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Dithienogermole (DTG) is a germanium-bridged bithiophene system that has been applied as a building
unit of conjugated materials for organic electronic devices, including organic photovoltaics and organic
light emitting diodes. However, DTG has not been used as a component of sensitizers for dye-sensitized
solar cells (DSSCs). In this work, we have synthesized three D—n-A-=n-A type sensitizers containing DTG
and thiadiazolo[3,4-c]pyridine (PTz). We expected that combining DTG and a strong acceptor PTz would
give rise to a strong absorption in the visible region. In addition, we introduced bulky 2-ethylhexyl groups
on the germanium atom to prevent dye aggregation on TiO, films. Three DTG-containing dyes with
different anchor units were synthesized and their optical/electrochemical properties were investigated.
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The DTG-containing dyes exhibited broad and strong absorption bands around 600 nm on TiO,. We fab-
ricated DSSCs based on the DTG-containing dyes. The onsets of incident photon to current conversion
efficiency (IPCE) spectra reached 900 nm and a maximal power conversion efficiency of 2.76% was

www.rsc.org/dalton achieved.

Introduction

Dye-sensitized solar cells (DSSCs) have been extensively
studied as a photovoltaic system with potential applications in
low-cost, flexible, and lightweight modules, since O’Regan and
Gritzel reported high-performance DSSCs for the first time."
In this system, an organic dye adsorbed on a TiO, electrode
absorbs sunlight to generate photocurrent. Thus, the design of
the dye molecule is the key to improving cell performance.
Currently, Ru-complex dyes, such as N3, N719, and black dye,
are used to fabricate high-performance cells that exhibit over
10% power conversion efficiency (PCE).”> Recently, Ru-free D
(donor)-n-A (acceptor) type organic dyes have drawn attention
as new low-cost photosensitizers. The D-A interaction in the
m-conjugation system minimizes the HOMO-LUMO gap to
extend dye absorption to the visible-NIR region, improving cell
performance.’

Modified D-n-A systems have been examined to further
improve the sensitizing properties of the dyes. For example,
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D-A-n-A and D-n-A-n-A type dyes that contain an additional
acceptor linked by a n-spacer have been developed. It has been
demonstrated that the introduction of a central acceptor unit,
such as benzothiadiazole, quinoxaline, or diketopyrrolopyr-
role, yields advantages such as photoenergy conversion in the
NIR region, high electron injection efficiency, and improved
stability of the sensitizers towards photoirradiation.® For
example, as high as 9.04% and 8.50% PCEs were achieved in
cells fabricated with benzothiadiazole- and quinoxaline-con-
taining D-A-n-A dyes, respectively.” PCEs of 8.21% and 7.43%
were achieved in cells made of benzothiadiazole (BT)- and
diketopyrrolopyrrole-introduced D-n-A-7-A  dyes.® Recently,
thiadiazolo[3,4-c]pyridine (PTz, Chart 1) was used as the
central acceptor of D-n-A-1-A dyes.” PTz is a stronger electron-
withdrawing unit than common acceptors, such as BT and qui-
noxaline, because its extremely low-lying LUMO® gives rise to a
strong absorption in the visible region.
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Dithienosilole (DTS, M=Si)
Dithienogermole (DTG, M=Ge)

Thiadiazolo[3,4-c]pyridine (PTz)

Chart 1 Structures of dithienosilole, dithienogermole, and thiadiazolo
[3.4-clpyridine.
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Chart 2 Structures of previously reported DTS-containing dyes.

Dithienosilole (DTS) and dithienogermole (DTG) are
silicon- and germanium-bridged bithiophenes (Chart 1) that
exhibit efficient conjugation because of their high planarity,
and are useful as building units of n-conjugated optoelectronic
materials. DTS and DTG show interesting interactions between
the Si-C or Ge-C c*-orbitals and the n*-orbital of the bithio-
phene unit (¢*-n* interaction), which lowers LUMO energy
levels and further reduces the HOMO-LUMO gaps of the com-
pounds.” DTS- and DTG-containing n-conjugated oligomers
and polymers have been applied to organic photovoltaics'®""
and organic light emitting diodes.'™"* Ko et al. reported that
photosensitizers with DTS as the n-conjugated linker exhibited
electron injection readily from the photoexcited dyes to TiO,,
due to the low-lying LUMO energy level (Chart 2)."*’ In
addition, bulky substituents on the DTS silicon atom hindered
not only contact between the electrolyte and the TiO, surface,
but also dye aggregation on TiO,. This furnished cells with
high short-circuit current density (Js.) and open circuit voltage
(Voe)- Jradi et al. reported that the introduction of 2-ethylhexyl-
substituted DTS as the =-linker effectively suppressed dye
aggregation on the TiO, surface, which resulted in the high V.
and J,. of the DSSCs."*?* Zeng et al. also reported 7.6% PCE in
a DSSC based on a DTS-containing dye with a simple D-n-A
structure under standard global AM 1.5G solar irradiation of
one sun (Chart 2)."**

In this report, we introduced PTz as the central acceptor
unit of the D-n-A-n-A system to narrow the HOMO-LUMO
gaps of the dyes. We also used DTG as the n-spacer unit for the
first time. Previously, Welch, Bazan et al. synthesized mole-
cular dyes with PTz as electron-acceptors and DTG or DTS as
an electron-donor."® These dyes had strong absorption in the
visible region with the edges reaching 800 nm in solution,
regardless of the bridging elements, i.e. Si or Ge. We therefore
expected that the introduction of DTG in place of DTS may
also yield an effective conjugation in the present dyes. As DTG
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has longer Ge-C (substituent) bonds than DTS, it is speculated
that the longer bond would affect the dye aggregation on TiO,
by expanding inter-dye distances. It was also expected that the
low polarization of Ge-C bonds compared with that of Si-C
bonds would stabilize the =n-systems towards hydrolysis,
making hydrolytic synthetic transformation possible. This, for
example, enabled the synthesis of a DTG-containing carboxylic
acid derivative by alkali-catalyzed hydrolysis of the corres-
ponding ester, in contrast to the analogous DTS compound
whose silole ring underwent decomposition under the same
conditions. Furthermore, DTG would be more stable than DTS
towards oxidation, as Ge-O bonds (659.4 k] mol™") are usually
weaker than Si-O bonds (799.6 k] mol™"), while Ge-C and
Si-C bonds have similar bond energies (460 k] mol™" and
451.5 kJ mol™)."?

Results and discussion
Synthesis

The procedures for the synthesis of the donor and acceptor
units are shown in Schemes 1 and 2, respectively, using Stille
and Suzuki cross coupling as the key reactions. DTGBr ' and
PTzBr2 '® were synthesized according to the literature. Bulky
2-ethylhexyl groups were introduced on the Ge atom to
enhance solubility and prevent aggregation upon adsorption
to TiO,. As the Lewis basicity of PTz is too weak to allow
coordination to the TiO, surface, three anchor groups (pyridyl,
carboxylic, and cyanoacrylic groups) were introduced. They
were also expected to serve as additional acceptors. The
D-n-A-n-A dye DTGPTzPy was synthesized by Stille cross coup-
ling of DTGSn and PTzTPy (Scheme 3).

In general, to synthesize simple carboxylic acid derivatives,
corresponding esters are hydrolyzed under strong alkali con-
ditions. Thus, we carried out control experiments to evaluate

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Reagents and conditions: (i) toluene, Pd,(dba)s, P(o-tol)s, 100 °C, 1.5 d; (i) (1) CH,Cl,, NBS, (2) THF, nBuLi, Me3zSnCl,
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Scheme 2 Reagents and conditions: (i) DMF, Pd(PPhs),, 120 °C, 1 h;
(iv) toluene, Pd,(dba)z, P(o-tol)s, 60 °C, 5 h; (v) (1) THF/H,O, Pd(PPhs)4,
Na,COs, 70 °C, overnight, (2) THF/H,0O, HCL, reflux, overnight.

the stability of DTG under alkali conditions. Treatment of DTG
(2EH) with aq. NaOH caused no reaction, whereas treatment of
DTS(2EH) provided a Si-C hydrolyzed product (Fig. 1 and S17).
This indicates the higher stability of DTG towards hydrolysis.
As expected, the hydrolysis of DTGPTzCO2Et by aq. NaOH pro-
vided DTGPTzCA, although the yield was low (16%). This low
yield may be attributed to the stronger reaction conditions
than those of the control experiment. Under the same strong
alkali conditions, the corresponding DTS derivative would not
be prepared, as DTS is less stable than DTG. Cyanoacrylic acid
derivative DTGPTzCA2 was synthesized by the Knoevenagel
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(vi)

DTGSn + OrPTzZTCO,Et ————

or PTzZTCHO

(vii) QE
@

DTGPTzCOEt ——————>

/7 N\
2EH 2EH
DTGPTzCA

A @ M @N <

2EH

View Article Online

Paper

SnMe;

(u) ; S
J

1\

7
2EH 2EH
DTGSn

“2EH

—78 °C, overnight.

condensation in good yield (Scheme 3). All the new com-
pounds were identified by 'H NMR, *C NMR, and HR-MS
analysis.

Photophysical properties

Fig. 2 shows the UV-vis absorption spectra of the dyes in THF.
All the dyes exhibited two absorption bands around 410 nm
and 600 nm. For the bands around 600 nm, that of
DTGPTzCA2 appeared at the lowest energy of the three DTG-
containing dyes, likely because of the strong electron-with-
drawing properties of the cyanoacrylic group. The molar extinc-
tion coefficients were similar to those of the previously
reported PTz-containing D-n-A-n-A dyes.” When compared to
previously reported DTS-based dyes, the present DTG-dyes had
comparable'®* or small'*** molar extinction coefficients, pre-
sumably due to the difference in other n-systems in the mole-
cules. Those bands are red-shifted by approximately 100 nm
compared to the previously reported D-n-A type DTS analogues
(Chart 2),"** which is obviously attributed to the strong elec-
tron-accepting properties of PTz. In THF containing 1 vol% tri-
fluoroacetic acid (TFA), the absorption bands around 600 nm
of DTGPTzPy and DTGPTzCA2 were red-shifted by 20 nm and
14 nm, respectively (Table 1). The shifts were likely due to the
protonation of the anchor units. On the other hand, the spec-
trum of DTGPTzCA was unchanged by the TFA addition. These
results indicated that the carboxylic group of DTGPTzCA was
not deprotonated in neutral THF, whereas the cyanoacrylic
group of DTGPTzCA2 formed a separated ion pair even in
neutral THF, which was converted into neutral acid in TFA/

DTGPTzCO,Et : X = Z

DTGPTzPy :

/Ge o]
2EH 2EH DTGPTZCHO: X= _{
H
o
Q OH
viii
pTePTzCHO — N
Ge
/7 \
2EH 2EH
DTGPTzCA2

Scheme 3 Reagents and conditions: (vi) toluene, Pd,(dba)s, P(o-tol)s, 60 °C, 4 h; (vii) THF/H,O, NaOH, reflux, 5 h; (vii) MeCN/CHCls, cyanoacetic

acid, piperidine, reflux, overnight.
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Fig. 1 H NMR spectra of DTG(2EH) and DTS(2EH) before and after the control experiment (aromatic region).

DTGPTzPy THF. The absorption band shift of DTGPTzPy was ascribed to
40000 = -Blgggzx(w'th 1EA) the formation of a pyridinium salt. As a consequence, it was
35000 - 23 — = = DTGPTzCA (with TFA) found that the absorption bands of the neutral dyes shifted to
DTGPTzCA2 ; ; i .
30000 4 = — = DTGPTZCA2 (with TFA) the longer wavelength region in the following order:
DTGPTzCA < DTGPTzPy < DTGPTzCA2.
< 25000 + . . .
E The normalized and non-normalized absorption spectra of
T 20000 1 DTG-containing dyes attached to the TiO, thin film are shown
@ 15000 - in Fig. 3 and S2,f respectively. The spectrum of DTGPTzPy
10000 4 showed a slight red shift of the absorption band around
600 nm relative to that in solution. In contrast, the spectrum
5000 A - . .
of DTGPTzCA exhibited a slight blue shift. For DTGPTzPy, the
0 T T T T Y d

pyridyl moiety would interact with the Lewis acidic site on the
300 400 SOOWa\,eé,?gth /nm700 800 900 TiO, surface to become more cationic than that in solution,
which would enhance the electron-withdrawing properties of
the pyridyl moiety and narrow the HOMO-LUMO gap. On the
other hand, the carboxylic group would become more anionic
by forming CO,-Ti bonds on the TiO, surface, which would
lead to the blue-shifted spectrum of DTGPTzCA. We expected a
similar blue shift in the case of DTGPTzCA2. However, we

Fig. 2 UV-vis absorption spectra of DTG-containing dyes in THF with
or without TFA.

Table 1 Photophysical and electrochemical properties of DTG-containing dyes

Dye Jmnax/NM /M~ em™ Jmax (0N TiO,)/nm HOMO/eV Ey%lev LUMO"/eV
DTGPTzPy 589, 411° 28 300, 33 200 601, 426 -5.03° 1.77 -3.26
DTGPTZzPy (TFA added) 609, 410” 28900, 34 900 — —5.057 1.69 -3.36
DTGPTzCA 583, 410" 22800, 28 100 577, 419 —5.04° 1.78 -3.26
DTGPTzCA2 609, 411° 26 800, 31 300 649, 453 —5.00° 1.71 -3.29
DTGPTzCA2 (TFA added) 623, 412° 23 300, 26 400 — -5.057 1.67 -3.38

“ Absorption maxima in neutral THF. ” In THF containing 1 vol% TFA (0.0120 mM).  Molar extinction coefficient. ¢ Absorption maxima on the
TiO, film without CDCA.  HOMO was determined from the oxidative potential in CV measurements in neutral DMF.”In DMF containing 1 vol%
TFA (0.5 mM). ¢ E; (HOMO-LUMO gap) was determined from the onset of absorption spectra. " LUMO was calculated from HOMO + Eq.

13820 | Dalton Trans., 2016, 45, 13817-13826 This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Normalized UV-vis absorption spectra of DTG-containing dyes
on TiO; films; DTGPTzPy, DTGPTzCA, and DTGPTzCA2 were also co-
adsorbed with 0.5 mM, 1.0 mM, and 2.0 mM CDCA, respectively.

obtained a broadened and red-shifted absorption compared
with that in solution. This tendency may be attributed to dye
aggregation. We speculated that the dipole moment of
DTGPTzCA2 should be larger than that of DTGPTzCA, because
of the electron-withdrawing properties of the cyano group. In
general, a large dipole moment enhances intermolecular inter-
action. In addition, the amount of dye loading of DTGPTzCA2
was larger than that of DTGPTzCA (Table 2, vide infra). We also
speculated that the large amount of dye-loading induced the
dye aggregation. However, we could not find solid evidence of
the dye aggregation. When co-adsorbed with chenodeoxycholic
acid (CDCA), the absorbance was decreased and dye loading
was minimized (Fig. S2+ and Table 2). However, the shape of
the spectra was unchanged (Fig. 3). Hence, we speculated that
inter-dye interactions on the TiO, surface were not strong. This
seemed to be caused by the long Ge-C (substituent) bonds,
which sterically separated the dye molecules.

Electrochemical properties

To evaluate electron injection ability and regeneration of the
present dyes, cyclic voltammogram (CV) measurements were
performed in DMF containing tetrabutylammonium perchlor-
ate (0.1 M) under nitrogen (Fig. S3t). For DTGPTzPy and
DTGPTzCA2, measurements under acidic conditions with 1 vol%
TFA were also carried out. The CVs have pseudo-reversible pro-
perties. It may be considered that the DTG-based dyes are not
stable in the DSSC system. The irreversible properties,
however, were likely due to the addition of nucleophiles, such

View Article Online

Paper

as a perchlorate anion, to oxidized molecules. Thereafter, in
the absence of nucleophiles, the DTG units would be stable,
and in fact, heating DTG(2EH) in a DSSC redox solution, i.e. in
CD;3;CN containing 0.05 M 1,/0.1 M Lil, at 75 °C, for 2 days
caused no decomposition of the compound, indicating the
stability of DTG units under these conditions. The HOMO
energy levels of the dyes were estimated from the anodic
onsets (Eox, HOMO = —4.8 — E,,) (Table 1). They were more
negative than the iodide/triiodide redox potential (—4.8 eV),
indicating that the dye regeneration in DSSC may readily
proceed by electron transfer from the redox solution. The
HOMO-LUMO energy gaps (E,) were obtained from the onset
of absorption spectra in solution. The LUMO energy levels
were estimated by HOMO + E,. The small E, of the dyes in the
range of 1.60-1.80 eV seemed to reflect the effective conju-
gation in the D-n-A-n-A system. The LUMO energy levels were
more positive than the conduction band edge of TiO, (—3.9
eV), which was desirable for photoelectron injection. The
HOMO-LUMO gaps of DTGPTzPy and DTGPTzCA were nearly
the same, whereas that of DTGPTzCA2 was slightly smaller.
This difference may be due to the stronger electron-withdraw-
ing properties of the cyanoacrylic group than those of the
pyridyl group and the simple carboxylic group.

Under acidic conditions, E,, of DTGPTzPy and DTGPTzCA2
was slightly shifted to the positive potentials. This meant that
the HOMO energy levels were lowered by the protonation of
the anchors.

Theoretical calculations

To elucidate the geometrical and electronic properties, density
functional theory (DFT) calculations of the three dye models
that bear methyl groups in place of 2-ethylhexyls on the Ge
atom were carried out by using the Gaussian 09 program at the
B3LYP/6-31G(d) level of theory. The optimized geometries in
the gas phase and the frontier orbital profiles are shown in
Fig. 4. The HOMOs were delocalized mainly on the donor
units of triphenylamine and the m-spacer of DTG, and the
LUMOs were distributed over the PTz, thiophene n-spacer, and
anchor acceptor units. These separated HOMO and LUMO dis-
tributions would contribute to effective intramolecular charge-
transfer (ICT), consistent with the strong absorption bands
around 600 nm of the real compounds. Despite that, the phe-
nylene and DTG moieties were twisted by approximately 23°
with respect to the interplane angles, and the delocalized
HOMOs indicated efficient conjugation between the triphenyl-
amine and DTG units. For DTGPTzCA and DTGPTzCA2, the

Table 2 Photovoltaic properties of DSSCs based on the three dyes in full sunlight (AM 1.5G, 100 mW cm™2)

2

Dye Jse/mA cm ™2 Vol V FF PCE/% Dye loading/10"® mol cm™
DTGPTzPy Without CDCA 5.16 0.41 0.62 1.31 3.39
With 0.5 mM CDCA 9.52 0.43 0.67 2.76 1.65
DTGPTzCA Without CDCA 4.93 0.46 0.64 1.45 7.65
With 1.0 mM CDCA 7.12 0.48 0.66 2.29 4.48
DTGPTzCA2 Without CDCA 4.23 0.35 0.59 0.88 8.12
With 2.0 mM CDCA 6.11 0.37 0.60 1.36 6.41

This journal is © The Royal Society of Chemistry 2016
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high planarity of the A-n-A fragment, including the PTz ring
and adjacent m-conjugated units, also led to enhanced conju-
gation. In the case of DTGPTzPy, the torsional angle between
the thiophene n-spacer and the pyridyl moiety was computed
to be 23.7°. This twisting may bring about a decline of the
photoelectron injection efficiency, because the LUMO orbital
is not sufficiently spread to the pyridyl anchor moiety.

Photovoltaic properties

We fabricated DSSCs based on the present three DTG-contain-
ing dyes as sensitizers. The electrolyte was composed of
0.6 M 1,2-dimethyl-3-propylimidazolium/0.05 M 1,/0.1 M Lil
and the cell effective area was 0.25 cm?. TiO, electrodes were
modified with 0.1 mM dye solution for 15 hours. Co-adsorp-
tion with CDCA was also examined to prevent aggregation of
the dyes on TiO,.

The IPCE spectra of the fabricated cells are shown in Fig. 5.
(IPCE = LHE X @jpj X @reg X Nee, Where LHE is light-harvesting
efficiency, LHE = 1-107*, A is the absorbance of the film, @iy
and @, are electron injection and dye regeneration efficien-
cies, respectively, and 7. is the charge collection efficiency."”)

13822 | Dalton Trans., 2016, 45, 13817-13826
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Fig. 5 IPCE spectra of DSSCs based on DTG-containing dyes.

As shown in Fig. 5, the IPCE values were not very high. LHEs
were estimated to be higher than 90% in the range of
400-700 nm from the absorbance of the dye-adsorbed TiO,
film (Fig. S2%). Therefore, the relatively low IPCE would be
attributed to some other factors. For example, the evaluated
HOMO and LUMO energy levels of the dyes in solution would
not be always consistent with those on the TiO, surface
because the dyes interact with TiO, strongly; thus, the HOMO
energy levels of the dyes might be too close to the potential of
the iodide/triiodide redox couples on TiO,, which would
reduce dye regeneration efficiency. The onsets of the IPCE
spectra reached NIR wavelengths. Particularly, DSSC based on
DTGPTzCA2 showed photoelectronic conversion up to 900 nm.
The J-V curves of the fabricated DSSCs without CDCA are
shown in Fig. 6. Although the amount of dye loading of
DTGPTzPy was less than half of that of DTGPTzCA, the J,.
values were nearly the same (Table 2). This result is consistent
with the previous report that DSSCs with dyes containing a
pyridyl anchor showed superior performance to analogous dyes
with a carboxylic anchor, in terms of electron injection
efficiency.'® Next, we optimized the cells by co-adsorption with
CDCA (Fig. 7). Cell performance was improved and maximized
with 0.5 mM CDCA for DTGPTzPy, 1.0 mM CDCA for DTGPTzCA,
and 2.0 mM CDCA for DTGPTzCA2. In particular, the perform-

12 -
——— DTGPTzPy
10 A ——— DTGPTzCA
s 8 4 ——— DTGPTzCA2
£
o
< 6
E
3 2 -
0 - .
0.1 0.2 N 0.4 0.5
2 4 N
Voltage /V

Fig. 6 J-V curves of DSSCs based on DTG-containing dyes without
CDCA. Dark current/potential relationships are shown by dashed lines.
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Fig. 7 J-V curves of DSSCs based on DTG-containing dyes with CDCA.
Dark current/potential relationships are shown by dashed lines.

ance of the device with DTGPTzPy was dramatically improved
with high J. of 9.52 mA em™ to reach a PCE of 2.76%.

Electrochemical impedance spectroscopy

We carried out electrochemical impedance spectroscopy (EIS)
measurements to evaluate the interfacial charge recombina-
tion process in the DSSCs. The measurements were performed
under a forward bias of V,. in the dark. The Bode plots and
the Nyquist plots are shown in Fig. 8 and S4,7 respectively, and
the electron lifetimes (z.) and the electron transport resist-
ances (Rp.) are summarized in Table 3. A long electron life-
time leads to a high charge collection efficiency and the larger

35 -
—— DTGPTzPy

30 1 ——— DTGPTzCA
w2 ——DTGPTzCA2
3 20
o
9 g5
=

10 -

5 -

0 ! i . . ]

100 10t 102 10 10+ 105

Frequency /Hz

Fig. 8 EIS Bode plots of DSSCs based on DTG-containing dyes.

Table 3 Electron lifetimes and electron transport resistances of DSSCs
based on DTG-containing dyes

Dye 7. “/ms Ryee ’Johm em™
DTGPTzPy 0.50 63.8
DTGPTzTCA 0.50 59.2
DTGPTzTCA2 0.40 102.5

“Electron lifetime in the TiO, film. ?Electron transport resistance
among the TiO,/dye/electrolyte.

This journal is © The Royal Society of Chemistry 2016
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semicircle in the Nyquist plots indicates higher charge trans-
port resistance and thus improved V,.. The electron lifetimes
of the DSSCs based on the three dyes were estimated to be
0.4-0.5 ms, which were much shorter than that of the pre-
viously reported DTS-containing dye.'* This short lifetime
indicates a fast back electron transfer from TiO, to the dye,
lowering V..

Conclusions

In summary, we synthesized new D-r1-A-n-A type organic sensi-
tizers with DTG and PTz as a n-conjugated spacer and a strong
acceptor, respectively. DTGPTzCA was synthesized via the
hydrolysis of the ester group, which proved that the DTG unit
was stable to reactions under strong basic conditions. The syn-
thesized DTG-containing dyes showed strong absorption in the
visible and NIR regions, of which the absorption onset of
DTGPTzCA2 on TiO, reached 900 nm. The effective D-A inter-
action was supported by DFT calculations. The synthesized
dyes were applicable to DSSCs and the best PCE of 2.76% was
obtained for the DSSC based on DTGPTzPy co-adsorbed with
CDCA. Although the PCEs of DSSCs based on DTG-containing
dyes were not very high, the photoelectric conversion ranges
were excellent as compared to previously reported DSSCs
based on PTz-containing D-n-A-7-A type dyes’ and DTS-based
dyes,"® which have the IPCE onsets from 700 to 850 nm.

Experimental
General

NMR spectra were recorded on Varian System 500 and Varian
400MR spectrometers. HR-MS spectral data were acquired on a
Thermo Fisher Scientific LTQ Orbitrap XL spectrometer.
Melting points were measured with a Yanaco MP-500P system
in air. UV-Vis absorption spectra in solution were obtained
with a Hitachi U-2910 spectrometer and those on TiO, films
were recorded with a Shimadzu UV-3150 with an ISR-3100 inte-
grating sphere by the reflection method and converted into
absorption using the Kubelka-Munk formula. Cyclic voltam-
mograms were measured with an AMETEK VersaSTAT 4 poten-
tiostat/galvanostat in a solution of 0.1 M tetrabutylammonium
perchlorate (TBAP) in DMF using a three-electrode system with
a Pt plate counter electrode, a Pt wire working electrode, and
an Ag/Ag" reference electrode.

All reactions were carried out under dry argon. As the reac-
tion solvents, THF, toluene, and MeCN were purchased from
Kanto Chemical Co., Ltd. They were distilled from calcium
hydride and stored over activated molecular sieves until use.
Chloroform was purchased from Kanto Chemical Co., Ltd and
distilled from calcium hydride immediately before use. Usual
workup mentioned below included hydrolysis of the reaction
mixture with water and separation of the organic layer. The
aqueous layer was extracted with toluene, chloroform, and
ethyl acetate. The organic layer and the extract were combined

Dalton Trans., 2016, 45, 13817-13826 | 13823
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and washed with water. After drying over anhydrous mag-
nesium sulfate, the solvent was evaporated.

Synthesis of DTGPTzPy. A mixture of 118 mg (0.136 mmol)
of DTGSn, 50.2 mg (0.134 mmol) of PTzTPy, 7.0 mg (5 mol%)
of Pd,(dba);, 8.7 mg (20 mol%) of P(o-tol);, and 5 mL of
toluene was heated at 60 °C for 4 h with stirring. After usual
workup using chloroform for extraction, the residue was puri-
fied by preparative GPC with toluene as an eluent to give a dia-
stereomeric mixture of 60.8 mg (60.7 pmol, 45% yield) of
DTGPTzPy: dark greenish powder, m.p.: 73-76 °C. "H NMR (in
CD,Cl,): § = 0.80-0.92 (12H, m, CH;), 1.18-1.44 (20H, m, CH,),
1.57-1.67 (2H, m, CH), 7.01-7.09 (4H, m, p-Ph and phenylene),
7.12 (4H, dd, J = 8.8, 1.2 Hz, 0-Ph), 7.26 (1H, s, DTG), 7.27-7.32
(4H, m, m-Ph), 7.45 (2H, d, J = 8.4 Hz, phenylene), 7.51-7.56
(2H, m, pyridyl), 7.54 (1H, d, J = 4.0 Hz, thiophene), 8.16 (1H,
m, DTG), 8.51 (1H, d, J = 4.0 Hz, thiophene), 8.55-8.59 (2H, m,
pyridyl), 8.70 (1H, m, PTz). "*C NMR (in CD,CL): § = 11.1,
11.2, 14.4, 21.3, 23.50, 23.52, 29.25, 29.28, 29.5, 36.0, 37.55,
37.57, 120.1, 122.0, 123.6, 124.0, 125.0, 125.7, 126.8, 127.3,
128.9, 129.8, 131.9, 132.5, 137.3, 139.9, 141.1, 143.9, 144.5,
144.88, 144.90, 145.0, 145.66, 145.68, 145.72, 146.58, 146.60,
146.62, 147.63, 147.67, 147.70, 147.9, 148.4, 149.7, 150.9,
154.8. HR-MS (APCI) Caled for CsoHs,GeNsS,: M™: 1001.27031,
Found: 1001.27148.

Synthesis of DTGPTzCO2Et. Ester DTGPTzCO2Et was
obtained in a fashion similar to that of DTGPTzPy from
DTGSn and PTzTCO2Et in 77% yield as a diastereomeric
mixture: dark greenish powder, m.p.: 39-40 °C. 'H NMR (in
CD,Cl,): § = 0.78-0.85 (12H, m, CH; in 2EH), 1.16-1.43 (23H,
m, CH, in 2EH and CH; in EtO), 1.50-1.60 (2H, m, CH in
2EH), 4.38 (2H, q, ] = 6.8 Hz, CH, in EtO), 7.04-7.09 (4H, m,
p-Ph and phenylene), 7.12 (4H, dd, o-Ph, J = 8.8, 1.2 Hz),
7.26-7.33 (5H, m, DTG and m-Ph), 7.51 (2H, d, J = 8.8 Hz, phe-
nylene), 7.88 (1H, d, J = 4.0 Hz, thiophene), 8.25 (1H, m, DTG),
8.61 (1H, d, J = 4.0 Hz, thiophene), 8.87 (1H, m, PTz). *C NMR
(in CD,Cl,): 6 = 11.17, 11.22, 14.42, 14.43, 14.6, 21.22, 21.25,
21.29, 23.51, 23.53, 29.25, 29.29, 29.5, 36.0, 37.55, 37.57, 61.8,
122.6, 123.6, 123.9, 125.0, 125.71, 126.74, 128.9, 129.8, 131.0,
132.3, 134.4, 136.9, 137.2, 139.7, 144.0, 144.8, 145.70, 145.72,
145.8, 146.71, 146.73, 146.8, 147.6, 147.78, 147.85, 147.89,
147.93, 148.0, 148.4, 150.0, 154.7, 162.5. HR-MS (APCI) Calcd
for Cs4Hs5GeN,40,S,: [M + H]': 997.27271, Found: 997.27105.

Synthesis of DTGPTzCHO. Aldehyde DTGPTzCHO was
obtained in a fashion similar to that of DTGPTzPy from
DTGSn and PTzTCHO in 91% yield as a diastereomeric
mixture: dark greenish powder, m.p.: 67-69 °C. 'H NMR (in
CD,Cl,): § = 0.80-0.91 (12H, m, CH;), 1.19-1.48 (20H, m, CH,),
1.59-1.69 (2H, m, CH), 7.02 (2H, d, J = 8.8 Hz, phenylene),
7.04-7.09 (2H, m, p-Ph), 7.12 (4H, dd, J = 8.8, 1.2 Hz, 0-Ph),
7.25 (1H, s, DTG), 7.26-7.32 (4H, m, m-Ph), 7.42 (2H, d, J = 8.8
Hz, phenylene), 7.75 (1H, d, J = 4.0 Hz, thiophene), 8.21 (1H,
m, DTG), 8.53 (1H, d, J = 4.0 Hz, thiophene), 8.70 (1H, m, PTz),
9.90 (1H, s, CHO). *C NMR (in CD,Cl,): § = 11.1, 11.2, 14.41,
14.42, 21.10, 21.13, 21.2, 23.48, 23.50, 29.18, 29.22, 29.4, 36.0,
37.47, 37.49, 123.0, 123.6, 123.8, 125.0, 125.6, 126.7, 128.7,
129.7, 131.2, 132.43, 132.45, 132.48, 137.00, 137.01, 137.4,
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139.5, 143.3, 144.65, 144.67, 144.69, 145.5, 145.72, 145.74,
145.8, 146.85, 146.88, 146.90, 147.6, 147.8, 148.0, 148.0, 148.1,
148.4, 150.46, 150.49, 154.4, 183.6. HR-MS (APCI) Calcd for
Cs,H5,GeN,0S: [M + H]'": 953.24650, Found: 953.24707.

Synthesis of DTGPTzCA. In a mixture of 20 mL of THF, 3 mL
of 1 M aq. NaOH, and 12 mL of water was dissolved 95.2 mg
(95.6 pmol) of DTGPTzCO2Et. After the solution was heated to
reflux for 5 h with stirring, the reaction mixture was neutral-
ized by adding 10% aq. HCI. After usual workup using ethyl
acetate for extraction, the residue was subjected to silica gel
column chromatography using a mixture of hexane/acetic acid
=99/1 as an eluent to give a diastereomeric mixture of 16.0 mg
(16.5 pmol, 17% yield) of DTGPTzCA: dark greenish solid,
m.p.: 81-84 °C. "H NMR (in CD,Cl,): & = 0.75-1.66 (34H, m),
6.99 (2H, br d, J = 8.4 Hz), 7.02-7.13 (6H, m, o-Ph and p-Ph),
7.22 (1H, s, DTG), 7.23-7.30 (4H, m, m-Ph), 7.40 (2H, br d, J =
8.4 Hz, phenylene), 7.85 (1H, br s, thiophene), 8.13 (1H, br s,
DTG), 8.42 (1H, br s, thiophene), 8.72 (1H, br s, PTz). *C NMR
(in CD,Cl,): 6 = 11.15, 11.20, 14.41, 14.42, 21.2, 21.3, 23.51,
23.53, 29.25, 29.29, 29.5, 36.1, 37.5, 37.6, 122.8, 123.6, 123.9,
125.0, 125.7, 126.8, 129.0, 129.8, 131.1, 132.1, 136.0, 137.1,
139.6, 143.8, 144.9, 145.7, 146.8, 147.6, 147.9, 148.4, 149.3,
150.4, 154.6. HR-MS (APCI) Caled for Cs,Hs,GeN,O,S,:
[M + H]": 969.24141, Found: 969.24146.

Synthesis of DTGPTzCA2. A mixture of 112 mg (0.118 mmol)
of DTGPTzCHO, 22.8 mg (0.268 mmol) of cyanoacetic acid,
6 pL of piperidine, and 20 mL of a mixed solvent of aceto-
nitrile/chloroform = 1/1 was heated to reflux overnight. The
solvent was evaporated and the residue was subjected to silica
gel chromatography with ethyl acetate to elute unreacted ester
and byproducts. Then, DTGPTzCA2 was eluted with methanol
to give a diastereomeric mixture of 104 mg (0.102 mmol, 86%)
of DTGPTzCA2: dark greenish powder, m.p.: 145-146 °C. 'H
NMR (in DMSO-dg): § = 0.70-0.82 (12H, m, CHj), 1.00-1.44
(20H, m, CH,), 1.44-1.57 (2H, m, CH), 6.96 (2H, d, J = 8.4 Hz,
phenylene), 7.03-7.12 (6H, m, Ph), 7.33 (4H, t, J = 8.0 Hz,
m-Ph), 7.48 (1H, br s, DTG), 7.54 (2H, d, J = 8.4 Hz, phenylene),
7.81 (1H, d, J = 4.0 Hz, thiophene), 8.14 (1H, s, olefin), 8.31
(1H, br s, DTG), 8.55 (1H, d, J = 4.0 Hz, thiophene), 8.94-8.99
(1H, m, PTz). *C NMR spectrum was not obtained because of
the low solubility of the product. HR-MS (ESI) Caled for
CssH55GeN50,S,: M': 1019.24449, Found: 1019.24554.

Cell fabrication and characterization

A layer of TiO, paste (PST-18NR, JGC Catalysts and Chemicals
Ltd, Japan) was formed on an FTO substrate by the doctor
blade technique. The electrodes were sintered for 45 min at
450 °C to coat the surface with an approximately 9 pm thick
TiO, film, which was shaved to 0.5 x 0.5 cm? as the photoactive
area. The sintered electrodes were immersed in 0.1 mM dye
solution in THF for 15 h. Dye loading was estimated by sub-
tracting the concentration of the dye solution after immersion
from that before immersion, on the basis of UV-vis absorbance
measurements. The cells were fabricated with the modified
TiO, electrode with Pt-vapored glass as the counter electrode, a
spacer, and an electrolyte composed of 0.05 M iodine, 0.1 M

This journal is © The Royal Society of Chemistry 2016
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lithium iodide, and 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide in acetonitrile.

The photocurrent-voltage (I-V) characteristics of the DSSCs
were measured on a Keithley 2611A source meter under AM
1.5, 100 mW cm™? (1 sun) irradiation by a solar simulator
(Bunkoukeiki Co., Ltd, OTENTO-SUN III). The incident light
intensity was calibrated with a reference Si solar cell equipped
with a heat absorbing filter (Bunkoukeiki Co., Ltd, BS520BK).
The IPCE spectra were recorded with an SM-250 (Bunkoukeiki
Co., Ltd). The active areas of the TiO, films were determined
with a KEYENCE VHX-1000 digital microscope.

EIS measurements were performed on the same DSSCs in
the dark under a forward bias of V,. using an AMETEK Versa-
STAT 3 potentiostat/galvanostat.
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