimizing these parameters by structural engineering. The Jsc
can be enhanced by the following strategies: (a) Extension of the
ICT absorption in the dyes into the lower energy region with
high molar extinction coefficients by either linking or inserting
suitable donors, linkers, and acceptors in D-7-A configuration
of organic dyes.'” (2) Incorporation of two or more D-z-A
segments in a single molecule may effectively populate the
number of light-harvesting D-7-A units on the surface of TiO,.""
(3) Co-sensitization of complementary organic dyes also lead to
abroad coverage of solar light and thus broader IPCE spectra and
enhanced Jsc.””'? The V¢ is generally improved by the
following methods: (1) excluding the 7—x stacking interaction
of sensitizers on the surface of nanocrystalline TiO, film by
employing bulky donor moieties,'”"” with the incorporation of
either twisted 7-linkers'*”'* or alkoxy and alkyl groups on donor
and linker parts of D-7-A dyes.'”"” (2) Facile dye regeneration
by lowering the HOMO energy level of the dye has been proven

Day to day increase in demand for energy and depletion of
natural sources such as fossil fuels necessitate the need for
alternative renewable energy sources. Though silicon-based solar
cells suffice the demand partly, they suffer due to cost and
cumbersome fabrication procedures. Organic solar cells (OSCs),
particularly, dye-sensitized solar cells (DSSCs) invented by
Gritzel et al.' are attractive and fill the gap. A large variety of
DSSCs have been demonstrated employing Ru(II)-polypyr-
idyl-,> porphyrin-,® phthalocyanin-," perovskite-,” and organic
dyes”® as sensitizers and achieved efficiency as high as >15%.”
Each category of dyes inherit their own advantages and
disadvantages as sensitizers. Despite this, organic dyes featuring
D-z-A molecular configuration have shown potential due to
their low cost of production, ready availability, high molar
extinction coeflicients for intramolecular charge transfer
(ICT) bands, environmental friendliness, and structural
response toward optical and photovoltaic properties.”>” Organic
dyes have been demonstrated to exhibit power conversion

efficiency >10—12.8%.” to increase the Vo by reducing the charge recombination
Efficiency of DSSC is often hampered by the poor driving between the oxidized sensitizer and conduction band (Eg,) of

force for electron injection and dye regeneration and recom-

bination of injected electrons with the oxidized dye or electrolyte Received: November 10, 2015

components.”” These detrimental processes affect the short Published: December 17, 2015
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Figure 1. Isomeric organic dyes known in the literature.
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TiO,.">9"31¢ (3) Re(placing the conventional iodine-based
electrolyte with Co /() tris(bipyridyl)-based redox electrolyte
(0.5 V vs NHE)'”'® and Br,™/Br~ redox electrolytes (1.1 V vs
NHE)"” have been demonstrated to increase the potential barrier
between the conduction band energy (Eg,) of TiO, and redox
electrolytes. This efficiently jeopardizes the dark current and
enhances V. (4) Finally, the addition of an optimum amount of
coadsorbents such as chenodeoxycholic acid (CDCA) also
increases the Vi of DSSC by reducing the aggregation of dye
molecules.”’

Isomeric dyes with difference in constitution have received
immense attention recently due to the tunability of optical and
photovoltaic properties while maintaining the structural
components. Lin and co-workers”' synthesized two isomeric
sensitizers NPT1 and PTN1 (Figure 1) containing a 2H-
[1,2,3]triazolo[4,5-c]pyridine auxiliary acceptor. The dye with
pyridine nitrogen on the donor side (NPT1) exhibited high
efficiency (6.06%) than the isomeric dye containing pyridine
nitrogen facing the acceptor side (PTN1, # = 3.69%). The dye
NPT1 showed intense absorption and high oxidation potential
indicative of the effective charge transfer due to the proximity
of the electronegative nitrogen to the donor. Wang and co-
workers”” reported isomeric dyes which possessed variation in
the position of alkyl substituents on the linker. The dyes AH and
AEH featuring alkyl groups in the direction of acceptor exhibited
better performance than the dyes DH and DEH containing
alkyl groups on the donor side. Former dyes showed high Jsc
attributable to the longer wavelength absorption with high molar
extinction coefficients, while the later dyes gave rise to slightly
high Vi values arising from the twisted structures which
effectively suppressed the electron recombination and increased
the electron lifetime. Huang et al.** synthesized two isomeric
double branched D-7-A organic dyes differing in the linkage
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position between the D-7-A chromophores. Despite possessing
similar optical and electrochemical properties, the DSSC based
on the dye DB-D which contains the linkage between the donor
units displayed higher overall power conversion efficiency
(6.13%) than the dye DB-B with the connection at the 7-bridge
(3.65%). The better efficiency of DB-D is attributed to its
reduced aggregation and effective surface blocking. In addition to
these reports, a few isomeric dyes were well documented in the
literature.”*

Recently, benzimidazole®® and imidazole®® motifs have
attracted extensive attention as auxiliary donors and bulky
hydrophobic moieties in organic dyes, and such dyes
demonstrated improved light-harvesting properties and reduced
charge recombination rates. In our earlier report,”” we have
shown that N-phenylbenzimidazole incorporated phenothiazine
based dyes exhibited red-shifted absorption and hence high
Jsc, jeopardized unwanted charge recombination, and en-
hanced V. As a result, the DSSC devices sensitized with
N-phenylbenzimidazole bearing phenothiazine dyes exhibited
high efficiency when compared to that of the control dye. Herein,
we report the synthesis and characterization of three isomeric
dyes (Figure 2) containing N-butylbenzimidazole as a branch,
two triphenylamine donors, and a bithiophene cyanoacrylic acid
acceptor segment. The dyes were synthesized by selective Suzuki
or Stille coupling reactions followed by Knoevenagel con-
densation. The dyes showed variations in the attachment of the
acceptor segment in the benzimidazole nucleus. The presence of
the acceptor segment on C2 (7a) and C7 (7c) of the benzi-
midazole nucleus led to drastic decrement in the propensity of
the ICT and produced blue-shifted absorption. However, the dye
7a led to better overall power conversion efliciency in the DSSC
due to the effective inhibition of the recombination of electrons
and facile injection of electrons into the conduction band to
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Figure 2. Structures of benzimidazole-based isomeric dyes used in this study.
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TiO,. Although cross-conjugated organic fluorophores display-
ing acidochromism have been reported based on 2,4,7-
trisubstituted benzimidazole,” to the best of our knowledge
organic sensitizers are not reported.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The dyes were synthe-
sized by following the protocols illustrated in Schemes 1—3. First,
2-aryl substituted 3,4-dibromo-1-butyl-1H-benzo[d]imidazoles
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(3 and 9) required for the work were synthesized by a two-step
sequence. The reaction of 3,6-dibromobenzene-1,2-diamine (1)
with 2,2'-bithiophene-5-carbaldehyde or 4-formyltriphenyl-
amine in the presence of sodium metabisulfite (Na,$,05) in
dimethyl formamide (DMF)* produced the corresponding
2-aryl-3,4-dibromo-1H-benzo[d]imidazoles, 2 and 8 (Schemes 1
and 2). They were N-alkylated using 1-bromobutane and K,CO,
in DME’ to obtain the N-butylated derivatives, 3 and 9. For the
synthesis of 7a, dibromide 3 was subjected to formylation with
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Scheme 2. Synthesis of the Dye 7b
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POCI;/DMEF to obtain the aldehyde derivative, 4. Compound 4
was treated with 4-(diphenylamino)phenylboronic acid under
Suzuki—Miyaura conditions’' to obtain both mono- and
dicoupled products, 6 and 5.

The isolation of monocoupled product 6 gave evidence for the
substitution pattern. Since the C4 and C7 positions of N-butyl-1-
H-benzo[d]imidazole are chemically different, the aryl group can
be delivered at either of these positions in the Suzuki coupling
reaction. Though C7 is sterically hindered due to the butyl group,
the first substitution occurs at this position due to the electronic
preference (Scheme 3). The nitrogen lone pair electrons may be
dissipated toward C4 or C7 due to the inductive electron
withdrawal by electronegative bromine. The lone pair movement
toward C4 is viable as it leads to more favored charge separated
species. This was also confirmed by the Mulliken charge esti-
mation. Accumulation of charge at C4 will hinder the oxidative
addition step in the Suzuki coupling reaction and thus
preferentially produce the C7-substituted product. The struc-
ture of 6 was established by single crystal X-ray analysis
which confirms the location of the triphenylamine donor at C7
(Figure S37). The disubstituted aldehyde S was converted to the
desired dye 7a on treatment with cyanoacetic acid in acetic acid
in the presence of ammonium acetate.”

Similarly, compound 9 was subjected to a stoichiometrically
controlled Suzuki coupling reaction to obtain benzimidazole
derivative 10 containing two donors and a bromine exclusively
at C4 (Scheme 2). This was further converted to aldehyde
derivative 11 by a Stille coupling™ reaction with (5'-(1,3-
dioxolan-2-yl)-[2,2'-bithiophen]-S-yl)tributylstannane followed
by acid hydrolysis. Reaction of this aldehyde with cyanoacetic
acid produced the dye 7b. In a similar way starting from 9, but
reversing the reaction sequence (Scheme 4), ie., the Stille
coupling reaction of (5'-(1,3-dioxolan-2-yl)-[2,2’-bithiophen]-S-
yl)tributylstannane followed by Suzuki coupling with
4-(diphenylamino)phenylboronic acid, the isomeric aldehyde
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Scheme 3. Role of Nitrogen Lone Pair Electrons and Charge
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13 was obtained in modest yield. Condensation of 13 with
cyanoacetic acid produced the third isomeric dye 7c. All of the
new compounds were thoroughly analyzed by IR, NMR ('H and
13C), and high resolution mass spectrometry. The spectral data
are consistent with the proposed structures. All dyes are fairly
soluble in tetrahydrofuran (THF), DMF, and chlorinated
solvents such as dichloromethane and chloroform. However,
they displayed poor solubility in toluene, alcohols, etc.

Optical Properties. The absorption spectra of the dyes
recorded in THF (Figure 3a) displayed a broad envelope-like
structure with three distinguishable peaks. The highest energy
band at ca. 300 nm is probably 0r1§1nating from the
triphenylamine localized 7—7* excitation.” The middle and
longest wavelength absorptions of the dyes show variations
attributable to the structural changes in the dyes. First, the
absorption maxima of the longest wavelength absorption of the
dyes assume the order, 7b > 7a > 7c. The reverse trend is
witnessed for the middle wavelength absorption. The middle
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Scheme 4. Synthesis of the Dye 7c
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wavelength absorption is attributed to the z—z* transition
originating from the bithiophene and cyanoacrylic acid segment.
The extension of conjugative delocalization of the benzimidazole
and other neighboring units into this chromophore dictates the
wavelength and molar extinction coefficient of this absorption.
On comparing with the aldehydes 4, 6, and 12 (SI), slightly blue-
shifted 7—n* absorption is observed for the dyes 7a and 7b, while
the peak position remains unaltered for 7c. It is interesting to
note that the geometrical position of the bithiophene segment in
7c¢ is similar to 12, while in 7a it is derived from 6. However, the
aldehydes 4 and 6 exhibited red-shifted absorption when
compared to that of 12. So the 7—z™* absorption in dye 7a is
expected to appear at a longer wavelength than that of 7c.
Contrary to this belief, 7c showed red-shifted 7—n* absorption.
It can be rationalized as follows: (a) in 12, the conjugation is
restricted within bithiophene aldehyde as the butyl group twists
the benzimidazole and bithiophene units. However, in 4 and 6
the conjugation is extended into benzimidazole from bithio-
phene. Thus, 4 and 6 show red-shifted absorption when com-
pared to that of 12. In the dyes, 7c showed no change when
compared to 12, but the 7—7* absorptions of 7a and 7b are blue-
shifted when compared to that of 4 or 6. It is probable that the
introduction of an additional triphenylamine unit on 6 on C4
distorts the planarity between the benzimidazole and bithio-
phene (see theoretical calculations below) and reduces the
conjugation length of the chromophore responsible for the 7—n*
absorption. The absence of changes between 4 and 6 further
supports the steric role of the butyl group.

The longest wavelength absorption is predominantly
attributed to the intramolecular charge transfer (ICT) between
the triarylamine donor and cyanoacrylic acid acceptor.”®’ The
ICT peak positions of the dyes assumes the order: 7b > 7a > 7c.
The trend is intriguing when comparing the structural features of
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the dyes. Dye 7a is cross-conjugated with a poor electronic
communication between the donor and acceptor units. The dyes
7b and 7c contain a tilted donor—acceptor axis arising from the
steric demand from the butyl group. It is interesting that the
butyl group on the acceptor side in 7c significantly affects the
communication between the donor and acceptor when
compared to the butyl group on the donor side in 7b. It is also
noteworthy that the steric effect due to the butyl group in 7¢
significantly hampers the electronic delocalization than the cross-
conjugation in 7a. These perturbations manifested in the
transition probability of ICT in these dyes. Thus, dye 7b
displayed the highest molar extinction coefficient in the series
followed by 7a and 7c in that order. Nevertheless, all the dyes
exhibited molar extinction coeflicients larger than that of the
popularly used ruthenium dyes N8 and N719. To summarize, the
optical data clearly establish the importance of the coplanar
arrangement of the acceptor with the linker, in this case
benzimidazole, than the donor.

The absorption spectra of the dyes anchored on porous
nanocrystalline TiO, films are shown in Figure 3b. All of the dyes
displayed a red-shifted absorption edge compared to that
observed in tetrahydrofuran solution (Figure 3a). The bath-
ochromic shift and broadening are more drastic for dye 7a.
Generally, the red shift is attributed to the formation of J-type
aggregates”* of the dye molecules or due to the large thickness of
the TiO, layer.” In the present dyes, the T-shaped molecular
configuration and the presence of two trigonal triphenylamine
units would help to retard the formation of aggregates (see
below). So, the observed broadening and red-shift may be
ascribed mainly to the large thickness of the TiO, layer. However,
the unusual red shift for 7a points to the fact that the angular
arrangement of the triphenylamine units in 7b and 7¢ effectively
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Figure 3. Absorption spectra of the dyes recorded in (a) tetrahydrofuran
solution and (b) anchored on nanocrystalline TiO,.

inhibits the aggregation when compared to the linear arrange-
ment of triphenylamines units in 7a.

The emission spectra of the dyes recorded in THF
(Figure S38b) exhibited a trend similarly observed in absorption
spectra. Dye 7b exhibited the red-shifted emission peak when
compared to those of 7a and 7, but the Stokes shift of 7b is the
smallest among the dyes. This indicates that dye 7b undergoes
lower structural reorganization in the excited state when
compared to that of 7a and 7c. This is reasonable as dye 7b is
more planar when compared to dyes 7a and 7c (vide supra). This
is in accordance with the very high Stokes shifts reported for the
dyes having a twisted structure than the isomeric molecules with
planar configuration.”” When the emission spectra of the dyes
were measured in nonpolar solvent such as toluene, a reverse
trend was observed (Figure S38a). Dye 7b exhibited the most
blue-shifted emission profile in the series. This further supports
our argument that 7b possesses more polarized structure in
the series arising from the strong ICT character. Such polar
molecules will be effectively solvated by the polar solvents, while
the nonpolar solvents cannot.

The effect of the solvent polarity on the ICT absorption
peak of the dyes were examined by recording the absorption
spectra of the dyes in different solvents such as toluene (TOL),
dichloromethane (DCM), tetrahydrofuran (THF), methanol
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(MeOH), acetonitrile (ACN), and dimethylformamide (DMF).
All the dyes exhibited a blue shift for ICT absorption on increasing
the solvent polarity indicating appreciable donor—acceptor
interaction in the ground state (see for instance, Figure 4). Most
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Figure 4. Absorption spectra of 7a recorded in different solvents.

red-shifted absorption was observed for DCM probably arising
from the instant stabilization of polarizable electrons.”® Most
blue-shifted absorption witnessed for DMF, MeOH, and ACN
solutions may be attributed to the effective solvation of the dyes by
the polar solvents and to the basic nature of DMF.*”

The ICT character of the longer wavelength absorption is
further corroborated by the acid—base equilibria of the dyes
(Figure S). The dyes on addition of TEA displayed a significant
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Figure 5. Absorption spectra of 7a recorded in THF before and after the
addition of TFA or TEA.

blue shift for the charge transfer band. However, the addition of
TFA did not alter the absorption. This clearly goints that the
dyes are in the protonated form in solution.”™*” However, the
hypsochromic shifts upon addition of the base are rather limited
which highlight the existence of charge transfer between the
cyano moiety and the donor part of the chromophore.

DOI: 10.1021/acs.joc.5b02590
J. Org. Chem. 2016, 81, 640—653


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02590/suppl_file/jo5b02590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02590/suppl_file/jo5b02590_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.5b02590

The Journal of Organic Chemistry

20 0.0
(a) —— 7a
] —Oo— T7b
1.5 ——Tc < _0_3_-
E] i i
. 1.0 — -0.6
< ) X
s 3
g | t
- [ g
8 0.5-_ ‘S' 0.9
3 ]
00 42
g
———— 1.5 +———7———7+———1—————
0.7 0.5 0.3 0.1 -0.1 0.8 0.6 0.4 0.2 0.0 -0.2
Potential vs Ferrocene (V) Potential vs Ferrocene (V)
Figure 6. (a) Cyclic voltammograms and (b) differential pulse voltammograms of the dyes recorded for tetrahydrofuran solutions.
Table 1. Photophysical and Electrochemical Properties of Dyes in Tetrahydrofuran Solution
Aaps (nM) Aem Stokes shift E,, (mV) E, (V) (vs E*,(eV)’ (vys HOMO® LUMO? E,,°
dye (Emae X 10° M~ cm™) (nm) (em™) (AEp (mV))* NHE)“ NHE) (eV) (eV) (eV) AGm,f
7a 428 (34.33), 346 (37.36), 562 5571 544 (82) 1.31 -122 534 281 253 —072
306 (41.64)
7b 469 (36.18), 333 (37.18), 577 3991 616 (85) 1.39 —0.97 542 3.06 236 —047
302 (42.15)
7c 418 (31.06), 350 (39.47), 562 6130 588 (89) 136 -121 539 2.82 257 =071
303 (32.62)

“E,, (vs NHE) = 0.77 + E_, (vs Fc). Oxidation potential of the dyes were recorded in THF (2 X 107* M) with 0.1 M Bu,NCIO, as electrolyte
(working electrode, glassy carbon; counter electrode, Pt wire; reference electrode, nonaqueous Ag/Ag’; ferrocene was used as internal standard for

potentlal calibration). *Calculated using the formula E* , = E,

E.

spectra Thermodynamlc driving force of the electron injection (AGmJ) =

— Ey_¢- “Obtained from the oxidation potential using the formula HOMO = 4.8 +
9Calculated using the formula LUMO = HOMO — E0 o “Estimated from the intersection between the normalized absorption and emission

- Ecg.

ox

Electrochemical Characteristics. Electron injection from
the photoexcited dye into the conduction band of TiO, and the
regeneration of the oxidized dye by the electrolyte depends on
excited and ground state oxidation potentials, respectively, of the
dyes. The ground and excited state oxidation potentials of the
dyes can be deduced from the redox potentials of the dyes and
the optical band gap.”” Thus, to ascertain the thermodynamic
teasibility of electron injection and dye regeneration we had
performed electrochemical studies on the dyes by using cyclic
and differential pulse voltammetric techniques. The cyclic and
differential pulse voltammograms of the dyes are displayed in
Figure 6 and the corresponding redox parameters listed Table 1.
All of the dyes displayed a broad redox couple attributable to the
removal of two electrons simultaneously from the triphenyl-
amine units. The oxidation potentials of the dyes are more
positive than that of internal ferrocene. It is interesting that the
two chemically different triphenylamine units in the dyes did
not show distinguishable oxidation peaks. Nevertheless, the
oxidation potentials of the dyes exhibited a trend (7b > 7c > 7a)
reflecting the strength of interaction between the donor and
acceptor. The lowest oxidation potential observed for 7a is due to
the completely delinked T-shaped structure, which isolates the
triphenylamine units from the acceptor segment. However, in the
case of 7b and 7c the triphenylamine unit is directly linked to
the acceptor in a linear conjugation. However, the conjugation
between the donor and acceptor is affected by the nonplanarity
originating from the steric inhibition rendered by N-butyl group.
It has been already established from the absorption data that the
interaction between the donor and acceptor in 7b is better than
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that in 7c. The relatively high oxidation potential observed for 7b
over 7a further supports this.

The ground state oxidation potentials (E,,) corresponding to
HOMO energy levels and the excited state oxidation potentials
(E*,y) corresponding to LUMO energy levels of the dyes fall
in the range 1.31—1.36 V and —0.97 V to —1.22 V (vs. NHE),
respectively. Furthermore, the E,, values are more positive
(Figure 7) than the redox potential of iodine/iodide (I,7/17)

-2.0 =~ Electron
Injection
-1.22 -1.21
_ —_ -0.97 —_
S-1.0 -_
w
u —
E -0.5
z ® T Tio, 2.53 2.36 257 I/
g 0.4
5 1.0+ d
o — —
1.31
1.39 1.36 Dye
2.0 7a 7b 7c Regeneration

Figure 7. Ground state and excited state oxidation potentials of the dyes
with respect to NHE.

electrolyte (0.4 V vs. NHE), 86540 while the E*, values are more
negative (Figure 7) than the Ey, of TiO, (—0.5 Vvs NHE).5>e*!
This suggests a favorable thermodynamic driving force for the
regeneration of the oxidized dyes by electrolyte and effective
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Figure 8. Calculated electronic distribution in frontier molecular orbitals of the dyes.

Table 2. Computed Vertical Transitions and Their Oscillator Strengths and Configurations Using the MPW1K/6-31G(d,p) Level

dye Amax (nm) f configuration HOMO (eV) LUMO (eV) Ey_o (eV) Hg (D)
7a 477 1.09 HOMO — 2—LUMO (39%), HOMO—LUMO (55%) -5.89 -2.55 3.34 12.93
7b 489 167 HOMO — 2—LUMO (30%), HOMO—LUMO (62%) -6.03 ~2.40 3.63 17.12
7c 446 1.26 HOMO — 2—LUMO (37%), HOMO—LUMO (56%) —5.90 —2.43 3.47 5.78

injection of electrons from the photoexcited dye into the CB
edge of TiO,, respectively. The dye 7a possessed relatively high-
lying E*,, value (Table 1) which may increase the thermody-
namic driving force for electron injection (Aij) and
consequently improve the electron collection efficiency in the
DSSC.™

Theoretical Investigations. The electronic structure of the
dyes were analyzed by density functional theoretical (DFT)*
calculations using the Gaussian 09 program package. In the
present dyes, the N-butyl group plays a major role in the planarity
of the molecule; the position of other groups relative to this
is expected to exert a significant effect on the optical and
electrochemical properties. It is worth studying the impact of
geometrical arrangement on the organization of frontier
molecular orbitals and the propensity of intramolecular
charge transfer. Generally, the donor—acceptor interactions in
the organic dyes mainly depend on the coplanarity of the
consecutive chromophores, which dictates the conjugative
communication between the constituents.'* The calculated
interplanar angles between the various aromatic segments in the
dyes are shown in Figure S39. As expected, the segment on
the N-butyl side is significantly deviating from the planarity. The
deviation is more significant when the chromophore on
the N-butyl side is the triphenylamine unit (7a and 7b). Also,
the triphenylamine moiety on the other side of the benz-
imidazole also showed deviation from the planarity (compare 7a
and 7c with 7b) originating from the tilting of the phenyl group.
However, the acceptor segment comprising bithiophene and
cyanoacrylic acid displayed more coplanarity with the
benzimidazole in 7b. Thus, the donor—acceptor axis in 7c is
very distorted from the planarity, while in 7b, the twisting is
mainly between benzimidazole and triphenylamine units. The
polarization in the molecule can be grossly estimated from the
dipole moment values. Significant donor—acceptor interaction is

647

expected to result in a more polarized molecule. In 7c, the
distortion of the acceptor unit from the benzimidazole unit
severely delinks the donor and acceptor moieties. Thus, the
donor—acceptor interaction in 7c is expected to be very minimal.
The trend in dipole moments [7b (17.12D) > 7a (12.93 D) > 7c
(5.78 D)] is in line with these speculations. These structural
arrangements greatly influenced the electronic distribution in the
frontier molecular orbitals.

The computed frontier molecular orbitals HOMO, HOMO —
1, LUMO, and LUMO + 1 of the dyes are shown in Figure 8.
Vertical excitation energies, their oscillator strengths, and orbital
contribution are listed in Table 2. In the dyes 7a and 7c, the
HOMO is located on the triphenylamine unit attached at the C4
position and benzimidazole. However, in 7b the HOMO is
mainly constituted by the bithiophene and benzimidazole units
with minor contribution from the triphenylamine units. This is
probably because of the noncoplanar arrangement of triphenyl-
amine units with the benzimidazole unit. Thus, the conjugation is
limited to the benzimidazole and bithiophene units. The LUMO
in all the dyes are restricted to the bithiophene and cyanoacrylic
acid segment. The HOMO and LUMO are completely separated
in the dyes 7a and 7c, which reduces the propensity of charge
transfer between the donor and acceptor. However, in 7b due to
the delocalization of HOMO over the entire molecule, the
HOMO to LUMO excitation can be termed as a composite
of 7—n* and ICT. On this basis, a blue-shifted absorption is
expected for 7a and 7c when compared to that of 7b. Computed
vertical transition and their orbital contributions are listed in
Table 2. It is mainly contributed by the HOMO to LUMO and
HOMO - 2 to LUMO electronic excitations. The order of
theoretically calculated absorption maxima for the dyes is 7b > 7a
> 7¢, and it is well matched with the absorption trend observed in
THEF solution (vide supra).
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Figure 9. [-V curves (a) and IPCE spectra (b) of the DSSC fabricated using the N-butyl benzimidazole-based isomeric dyes.

Photovoltaic Properties. The photovoltaic properties of
the dyes were evaluated by fabricating photoelectrochemical cells
using the dyes as sensitizers. The short-circuit photocurrent vs
open-circuit photovoltage (J—V) plots and incident photon-to-
current conversion efficiency (IPCE) curves are shown in Figure 9
and relevant photovoltaic parameters compiled in Table 3. The

Table 3. Photovoltaic Performance Parameters of DSSCs
Based on the Dyes

Jsc Voc Ry Ry
dre  (mAem™) (V)  ff (%) (@) (@) z(m)
7a 9.42 073 072 S0l 6312 1532 454
7b 8.84 070 067 413 2933 1601 394
7c 692 071 071 345 3878 1788  3.94
N719 1629 081 071 941 7957 1190  12.05

dye 7a exhibited the best performance (17 = 5.01%) in the series,
attributable to high photocurrent density (Jsc) and enhanced
photovoltage (Vc). The high photocurrent observed for 7a is
interesting. Particularly, the dye 7b possesses comparatively better
light-harvesting property than 7a. So 7b is expected to produce a
larger photocurrent. Contrary to this belief, relatively low Jgs¢

(8.84 mAcm™) was realized for 7b probably due to the less
favorable driving force for the electron injection into the
conduction band of TiO, for the photoexcited dye originating
from the low-lying LUMO. However, in 7a the suitable position of
LUMO increases the charge collection efficiency.

The relatively high V¢ for the dye 7a may be attributed to the
presence of two triphenylamine donor moieties at C4 and C7
positions of the benzimidazole core, which may provide effective
surface blocking through steric hindrance to suppress the
approach of the I,~ species from the electrolyte toward TiO,."
Similarly, a slight increase in Vi for the dye 7c when compared
to its isomeric analogue 7b may arise from the more twisted
structure of the former (vide infra), which effectively blocks the
phenomena responsible for charge recombination (vide supra).
Similar observations were reported for the isomeric dye DH>
possessing twisted 7-linkers. *”**

Electrochemical Impedance Spectroscopy (EIS). The
trends in Vo of the isomeric dyes can be evaluated by estimating
the electron recombination resistance (R,,) and electron
transport resistance (R,,,) in the devices across the TiO,/dye/
electrolyte interface, and also electron lifetime (z,) in the CB
of TiO,. In order to get these parameters, the Nyquist and
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Figure 10. Nyquist plots of the DSSCs under (a) dark and (b) illumination conditions.
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Bode-phase plots of DSSC devices were constructed by EIS
measurements under dark and illumination conditions. The
Nyquist plots of the devices under the dark and illumination
conditions are shown in Figure 10, and the corresponding
parameters listed in Table 3. The radius of the middle large
semicircle in the Nyquist plots is related to the R,,. and R¢, under
dark and illumination conditions, respectively.”>*”***> The
order of R, of the dyes is 7a > 7c > 7b, while the R, assumes a
trend 7c > 7b > 7a. The high R, and low R, observed for the
device comprising 7a is matching with the high Jsc and Vy¢
values. Further, the high V. for 7a is supported by the relatively
elongated electron lifetime deduced from the Bode phase plot
(Figurell).23’27’44’45T0 summarize, the best performance of 7a

15

12

-Theta

-
o,

Frequency (Hz)

Figure 11. Bode phase plots of the DSSCs under illumination condition.

mainly originates from the high R, 7,, and low R ,. It also points
to the fact that the integration of triphenylamine at C4 and C7
positions of benzimidazole is more desirable than the C2 and C7
and C2 and C4 positions to reduce the electron recombination
between the injected electrons in the CB of TiO, with the
oxidized dyes and redox constituents.*®

B CONCLUSIONS

We have designed and synthesized three benzimidazole-based
isomeric dyes by swapping the position of the triphenylamine
and acceptor units. It was found that the N-butyl group on the
benzimidazole unit distorts the chromophore on that side and
dictates the optical and electrochemical properties accordingly.
The distortion in the donor—acceptor conjugation axis generally
reduces the charge transfer interaction between them. In a
T-shaped molecular configuration, the arrangement of triphenyl-
amine units on one axis and the acceptor segment on the
perpendicular axis reduced the donor—acceptor interaction and
conjugation significantly in 7c. Thus, the absorption peak of the
dyes assumed the order 7b > 7c > 7a in line with these estimates.
The dyes exhibited a weak solvatochromism confirming the ICT
character. Also, the oxidation of 7b was more difficult in the series
due to the stronger donor—acceptor interaction which led to
the depletion of electron density form the donor moiety. The
structural perturbations and their impact on the optical and
electrochemical properties were further quantified by the DFT
calculations. The dyes were used as sensitizers in DSSC and
found to result promising efficiency in the range 3.45—5.01%
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with variations attributable to the isomeric constitution of
the dyes. The T-shaped structural composition of 7a was found
to be beneficial for the retardation of electron recombination,
while the isolation of donor and acceptor helped to upwardly
shift the LUMO and increase the charge collection efficiency.
Because of the high Jsc and V¢ values, the dye 7a exhibited
the highest efficiency (5.01%) among the isomeric dyes. These
results indicate that benzimidazole is a versatile chromo-
phore for the development of promising organic dyes by suitable
position of donors, z-linkers, and acceptors on the benzimidazole
nucleus.

B EXPERIMENTAL SECTION

General Methods. The precursor, 3,6-dibromobenzene-1,2-dia-
mine (1), required for the synthesis of target compounds was
synthesized by a reduction of 4,7-dibromobenzo[c][1,2,5]thiadiazole
with NaBH, according to a literature procedure.”” All other chemicals
were procured from commercial sources and used as received. Solvents
for photophysical measurements were distilled over suitable dehydrating
agents according to standard methods prior to use. All of the compounds
were purified by column chromatography using 100—200 mesh silica gel
or neutral alumina. 'H and '*C NMR spectra were recorded in
NMR spectrometers operating at 400.00 or 500.13 MHz for '"H NMR
and 100.00 or 125.77 MHz for *C NMR. The chemical shifts were
calibrated from the residual peaks observed for the deuterated solvents
such as chloroform (CDCl;) and dimethyl sulfoxide (DMSO-d;) at &
7.26 and 2.52 ppm for 'H and 77.0 and 39.5 ppm for *C, respectively.
High resolution mass spectra were measured using a TOF-Q ESI mass
spectrometer in positive ion mode. The optical absorption and emission
spectra of the dyes were measured for the freshly prepared air equili-
brated solutions at room temperature by using a UV—vis spectropho-
tometer and spectrofluorimeter, respectively. The IR spectra were
recorded by using a FT-IR spectrometer. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) experiments were performed with
an electrochemical analyzer using a conventional three-electrode
assembly comprising a glassy carbon working electrode, a platinum
wire auxiliary electrode, and a nonaqueous (acetonitrile) Ag/AgNO;
reference electrode. The E, , values were determined as (EPa + EPC) /2,
where E,* and E,° are the anodic and cathodic peak potentials, respec-
tively. Ferrocene was used as the internal potential marker.

2-(2,2'-Bithiophen-5-yl)-4,7-dibromo-1H-benzo[d]imidazole (2).
A mixture of 3,6-dibromobenzene-1,2-diamine (7.40 g, 27.80 mmol),
2,2’-bithiophene-S-carbaldehyde (4.50 g, 23.16 mmol), and Na,$,0;
(13.20 g, 69.60 mmol) in SO mL of DMF was heated at 95 °C. The
reaction was monitored by TLC. After completion of the reaction
(24 1), it was poured into ice cold water, and the resulting solid was
filtered and dried. It was crystallized from a mixture of dichloro-
methane/hexane (3:1 v/v) to obtain a light yellow solid; yield 10.00 g,
98%; mp 280 °C; IR (KBr, cm™") 3076 (vy_y); "H NMR (DMS0-d,,
400.00 MHz) 67.11 (dd, J = 5.0, 3.7 Hz, 1 H), 7.31 (s, 2 H), 7.38 (d, ] =
3.7Hz,1H),7.45—7.46 (m,1H),7.57 (dd, J= 5.0, 1.4 Hz, 1 H), 8.06 (d,
J = 3.7 Hz, 1 H). *C NMR (DMS0-d,, 100.00 MHz) § 125.0, 125.4,
126.3, 126.7,128.7, 129.9, 130.7, 135.8, 140.0, 148.2. HRMS (ESI) m/z:
[M + Na]* Calcd for C,;HgBr,N,S,Na 462.8373; found, 462.8393.

2-(2,2'-Bithiophen-5-yl)-4,7-dibromo-1-butyl-1H-benzo[d]-
imidazole (3). A mixture of 2-(2,2'-bithiophen-5-yl)-4,7-dibromo-1H-
benzo[d]imidazole (9.5 g, 21.6 mmol), n-BuBr (5.0 g, 43.2 mmol),
potassium carbonate (8.9 g, 64.8 mmol), and SO mL DMF was heated at
95 °C. After 24 h, it was poured into ice cold water to produce a yellow
precipitate. It was purified by column chromatography on silica using
dichloromethane/hexane (1:1, v/v) as eluent. Light yellow solid; yield
7.5 g, 75%; mp 162 °C; '"H NMR (CDCl,, 500.13 MHz) 6 0.98 (t, ] =
7.5 Hz, 3 H), 1.40—1.47 (m, 2 H), 1.88—1.94 (m, 2 H), 469 (t, ] =
8.5 Hz, 2 H), 7.06—7.08 (m, 1 H), 7.24 (d, ] = 4.0 Hz, 1 H), 7.28—7.33
(m, 4 H), 7.48 (d, ] = 3.5 Hz, 1 H). 3C NMR (CDCl,, 100.00 MHz) &
13.8, 197, 34.1, 45.7, 102.1, 113.0, 124.2, 125.0, 125.7, 126.6, 128.2,
128.7,129.4,130.0, 133.0, 136.3, 141.5, 143.6, 149.5. HRMS (ESI) m/z:
[M + Na]*Calcd for C,oH,4Br,N,S,Na 518.8999; found, 518.9007.
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5'-(4,7-Dibromo-1-butyl-1H-benzo[d]imidazol-2-yl)-2,2’-bithio-
phene-5-carbaldehyde (4). 2-(2,2'-Bithiophen-5-yl)-4,7-dibromo-1-
butyl-1H-benzo[d]imidazole (4.0 g, 8.1 mmol) and DMF (25 mL)
were taken in a 100 mL round-bottomed flask, and to this, POCl,
(8.1 mL, 81.0 mmol) was added dropwise via syringe under nitrogen
atmosphere at 0 °C. Afterward, the reaction mixture was heated to 65 °C
for 8 h. Reaction status was monitored by TLC. After the completion of
the reaction, the reaction mixture was poured into ice-cold saturated
sodium acetate solution to obtain a yellow precipitate. It was filtered,
dried, and crystallized from a mixture of dichloromethane/hexane
(1:1, v/v). Yellow solid; yield 6.0 g, 82%; mp 160 °C; IR (KBr, cm™)
1657 (vc—o); "H NMR (CDCl;, 500.13 MHz) 6 0.98 (t, ] = 7.5 Hz,
3 H), 1.40—1.49 (m, 2 H), 1.89—1.95 (m, 2 H), 470 (t, ] = 8.0 Hz, 2 H),
7.31-7.34 (m, 2 H), 7.36—7.37 (m, 1 H), 742 (d, ] = 3.5 Hz, 1 H), 7.54 (d,
J=40Hz, 1H),7.72 (d,] = 3.5 Hz, 1 H), 9.90 (s, 1 H); *C NMR (CDCl,,
125.77 MHz) § 13.7,19.6,33.9, 45.6,102.1, 113.0, 125.2, 1264, 126.6, 128.8,
1294, 132.3, 1329, 1372, 1392, 142.5, 1434, 145.4, 1484, 182.4. HRMS (ESI)
m/z: [M + Na]* Calcd for C,H,(Br,N,0S,Na 546.8948; found, 546.8964.

5'-(1-Butyl-4,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-2-yl)-2,2'-bithiophene-5-carbaldehyde (5) and 5'-(4-
Bromo-1-butyl-7-(4-(diphenylamino)phenyl)-1H-benzo[d]imidazol-
2-yl)-2,2’-bithiophene-5-carbaldehyde (6). In a 100 mL two-necked
round-bottomed flask, 4-(diphenylamino)phenylboronic acid (0.61 g,
2.09 mmol), 5'-(4,7-dibromo-1-butyl-1H-benzo[d]imidazol-2-y1)-2,2'-
bithiophene-S-carbaldehyde, 4 (1.0 g, 1.9 mmol), potassium carbonate
(0.79 g, 5.7 mmol), and 30 mL of THF/H,O (3:1, v/v) were taken and
purged with nitrogen. After the addition of Pd(PPh,), (90 mg, 2 mol %),
the reaction mixture was refluxed for 24 h. On completion of the
reaction, it was diluted with dichloromethane and water. The organic
layer was separated, dried over anhydrous Na,SO,, and the volatiles
removed under reduced pressure. The crude solid containing products
S and 6 were purified by column chromatography on silica using
dichloromethane/hexane as eluent. Compound $: orange solid; yield
021 g, 13%; mp 140 °C; IR (KBr, cm™") 1659 (vc—o); 'H NMR
(CDCl,;, 500.13 MHz) 6 0.76 (t, ] = 7.5 Hz, 3 H), 0.95—1.01 (m, 2 H),
1.39—1.45 (m, 2 H), 4.20 (t, ] = 8.5 Hz,2 H), 7.02—7.08 (m, 4 H), 7.16—
723 (m, 13 H), 7.26—7.32 (m, H), 7.34—7.39 (m, 4 H), 743 (d, ] =
3.5Hz,1H),7.47 (d,]=7.5Hz, 1 H),7.70 (d,] = 4.0 Hz, 1 H), 8.05 (d,
J=9.0Hz,2 H),9.89 (s, 1 H). *C NMR (CDCl,, 125.77 MHz) § 13.5,
19.7, 324, 45.5, 121.1, 122.7, 122.8, 123.1, 123.5, 124.4, 124.5, 124.9,
125.3, 126.4, 126.4,128.3,129.1, 129.3, 130.0, 130.5, 130.8, 132.1, 132.5,
133.6,134.4,137.3,138.3, 141.3, 142.2, 146.0, 147.0, 147.2, 147 .4, 147.5,
147.7, 182.4. HRMS (ESI) m/z: [M]* Caled for CyH,,N,OS,
852.2957; found, 852.2943.

Compound 6: yellow solid; yield 0.6 g, 46.1%; mp 238 °C; IR
(KBr, cm™) 1653 (vc—o); 'H NMR (CDCl,, 400.00 MHz) & 0.73
(t,J=7.6 Hz,3 H),0.92—0.99 (m, 2 H), 1.32—1.39 (m,2 H), 4.13 (t, ] =
7.6 Hz, 2 H), 7.00 (d, ] = 8.0 Hz, 1 H), 7.04—7.08 (m, 1 H), 7.12—7.15
(m, 7 H), 7.25-7.30 (m, 6 H), 7.34 (d, ] = 4.0 Hz, 1 H), 7.38 (d, ] =
40Hz,1H),7.45(d,J=3.6Hz, 1 H),7.49 (d,] = 7.6 Hz, 1 H), 7.70 (d,
J=3.6Hz,1H),9.88 (s, 1 H). 3*C NMR (CDCl,, 100.00 MHz) § 13.7,
19.8, 32.6, 46.0, 112.5, 122.8, 123.5, 124.7, 125.3, 125.5, 126.5, 127.0,
129.4,129.5, 130.5, 137.5, 139.0, 142.4, 142.5, 145.9, 147.6, 147.9, 148.1,
182.7 HRMS (ESI) m/z: [M + Na]* Calcd for C;3H;,BrN;0S,Na
710.0911; found, 710.0904.

4-(4,7-Dibromo-1H-benzol[d]imidazol-2-yl)-N,N-diphenylaniline
(8). It was synthesized by following the procedure described above for
compound 2, except using 4-(diphenylamino)benzaldehyde instead of
2-(2,2'-bithiophen-5-yl)-4,7-dibromo-1H-benzo[d]imidazole. Off white
solid; yield 90%; mp 325 °C; IR (KBr, cm™) 3053 (vy_py); 'H NMR
(DMSO-d6, 500.13 MHz) & 7.05 (d, ] = 8.5 Hz, 2 H), 7.12—7.17 (m,
6H),7.33—7.40 (m, 6 H), 8.19 (d, ] = 8.5 Hz, 2 H), 13.07 (s, 1 H). *C
NMR (DMSO-dg, 125.77 MHz) § 121.5, 122.4, 124.7, 125.6, 129.3,
130.3, 147.0, 149.9, 153.6. HRMS (ESI) m/z: [M]* Calcd for
C,sH,-Br,N, 518.9769; found, 518.9780.

4-(4,7-Dibromo-1-butyl-1H-benzo[d]imidazol-2-yl)-N,N-dipheny-
laniline (9). 1t was prepared by following the procedure described above
for 3, but 4-(4,7-dibromo-1H-benzo[d]imidazol-2-yl)-N,N-diphenyla-
niline was used instead of 2-(2,2'-bithiophen-5-yl)-4,7-dibromo-1H-
benzo[d]imidazole. An off white solid appeared; yield 85%; mp 140 °C;
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'"H NMR (DMSO-d6, 500.13 MHz) 6 0.73 (t, ] = 7.0 Hz, 3 H), 1.08—
1.15 (m, 2H), 1.63—1.69 (m, 2 H), 4.51 (t, = 7.5Hz,3 H), 7.06 (d,] =
9.0 Hz, 2 H), 7.13=7.16 (m, 6 H), 7.37—7.40 (m, 6 H), 7.63 (d, ] =
8.5 Hz, 2 H). '*C NMR (CDCl,, 125.77 MHz) § 13.6, 19.4, 34.1, 45.5,
102.4,113.0, 122.1,122.7, 123.9, 125.2, 126.2, 128.1, 129.6, 130.8, 132.8,
143.9, 147.1, 149.7, 156.4. HRMS (ESI) m/z: [M]* Caled for
C,oH, Br,N, §75.0395; found, 575.0425.
4,4'-(4-Bromo-1-butyl-1H-benzo[d]imidazole-2,7-diyl)bis(N,N-di-
phenylaniline) (10). It was synthesized by following the procedure
described above for 6, except using of 4-(4,7-dibromo-1-butyl-1H-
benzo[d]imidazol-2-yl)-N,N-diphenylaniline instead of 5’-(4,7-dibro-
mo-1-butyl-1H-benzo[d]imidazol-2-yl)-2,2’-bithiophene-5-carbalde-
hyde. Off white solid; yield 50%; mp 180 °C; 'H NMR (CDCI,,
500.13 MHz) 5 0.64 (t, ] = 7.0 Hz, 3 H), 0.77—0.85 (m, 2 H), 1.16—1.24
(m, 2 H), 4.11 (t, J = 7.5 Hz, 2 H), 7.01 (d, J = 8.0 Hz, 1 H), 7.05—7.10
(m, 4 H), 7.14=7.17 (m, 12 H), 0.7.33 (m, 10 H), 7.49 (d, ] = 8.0 Hz,
1H),7.55(d,] = 8.5 Hz, 2 H). 3*C NMR (CDCl,;, 125.77 MHz) § 13.6,
19.6, 32.5, 45.7, 121.1, 122.4, 122.7, 123.1, 123.6, 123.7, 124.5, 124.5,
125.1,125.3,125.6, 125.6, 129.2, 129.4, 129.5, 130.2, 130.7, 130.8, 130.9,
132.9,133.3, 146.8, 147.3,147.7,147.9, 149.1, 155.3. HRMS (ESI) m/z:
[M + Na]* Caled for C4;H;BrN,Na 761.2256; found, 761.2273.
5'-(1-Butyl-2,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-4-yl)-2,2'-bithiophene-5-carbaldehyde (11). In a 100 mL
round-bottomed flask, 4,4’-(4-bromo-1-butyl-1H-benzo[d]imidazole-
2,7-diyl)bis(N,N-diphenylaniline) 10, (0.40 g, 0.54 mmol), (5'-(1,3-
dioxolan-2-y1)-2,2'-bithiophen-S-yl)tributylstannane (0.38 g, 0.7 mmol),
and 6 mL of DMF were taken and purged with nitrogen. After the
addition of Pd(PPh;),Cl, (7 mg, 1 mol %), the reaction mixture was
heated at 90 °C for 18 h. After the completion of the reaction, it was
poured into ice cold water and extracted with dichloromethane. The
solvent was removed, and the resulting residue suspended in 5 mL of
glacial acetic acid and stirred for 1 h at 60 °C. Then, S mL of water was
added to the mixture and further heated for 1 h at the same temperature.
Finally, it was extracted with dichloromethane and the volatiles removed
to obtain a residue. It was purified by column chromatography on neutral
alumina using dichloromethane/hexane (1:1, v/v) as eluent. Orange
solid; yield 35%; mp 180 °C; IR (KBr, cm™") 1662 (vc—o); 'H NMR
(CDCl,, 400.00 MHz) 6 0.65 (t, J = 7.3 Hz, 3 H), 0.80—0.86 (m, 2 H),
1.20—1.28 (m, 2 H), 4.11 (t, ] = 7.8 Hz, 2 H), 7.03—7.14 (m, 3 H),
7.13—7.23 (m, 13 H), 7.25—7.39 (m, 12 H), 741 (d, ] = 3.4 Hz, 1 H),
7.59—7.69 (m, 4 H), 8.06 (d, J = 3.6 Hz, 1 H), 9.84 (s, 1 H). '*C NMR
(CDCI,, 400.00 MHz) & 134, 194, 32.3, 45.8, 119.3, 122.0, 122.8,
123.1, 123.3, 123.7, 123.8, 124.40, 125.1, 126.6, 126.8, 127.0, 129.3,
129.4,130.6, 132.5, 133.2, 135.4, 137.6, 140.8, 140.9, 149.9, 147.0, 1474,
147.5,148.0, 149.2, 156.6, 182.4. HRMS (ESI) m/z: [M + H]* Calcd for
CyeH,,N,0S, 853.2990; found, 853.2998.
5'-(4-Bromo-1-butyl-2-(4-(diphenylamino)phenyl)- 1H-benzo[d]-
imidazol-7-yl)-2,2'-bithiophene-5-carbaldehyde (12). It was synthe-
sized by following the procedure described above for 11, except using of
4-(4,7-dibromo-1-butyl-1H-benzo[d]imidazol-2-yl)-N,N-diphenylani-
line instead of 4,4'-(4-bromo-1-butyl-1H-benzo[d]imidazole-2,7-diyl)-
bis(N,N-diphenylaniline). Yellow solid; yield 0.17 g, 20%; mp 275 °C;
IR (KBr, cm™) 1656 (vc—o); "H NMR (CDCl;, 400.00 MHz) 5 0.57 (t,
J=7.3Hz,3H),0.77-0.82 (m,2 H), 1.24—1.28 (m,2 H), 4.11 (t, ] = 7.6
Hz, 2 H),7.06—7.14 (m, 10 H), 7.25-7.31 (m, 5 H), 7.37 (d,] = 3.6 Hz,
1H),749 (d,J=78Hz, 1 H),7.53(d, J=87Hz,2H),7.70 (d,] =
4.1 Hz, 1 H), 5 9.88 (s, 1 H). *C NMR (CDCl,, 100.00 MHz) § 13.3,
19.4, 32.7, 46.1, 114.38, 117.3, 122.1, 122.7, 123.8, 124.4, 125.0, 125.1,
125.7,127.1,129.4,130.7, 133.3, 136.7, 137.4, 140.6, 141.9, 142.8, 1464,
147.0, 149.5, 156.6, 182.6. HRMS (ESI) m/z: [M + Na]" Calcd for
Cy4H3oBrN,08,Na 710.0911; found, 710.0901.
5'-(1-Butyl-2,4-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-7-yl)-2,2'-bithiophene-5-carbaldehyde (13). It was synthe-
sized by following the procedure described above for 6, except using
5’-(4-bromo-1-butyl-2-(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-7-yl)-2,2’-bithiophene-5-carbaldehyde instead of §’-(4,7-di-
bromo-1-butyl-1H-benzo[d]imidazol-2-yl)-2,2’-bithiophene-S5-carbal-
dehyde. Yellow solid; yield 51%; mp 145 °C; IR (KBr, cm™) 1651
(ve—o); 'H NMR (CDCl,, 400.00 MHz) & 0.59 (t, ] = 4.8 Hz, 3H),
0.79—0.84 (m, 2 H), 1.27—-1.32 (m, 2 H), 4.17 (d, ] = 8.0 Hz, 2 H),
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6.98—7.10 (m, 4 H), 7.11-7.18 (m, 13 H), 7.22—7.32 (m, 10 H), 7.39
(d,J=3.6Hz,1H),7.43(d,]=7.6 Hz, 1 H), 7.56 (d, ] = 7.2 Hz, 2 H),
7.70 (d, J=4.4Hz, 1 H), 8.01 (dd, ] = 8.8 Hz,2.0 Hz, 2 H), 9.88 (s, 1 H).
3C NMR (CDCl,, 100.00 MHz) § 13.3, 19.4, 32.7, 45.9, 116.3, 120.9,
122.1,122.8,123.4,123.6,123.6,124.2,124.6,125.1,125.7,129.2, 129.4,
130.2,130.6, 132.0, 132.6, 133.8, 136.2, 137.4, 141.7, 141.9, 142.0, 146.8,
147.1,147.7,149.2, 155.8.182.5. HRMS (ESI) m/z: [M + H]" Calcd for
C,¢H,,N,OS, 853.2990; found, 853.3008.

(2)-3-(5'-(1-Butyl-4,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-2-yl)-2,2’-bithiophen-5-yl)-2-cyanoacrylic Acid (7a). A
mixture of S'-(1-butyl-4,7-bis(4-(diphenylamino)phenyl)-1H-benzo-
[d]imidazol-2-yl)-2,2'-bithiophene-S-carbaldehyde (0.20 g, 0.23 mmol)
cyanoacetic acid (0.03 g, 0.35 mmol), ammonium acetate (100 mg), and
acetic acid (S mL) was heated at 80 °C for 24 h. After the completion of
the reaction, it was poured into water, filtered, and dried. Red solid; yield
0.15 g, 85%; mp 276 °C; IR (KBr, cm™) 2219 (vc=y), 3438 (Vo_n),
1679 (vc—o); "H NMR (DMSO-dg, 500.13 MHz) § 0.66 (t, ] = 7.5 Hz,
3 H), 0.87—0.92 (m, 2 H), 1.29—1.32 (m, 2 H), 4.19 (t, ] = 8.5 Hz, 2 H),
7.08=7.11 (m, 16 H), 7.15 (d, ] = 7.5 Hz, 1 H), 7.33—7.36 (m, 8 H),
7.44—7.48 (m, 3 H), 7.68—7.71 (m, 3 H), 8.00 (d, ] = 4.0 Hz, 1 H), 8.06
(d,J=8.5Hz,2H), 851 (5, 1 H). ®C NMR (DMSO-dy 125.77 MHz) &
13.7,19.5,32.1,45.6,117.0, 121.2,123.0, 123.1, 123.7, 123.8, 124.6, 1247,
125.8, 126.6, 128.2, 129.8, 130.3, 131.1, 132.2, 132.6, 133.8, 134.1, 1353,
137.8,141.2, 141.5, 144.7, 146.6, 147.0, 147.3, 147 4, 147.5, 147.6, 163.9.
HRMS (ESI) m/z: [M + Na]* Calcd for CsoH,NO,S,Na 942.2912;
found, 942.2939.

(E)-3-(5'-(1-Butyl-2,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-4-yl)-2,2'-bithiophen-5-yl)-2-cyanoacrylic Acid (7b). 1t was
synthesized by following the procedure described above for 7a, except
using 5'-(1-butyl-2,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-4-yl)-2,2’-bithiophene-S-carbaldehyde instead of 5'-(1-butyl-
4,7-bis(4-(diphenylamino)phenyl)-1H-benzo[ d]imidazol-2-yl)-2,2 -bi-
thiophene-S-carbaldehyde. Orange solid; yield 90%; mp 283 °C; IR
(KBr, cm™) 2216 (vc=y), 3436 (vo_p), 1701 (vec—o); 'H NMR
(DMSO-d,, 500.13 MHz) 6 0.54 (t, ] = 7.0 Hz, 3 H), 0.68—0.74 (m,
2 H), 1.07—1.13 (m, 2 H), 4.04 (t, ] = 7.5 Hz, 2 H), 7.07—7.10 (m, 10
H), 7.14-7.16 (m, 7 H), 7.32—7.40 (m, 8 H), 7.47 (d, ] = 8.5 Hz, 2 H),
7.62 (d, ] =4.0 Hz, 1 H), 7.66—7.69 (m, 3 H), 7.76 (d, ] = 8.0 Hz, 1 H),
7.98 (d,J = 40 Hz, 1 H), 8.15 (d, ] = 4.0 Hz, 1 H), 8.48 (s, 1 H). *C
NMR (DMSO-d,, 125.77 MHz) & 13.0, 18,, 31.6, 45.25, 116.7, 121.1,
122.4,122.6,122.9,123.3, 124.0, 125.0, 126.5, 127.2, 127.4, 129.6, 132.1,
132.7,133.7,134.9,140.1, 142.2, 146.3, 146.5, 146.9, 147.0, 148.7, 155.1,
163.7. HRMS (ESI) m/z: [M + Na]* Calcd for CyH,N;O,S,Na
942.2912; found, 942.2911.

3-(5'-(1-Butyl-2,4-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-7-yl)-2,2'-bithiophen-5-yl)-2-cyanoacrylic Acid (7c). The
title compound was synthesized by following the procedure described
above for 7a, except using of 5'-(1-butyl-2,4-bis(4-(diphenylamino)-
phenyl)-1H-benzo[d]imidazol-7-yl)-2,2’-bithiophene-S-carbaldehyde
instead of S'-(1-butyl-4,7-bis(4-(diphenylamino)phenyl)-1H-benzo[d]-
imidazol-2-yl)-2,2’-bithiophene-S-carbaldehyde. Yellow solid; yield
80%; mp 271 °C; IR (KBr, cm™) 2215 (vc—y), 3437 (vo_y), 1700
(ve—o); "HNMR (DMSO-d, 500.13 MHz) 6 0.48 (t, J = 7.0 Hz, 3 H),
0.66—0.73 (m, 2 H), 1.15—1.21 (m, 2 H), 4.16 (t, J=9.0 Hz,2 H), 7.02—
7.13 (m, 16 H), 7.30—7.38 (m, 10 H), 7.47 (d, ] = 8.0 Hz, 1 H), 7.60—
7.63 (m, 3H),7.68 (d,J = 3.5 Hz, 1 H), 8.00 (d, ] = 4.0 Hz, 1 H), 8.05 (d,
J =85 Hz, 2 H), 850 (s, 1 H). 3C NMR (DMSO-d, 125.77 MHz) §
134, 19.2, 32.2, 45.8, 116.9, 116.99, 120.8, 121.6, 123.1, 123.6, 123.7,
124.5,124.6,125.4,125.6, 125.7, 126.8, 127.3, 130.0, 130.2, 130.6, 130.7,
131.2, 131.6, 132.1, 133.66, 134.62, 135.86, 141.41, 141.74, 141.84,
145.61, 146.74, 146.99, 147.08, 147.50, 149.1, 155.8, 164.0. HRMS
(ESI) m/z: [M + Na]* Caled for CyoH,sNO,S,Na 942.2912; found,
942.2937.

Fabrication and Characterization of DSSCs. A fluorine-doped SnO,
conducting glass electrode (FTO, 7 Q sq~', transmittance ca. 80%) was
first cleaned with a neutral cleaner and then washed with deionized
water, acetone, and isopropyl alcohol, sequentially. The conducting
surface of the FTO was treated with a solution of titanium
tetraisopropoxide (1 g) in 2-methoxyethanol (3 g) to obtain a good
mechanical contact between the conducting glass and TiO, film, as well
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as to isolate the conducting glass surface from the electrolyte. TiO,
pastes were coated onto the treated conducting glass by using the doctor
blade technique. To coat each TiO, layer, the dried TiO, film was
gradually heated to 450 °C under an oxygen atmosphere and
subsequently sintered at that temperature for 30 min. The TiO,
photoanodes of the DSSCs employed in the experiments were com-
posed of a 12 ym thickness and 20 nm particle size TiO, layer/4 ym
scattering TiO, layer. After sintering at 450 °C and cooling to 80 °C, the
TiO, film was immersed in a 3 X 10™* M solution of dye at room
temperature for 24 h. The standard ruthenium complex, N719, was
dissolved in acetonitrile and tert-butyl alcohol (1:1) to make a reference
dye solution. Various organic dye solutions were prepared in a mixing
solvent containing MeCN/tert-BuOH/DMSO (3.5:3.5:3 v/v). Then,
the prepared TiO,/dye electrode was placed on a platinum-sputtered
conducting glass electrode (ITO, 7 Q sq'), thus keeping the two
electrodes separated by a 25 ym thick Surlyn. The two electrodes were
then sealed by heating. A mixture of 0.1 M GuSCN, 1.2 M 1-propyl-2,3-
dimethylimidazolium iodide (DMPII), 0.035 M L,, and 0.5 M fert-
butylpyridine (TBP) in ACN/3-methoxypropionitrile (MPN) (8:2)
was used as the electrolyte. The electrolyte was injected into the gap
between the electrodes by capillarity; the electrolyte-injecting hole was
previously made in the counter electrode with a drilling machine, and
the hole was sealed with hot-melt glue after the injection of the
electrolyte. The surface of the DSSC was covered by a mask with a light-
illuminated area of 0.16 cm* and then illuminated by a class A quality
solar simulator. Incident light intensity (100 mW cm™2) was calibrated
with a standard silicon cell. Photocurrent—voltage curves of the DSSCs
were obtained with a potentiostat/galvanostat. The thickness of the
TiO, film was judged by scanning electron microscopic images (SEM).
For UV absorption spectra, dye molecules were coated on the TiO,
films, and the corresponding spectra were obtained by using an UV/vis
spectrophotometer equipped with an integrating sphere. Electrochemical
impedance spectra (EIS) were obtained from the potentiostat/
galvanostat, equipped with a FRA2 module, under a constant light
illumination of 100 mW cm™2 The frequency range explored was 10 MHz
to 65 kHz. The applied bias voltage was set at the open-circuit voltage of
the DSSC between the ITO-Pt counter electrode and the FTO-TiO,
dye working electrode, starting from the short-circuit condition; the
corresponding alternating current (AC) amplitude was 10 mV. The
impedance spectra were analyzed by using an equivalent circuit model.
IPCE curves were obtained under short-circuit conditions. The light
source was a class A quality solar simulator (PEC-L11, AM 1.5 G); light
was focused through a monochromator onto the photovoltaic cell. The
monochromator was incremented through the visible spectrum to
generate the IPCE (4) as defined by IPCE (4) = 1240 (Jsc/¢), where 4 is
the wavelength, Jqc is the short-circuit photocurrent density (mAcm™2)
recorded with a potentiostat/galvanostat, and ¢ is the incident radiative
flux (Wm?~) measured with an optical detector and a power meter.
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