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N. Manfredi,"@" V. Trifiletti,®* F. Melchiorre,® G. Giannotta,® P. Biagini,”™ and A. Abbotto."

Di-branched dyes based on a triphenylamino (TPA) donor core have been functionalized with different aromatic and

heteroaromatic peripheral groups bonded to TPA as auxiliary donors and investigated as sensitizers in DSSC. The different

aromatic and heteroaromatic substitution significantly perturbed the optical properties of the dyes compared to the

unsubstituted TPA reference dye, in turn leading to enhanced photovoltaic performances in terms of photocurrent,

photovoltage, and power conversion efficiency (PCE). The enhancement originated from improved strategic interface

interactions between dye-sensitized titania and the liquid electrolyte, as ascertained by current-voltage, quantum efficiency

(IPCE), light harvesting properties (LHE), and impedance spectroscopy (EIS) studies.

Introduction

Since the pioneering report in 1991 by Gratzel and co-workers,
dye-sensitized solar cells (DSSCs) have been receiving increasing
interest due to their relatively high efficiency and low-cost
fabrication.l' 2 The dye-photosensitizer plays a strategic role in
providing electron injection into the conduction band (CB) of
TiO,, upon light irradiation from Sun. The overall photoelectric
power conversion efficiencies (PCE) of DSSCs, sensitised by
metal complexes, have exceeded 12% at 1 sun irradiation
intensity.3 However, the limitations concerning these
complexes, such as rare sources, heavy-metal toxicity and
environmental issues, necessarily limit their broad application.
In recent years, metal-free organic chromophores have been
extensively investigated as alternative sensitizers to transition
metal-complexes due to their high molar extinction coefficients,
ease of structure tailoring, as well as low-cost synthesis
processes, and compliance with environmental issues.? To date,
hundreds of organic dyes have been explored to act as
sensitizers for DSSCs and remarkable efficiencies, over 14%,
have been obtained.l 510 Organic dyes possessing a rod-like

configuration with the electron-donating and electron-
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accepting groups, bridged by a m-spacer molecular system, are
the most used. The most common donor moiety is a
triphenylamine (TPA) derivative.l® 12 This donor scaffold has
been widely used in the synthesis of sensitizers, commonly
bearing a long terminal alkoxy chain on peripherals phenyl
rings!3 to reduce detrimental charge recombination or to
enhance electron donation capabilities. A few years ago, we
have proposed an innovative new molecular architecture for
metal-free organic dyes based on a multi-branched geometry.®
In that first report, we demonstrated that the new molecular
architecture provides enhanced photoinduced intramolecular
electron transfer, device photocurrent, stability under light and
thermal stress. Furthermore, the photophysical properties of
the multi-branched dyes can be widely tuned upon varying
donor, spacer, and acceptor moieties; therefore, following our
first report, significant numbers of studies have been reported
on DSSC multi-branched dyes as sensitizers, showing the
multiple advantages of this architecture. One of the most
attractive reported features is the ability to show similar PCEs
in both liquid and solid-state devices, unlike what occurs in the
conventional linear geometry.1% The most representative multi-
branched structures, reported in the literature, and their
studies in DSSC have been recently reviewed.1%

Based on our previous work we decided to modify
specific structural characteristics of di-branched dyes, mainly
aimed to improve the critical interface between dye-decorated
TiO, and the liquid electrolyte, to design a sensitizer class able
to provide high performances also in large area DSSCs. Indeed,
the electron recombination from TiO; to the oxidised form of
the electrolyte represents one of the major drawbacks of the
present device architecture and it is responsible for lower
photovoltage, fill factor and, eventually, PCE.16-20 Electron
recombination is conveniently investigated via Electrochemical

J. Name., 2013, 00, 1-3 | 1



New Journal of Chemistry

Impedance Spectroscopy (EIS), which is able to determine the
recombination resistance between TiO; and the electrolyte, in
addition to other parameters related to the electron lifetime in
the semiconductor.2122 One of the most effective strategies to
limit charge recombination is to make the approach of the liquid
electrolyte to the semiconductor surface more difficult by
chemical modification of the dye.

Here we present a new family of DSSC di-branched sensitizers
where the terminal donor TPA core has been functionalized
(hetero)aromatic substituent (Ar) to affect the
electrolyte-TiO, interaction. We have selected thieno[3,2-
blthiophene (TT) as a spacer previously used in efficient DSSC
sensitizers,13 and the conventional cyanoacrylic acid as double
anchoring points.

Fig. 1 depicts the general design of the series Ar-TPA-[TT-
anchoring], investigated in this work. As our study focuses on
the fundamental understanding of dye working principles, with
no aspiration of obtaining high photovoltaic (PV) efficiencies,
DSSCs are realized with the aim of simplifying the architecture
and, therefore, the study of the interface phenomena: PCE up
to 6.3% have been reached in conventional liquid iodine-based
cells, based on a transparent TiO, monolayer and drop-casted
Pt counter electrode.

with a

Ar
N
N =
S\ S S /S
= —
| |
NC COOH HOOC CN

Fig. 1 General design of di-branched dyes with peripheral substitution on

triphenylamino donor core to induce additional properties.

Results and discussion
Design and synthesis

Following the introduced general design strategy of Fig. 1, we
have investigated the new dyes TT-b-01 — TT-b-03. With the aim
to investigate the peripheral substitution, pristine derivative TT-
b-00 has been also prepared and characterized as a reference
dye (Fig. 2). The TPA moiety of TT-b-00 has been functionalized
with thiophene-based substituents in TT-b-01 and TT-b-02 and
with a benzene derivative in TT-b-03. The thiophene rings in TT-
b-01 and TT-b-02 were further modified, according to the
literature, with the introduction of a n-hexyl chain in the
terminal free a-positions, in order to minimize charge
recombination.2426 We selected 2,4-bis-hexyloxybenzene as a
benzene derivative in TT-b-03. This group has been
demonstrated to be an efficient surface protector via steric
hindrance, regardless of the presence of co-adsorbents during
dye adsorption on the semiconductor surface.l* Both the

This journal is © The Royal Society of Chemistry 20xx

alkylthiophene and the bis-alkoxybenzene moieties allow
further extension of the molecular t-framework and provide an
auxiliary electron-rich donor contribution, so to enforce the
electron-donating ability of the terminal moiety. These features
can be exploited to enhance optical and electronic properties of
the dyes, by improving light-harvesting abilities and better
promoting the photo-induced intermolecular charge transfer
(ICT) step preceding electron injection to TiO,. The choice of the
thieno[3,2-b]thiophene as a m-spacer was justified by an
optimal trade-off between PV efficiency, as suggested by the
literature,!3 and ease of synthesis.

CN
~ COooH
P
\‘\ TTb00: R=H
s
S
TT-b-01: R= -CgHia
~5
% ’ﬂ\/s CgH
TT-b-02: R= ¢ g N /7/ 613
I
TT-b-03: R= | OCgH1a

CN
Fig. 2 TT-b dyes investigated in this work.

The reference dye TT-b-00 has been synthesized according to
Scheme 1. 4,4-dibromotriphenylamine (1)27 has been
submitted to a Suzuki-Miyaura coupling with 4,4,5,5-
tetramethyl-2-thieno[3,2-b]thiophen-2-yl-
[1,3,2]dioxaborolane?® in presence of a Pd(ll) catalyst and a base
to give the bis-thieno[3,2-b]thiophene branched intermediate
2. Formylation under Vilsmeier-Haack conditions led to the key
intermediate bis-aldehyde 3, as a pure product, in moderate
yields after precipitation from the crude reaction mixture. This
compound is sparingly soluble in common organic solvent. Final
condensation with cyanoacetic acid afforded the reference
compound TT-b-00 in good vyields and, in contrast to its
precursor, the final product is endowed with good solubility
properties.

The synthetic access to the dyes TT-b-01 — TT-b-03 implies the
use of the common TPA intermediate 3, followed by the
peripheral functionalization of TPA with the aromatic
substituent, via a bromo-derivative 4, and the final insertion of
the electron-withdrawing-anchoring group (Scheme 2). The
Suzuki-Miyaura coupling has been again selected as a
convenient, sustainable and up-scalable method to introduce
the different aromatic and heteroaromatic end-groups. In the
case of the thiophene-based derivatives, the boronic esters
were commercially available. The proper boronic ester for the
insertion of the 2,4-dihexyloxyphenyl substituent has been
prepared according to the literature.2® Once the derivatized bis-
aldehydes 5a — ¢ has been obtained, the final condensation,
similarly to the reference dye, afforded the desired products.
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Scheme 1 Synthetic strategy for the reference compound TT-b-00. i) 4,4,5,5-tetramethyl-2-thieno[3,2-b]thiophen-2-ylI-[1,3,2]dioxaborolane, Pd(dppf)Cl,, K2COs, MeOH, toluene,

70°C, microwaves; ii) POCl3, DMF, N2, 0 °C to 70 °C; iii) CNCH,COOH, CHCls, reflux.
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Scheme 2 Synthesis of the enforced donor TT-b dyes. i) NBS, DMF, 0 °C to rt; ii) aryl boronic derivatives, Pd(dppf)Cl,, K.COs, MeOH, toluene, 70°C, microwaves; iii) CNCH,COOH,

CHCl;, reflux.

Optical and Electrochemical characterization

The optical characterizations of the dyes TT-b-00 - TT-b-03 were
performed in 10> M EtOH solutions. Absorption spectra
normalised to molar extinction coefficients (g) are shown in Fig.
3 and the relevant values collected in Table 1. All the dyes
showed a typical pattern of donor-acceptor chromophores,
with an intense ICT absorption band in the Vis region.

The introduction of the auxiliary aromatic electron-rich
fragments on the donor TPA moiety led to a substantial
qualitative and quantitative enhancement of the optical
properties compared to the reference TT-b-00. A bathochromic
effect has been observed moving from the unsubstituted
derivative to TT-b-01 and TT-b-02. A stronger effect was
recorded upon insertion of the 2,4-dialkoxyphenyl group, with
a red shift of more than 20 nm. A similar behaviour upon
derivatization of TT-b-00 has been observed in the trend of the
molar absorptivity. The hyperchromic effect induced by the

This journal is © The Royal Society of Chemistry 20xx

aromatic substitution of the TPA core increased the g value from
44 000 to over 60 000 M1 cm™ in the 2,4-dihexyloxyphenyl
derivative TT-b-03, corresponding to an enhancement of nearly
50%.

Notably neither a bathochromic nor a hyperchromic effect has
been observed upon increasing the number of thienyl rings of
the aromatic terminal substituent, with the only marginal
difference residing in the pattern at higher energies, likely due
to local spectra have been
qualitatively determined and illustrated in comparison with
absorption properties in Fig. S1 (see ESI). The zeroth-zeroth
transition energies (Eoo) have been estimated from the

transitions. The emission

intercept of the normalised absorption and emission spectra in
the same solvent and the values collected in Table 1.
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Fig. 3 Absorption spectra of dyes TT-b-00 - TT-b-03 in EtOH.
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The oxidative processes showed a first oxidation wave spanning
from 200 to 310 mV vs Fc/Fc*. In general, the presence of the
different thienyl or phenyl ring substituents on the triarylamino
donor core did not significantly affect the oxidation potential of
the dyes. Accordingly, the HOMO energy levels were almost
similar in the TT-b series. LUMO energies were calculated from
the electrochemical HOMO energies by using the optical
bandgaps, as measured as onset energies by means of the Tauc
plot.32

Saturated solutions of TT-b dyes in DMF (< 104 M) were used
for the electrochemical characterization by dissolving each
compound in the supporting electrolyte (0.1 M TBABF,). The
main electrochemical and energetic parameters have been
collected in Table 1. The cyclic voltammetry (CV) study (Fig. S2,
ESI) showed an irreversible behavior at oxidative potentials
(potential > 0 V) for all the dyes due to precipitation of the
oxidized compounds. HOMO/LUMO energies referred to
vacuum,30 are pictorially depicted in Fig. 4 as well as the energy
level of the CB of Ti0,.31

=3.0 1
— — —
342 -
-3.53 -3.44 -3.51
4.0 1 —
= LUMO
z -4.00
]
Z
o
=
= —
-5.0 4
-4.90
— — e —-—
- HOMO
553 560 4 583
=6.0 -
TiO;  TT-b-00 TT-b-01 TT-b-02 TT-b-03 115"

CB

Fig. 4 Scheme of the energy levels of the investigated dyes compared to the CB of
102.

Table 1 Optical and electrochemical characterization of dyes TT-b-00 - TT-b-03 in solution.

Eox HOMO* LUMO*
}\max absa € Amax em? ED—D Egapopt
dye (V vs Fc/Fc*) (ev) (eV)
(nm) (cm* M?) (nm) (ev) (eV)
+10 mV +100 meV +100 meV
TT-b-00 454 44100 + 350 587 2.39 0.24 -5.53 2.11 -3.42
TT-b-01 469 53700 +430 610 2.32 0.31 -5.60 2.07 -3.53
TT-b-02 463 53900 + 370 610 2.34 0.20 -5.49 2.05 -3.44
TT-b-03 477 61 900 + 380 635 2.28 0.24 -5.53 2.02 -3.51

210" M solution in EtOH; ® saturated solution in supporting electrolyte (0.1 M TBABF4 in DMF); ¢Vacuum potential = F¢/Fc* + 5.29 V.

Photovoltaic Investigation

To better compare the PV properties of the new dyes, we have
employed TT-b-00 — TT-b-03 as sensitizers in single layer DSSCs.
By using a single transparent semiconductor layer only one
titania interface is present, simplifying the interface
phenomena. Furthermore, without the opaque scattering layer,
a complete optical and electrochemical characterization could
be performed on the same devices used for the PV
investigation. However, it should be noted that the absence of
a scattering layer does not allow to reach optimal photocurrent
values and thus the obtained PCEs should be considered as
minimal values with respect to full optimization, which was not
the main scope of this work. 2-33

DSSCs were fabricated using a screen-printed transparent 9-um
monolayer film consisting of 20-nm TiO; particles (Dyesol 18NR-
T). The active area of the device was 0.20 cmZ2. The PV response
of the devices has been investigated by varying the amount of

This journal is © The Royal Society of Chemistry 20xx

chenodeoxycholic acid (CDCA) as a de-aggregating co-
adsorbent agent in the sensitizer solution,34 finding that the
most favourable results are obtained by using an equimolar
amount of dye and CDCA (Table S1, see ESI). The best average
PCE were measured using the electrolyte 72960 (1.0 M 1,3-
dimethylimidazolium iodide, 0.03 M |, 0.05 M Lil, 0.10 M
guanidinium thiocyanate, and 0.50 M 4-t-butylpyridine in
acetonitrile/valeronitrile 85:15).35 Main PV parameters of the
new dyes are listed in Table 2 together with those of the
reference benchmark dye N719, used as a sensitizer in the
control device. PV measurements of DSSCs were carried out
with a black metal mask with an aperture area of 0.28 cm? to
avoid current overestimation due to multiple irradiation.3¢ The
overall conversion efficiencies PCE were derived from the
equation: PCE = Jsc X Voc X FF, where Jsc is the short circuit current
density, Vo the open circuit voltage, and FF the fill factor.

Fig. 5 shows the photocurrent-voltage curves of DSSCs. The
control N719-sensitized device guaranteed the reliability of the

J. Name., 2013, 00, 1-3 | 4
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production process, with its PCE agreeing with best routine
literature values based on monolayer cells.

w— TT-b-00
= TT-b-01
= TT-b-02

— TT-b-03

- N719

Current density (mA em’™)

0 v T v T v T v T v T ¥ T v T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Voltage (V)

Fig. 5 Current—voltage characteristics of DSSCs sensitised by TT-b-00 - TT-b-03 in
comparison with the control cell sensitised by benchmark N719.

Table 2 Main PV parameters of DSSCs based on the di-branched sensitizers TT-b-00 —
TT-b-03 in comparison with the benchmark N719.

dye Jsc Voc FF PCE
(mA cm??) (mV) (%)

TT-b-00° 11.3 629 0.60 4.3
TT-b-01° 14.3 628 0.62 5.6
TT-b-02° 15.6 645 0.62 6.3
TT-b-03° 12.5 627 0.71 5.5
N719° 14.8 724 0.68 7.3

2 Dye solution: 2 x 10 M in EtOH + 2 x 10 M CDCA; ® dye solution: 5 x 10 M
in EtOH + 5 x 10 M CDCA.

The effect of the substitution on the donor TPA moiety is
evident. Measured photocurrent values are larger for TT-b-01 -
TT-b-03 compared to TT-b-00, in agreement with the superior
optical properties of the former dyes. The highest values have
been measured for the bithienyl derivatives, TT-b-02 showing a
current even larger than that of the device based on N719.
Photovoltages are similar for all the devices and lower than that
of the N719-based cell. The good current value for TT-b-02 led
to a PCE larger than 6%, which is mid-high ranked in the
literature for DSSC based on a single TiO, layer 33 and very close
to the control N719 device, compared to which the PCE is only
~15% less intense.

The incident monochromatic photon-to-current conversion
efficiencies (IPCE, 0-100%) of the investigated DSSCs are shown
in Fig. 6. The IPCE data agree with the current/voltage
measurements. The TT-b-02 device showed the most intense
external quantum efficiency, with a maximum value of ~ 90% in
the 500 — 550 nm region.

For a more detailed understanding of the different PV
performances registered for the phenyl- and thienyl-modified
derivatives, we have separately examined the two constituting
factors of IPCE, per equation IPCE(A) = LHE(A) x APCE(A) (Fig. 7).
LHE (0-100%) is the light-harvesting efficiency and is associated
with the ability of the cell to harvest light. APCE (0-100%) is the

This journal is © The Royal Society of Chemistry 20xx
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absorbed monochromatic photon-to-current conversion
efficiency and gives the internal quantum efficiency of the cell
in generating electric current, being related to the electron
injection efficiency from the dye to the semiconductor oxide,
the dye regeneration efficiency, and the charge collection
efficiency.37-38 |IPCE and LHE (LHE=1-10"bs) are experimentally
determined. APCE is thus derived by dividing the IPCE number
by LHE. LHE, and indirectly APCE, can be measured only for
transparent dye-coated films,
previous representative studies,3 3942 since scattering layers do

as similarly performed for

not allow the use of quantitative absorption spectroscopy.

100
= TT-b-00
—— TT-b-01
80+ e TT-b-02
= TT-b-03
=\: 60 4
=
o
B
- 404
204
0 L) L) L) L) L) ] T L)

LJ
350 400 450 500 550 600 650 700 750 800 850
Wavelenght (nm)
Fig. 6 IPCE of DSSCs sensitised by TT-b-00 - TT-b-03.

In this respect, we justify our choice to use here single layer
devices that, while not being associated with optimum PCE,
allow us to study in detail the devices in all their most important
components and effectively complete the comparative design
study for the different sensitizers. Fig. 7 shows the LHE spectra
of the sensitized photoanodes in TT-b-01 - TT-b-03 based DSSCs.
The comparison between the three dyes clearly shows how the
thienyl based devices have a higher light harvesting ability than
that of the phenyl derivative, despite the latter dye presents in
solution the best optical properties. Therefore, the absorption
investigation in the device, LHE, fully justifies the higher value
of photocurrent observed for the compound TT-b-02. It is
evident that APCE (inset of Fig. 7) is excellent for almost the
entire range of visible light. TT-b-02 extends the range of
maximum performance compared to TT-b-01. The best
combined performance of electron injection, dye regeneration,
and charge collection efficiency has been recorded for TT-b-03,
as confirmed by the best cell FF (Table 2). Therefore, the phenyl
derivative is the most efficient dye in terms of the conversion
efficiency of absorbed photons. Unfortunately, the lower light
harvesting  efficiency negatively this
performance decreasing the cell current and, eventually, device
PCE.

counterbalances

J. Name., 2013, 00, 1-3 | 5



I New Journalo

ARTICLE

Journal Name

LHE (%)

T T
400 450 500 550 600 650 700

Wavelenght (nm)

Fig. 7 LHE and APCE (inset) of the photoanodes sensitised by TT-b-01 - TT-b-03.
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Fig. 8 EIS data plots of DSSCs sensitised by TT-b-01 - TT-b-03.

For a more detailed comparative investigation, we decided to
use EIS and focus attention on charge recombination
phenomena.?1-23 |n this experiment, a small sinusoidal voltage
stimulus of a fixed frequency is applied to an electrochemical
cell and its current response measured. The behaviour of an
electrochemical system can be investigated by sweeping the
frequency over several orders of magnitude (generally from a
few mHz to several MHz). The analysis of the impedance spectra
was performed in terms of Nyquist plots (Fig. 8), where the
imaginary part of the impedance is plotted as a function of the
real part of the range of frequencies. Under soft illumination
(0.25 sun), at open circuit voltage conditions, the properties of
the sensitized TiO,/electrolyte interface can be derived from
the Nyquist plot in terms of recombination resistance (Rrec) and
chemical capacitance (C,), which have been obtained by fitting
the data with the equivalent circuit reported in the inset of the
Figure. The apparent electron lifetime t, can be calculated from
Tn = Rrec X Cu.2Y %3 The results of the EIS investigation are
summarised in Table 3. These data reveal that corresponding
capacitances, which probe the charge carrier accumulation in
the TiO; film and the density of states in the band gap, resulted
identical for all the dyes.

Table 3 Parameters calculated from EIS data plots of DSSCs based on TT-b-01 and TT-b-
02.

Dye Rrec (Q cm?) Cu(Fcm-?) T (Ms)
TT-b-01 1.8 1.1x103 1.9
TT-b-02 2.2 1.1x103 2.3
TT-b-03 2.7 1.1x103 3.0

This journal is © The Royal Society of Chemistry 20xx

As previously reported,** minor changes of the chemical
structure, which can affect the performance of the device
despite the unvaried optical properties, suggest that the effect
on the recombination resistance is more relevant important
than that on the capacitance.

Indeed, TT-b-01 and TT-b-02 have been found to be optically
almost equivalent, both in solution and when adsorbed on
titania, meanwhile TT-b-03 shows poor light harvesting
capability when it is anchored on the titania substrate, even if it
shows the longest electron lifetime. TT-b-01 and TT-b-03 based
devices afforded similar photovoltages, since this depends on
the saturation current density, associated to charge
recombination, and on the photogenerated current. 4> Dye TT-
b-01 shows a higher current and a lower Rrec, Whereas TT-b-03
shows a lower generated current and a higher Rre.. The good
recombination resistance and the high light harvesting
efficiency of the TT-b-02 device justifiy the higher PV response.
This trend supports an effective suppression of the back
reaction of the injected electrons with the electrolyte for TT-b-
02 and an excellent energy harvesting, which leads to a larger
photocurrent and photovoltage?!. 22 and, accordingly, to the
best PCE of the series.

Conclusions

In summary, we synthesised a new series of di-branched dyes
based on a TPA donor core functionalized with different
peripheral auxiliary donor groups. The new dyes were
investigated as sensitizers in DSSCs. We focused on the effect of
the peripheral groups bonded to TPA: we found a more
effective suppression of the back reaction involving the injected
electrons and the electrolyte for the two thienyl derivatives,
thus suggesting an enhanced photoinduced intramolecular
electron transfer.

The superior performance showed by the TT-b-02 dye,
supported by current-voltage, IPCE, LHE, and EIS data, arises
from an improved interface interaction between dye-sensitized
TiO; and the liquid electrolyte. We thus believe that the new
dyes might provide an important design strategy to improve
general performances in large area DSSCs of industrial
relevance, a sector where the critical interface between the
optically active layer and the electrolyte is still a challenging
issue.
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Experimental section
Materials and methods

NMR spectra were recorded with a Bruker AMX-500
spectrometer operating at 500.13 MHz (!H) and 125.77 MHz
(13C). Coupling constants are given in Hz. Absorption spectra
were recorded with a V-570 Jasco spectrophotometer. Emission
spectra recorded FP-6200 Jasco
spectrofluorometer. Flash chromatography was performed
with Merck grade 9385 silica gel 230-400 mesh (60 A).
Reactions performed under inert atmosphere were done in
oven-dried glassware and a nitrogen atmosphere was
generated with Schlenk technique. Conversion was monitored
by thin-layer chromatography by using UV light (254 and 365
nm) as a visualizing agent. All reagents were obtained from
commercial suppliers at the highest purity grade and used
without further purification. Anhydrous solvents were
purchased from Sigma-Aldrich and used without further

were with a

purification. Extracts were dried with Na,SO4 and filtered before
the solvent by  evaporation. 4,4’
dibromotriphenylamine and 4,4,5,5-tetramethyl-2-thieno[3,2-
b]thiophen-2-yl-[1,3,2]dioxaborolane have been synthesized
according to literature.27.28

Cyclic Voltammetry (CV) was carried out at scan rate of 100
mV/s, using a PARSTA2273 potentiostat in a three electrode
electrochemical cell under Ar. The working, counter, and the
pseudo-reference electrodes were a glassy carbon pin, a Pt wire
and an Ag/AgCl wire, respectively. The working electrodes discs
were well polished with alumina 0.1 um suspension. The Pt wire
was sonicated for 15 min in deionized water, washed with 2-
propanol, and cycled for 50 times in 0.5 M H,SO, before use.
The Ag/AgCl pseudo-reference electrode was calibrated, by
adding ferrocene (103 M) to the test solution after each

removal of

measurement.

The following materials were purchased from commercial
suppliers: FTO-coated glass plates (2.2 mm thick; sheet
resistance ~7 ohm per square; Solaronix); Dyesol 18NR-T
transparent TiO; blend of active 20 nm anatase particles; N719
(Sigma-Aldrich). UV-O3 treatment performed using
Novascan PSD Pro Series — Digital UV Ozone System. The
thickness of the layers was measured by means of a VEECO
Dektak 8 Stylus Profiler. PV measurements of DSSCs were
carried out with an antireflective layer and with black metal
mask on top of the photoanode of 0.28 cm? surface area under
a 500 W Xenon light source (ABET Technologies Sun 2000 class
ABA Solar Simulator). The power of the simulated light was
calibrated to AM 1.5 (100 mW cm-2) using a reference Si cell
photodiode equipped with an IR-cutoff filter (KG-5, Schott) to
reduce the mismatch in the region of 350-750 nm between the

was

simulated light and the AM 1.5 spectrum. |-V curves were
obtained by applying an external bias to the cell and measuring
the generated photocurrent with a Keithley model 2400 digital
source meter. Incident photon-to-current conversion
efficiencies (IPCE) were recorded as a function of excitation
wavelength by using a monochromator (Omni 300 LOT ORIEL)
with single grating in Czerny-Turner optical design, in AC mode

with a chopping frequency of 1 Hz and a bias of blue light (0.3
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sun). Absorption spectra were recorded on a V-570 Jasco
spectrophotomer. EIS spectra were obtained using an Eg&G
PARSTAT 2263 galvanostat potentiostat. The measurements
have been performed in the frequency range from 100 kHz to
0.1 Hz under AC stimulus with 10 mV of amplitude and no
applied voltage bias. The obtained Nyquist plots have been
fitted via a non-linear least square procedure using the
equivalent circuit model depicted in the inset of the plot itself.
Synthesis

Phenyl-bis-(4-thieno[3,2-b]thiophen-2-yl-phenyl)-amine, 2.
Bis-(4-bromo-phenyl)-phenyl-amine (2.0 g, 4.96 mmol), was
dissolved in methanol/toluene (1/1 v/v, 50 mL), then 4,4,5,5-
tetramethyl-2-thieno[3,2-b]thiophen-2-yl-[1,3,2]dioxaborolane
(3.3 g 12.4 mmol), K,CO3 (3.43 g, 24.8 mmol) and Pd(dppf)Cl,
(405 mg, 0.50 mmol) were added. The reaction mixture was
heated at 70 °C for 2 h under pw irradiation (100 W). The
mixture was diluted with NH4Cl (sat. sol., 100 mL), the two
layers were separated and the aqueous layer was extracted
with CH,Cl, (3 x 50 mL). The combined organic layers were
washed with H,O (50 mL), dried over Na,SO4 and then the
solvent was removed under reduced pressure. The crude was
purified by flash chromatography (petroleum ether/ethyl
acetate 9/1) yielding phenyl-bis-(4-thieno[3,2-b]thiophen-2-yl-
phenyl)-amine (2) (1.22 g, 47 %) as yellow solid. H-NMR
(500MHz, CDCls): 64 7.52 (d, J = 8.7 Hz, 4H), 7.41 (s, 1H), 7.34 (d,
J=5.2Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 7.25 (d, J = 5.1 Hz, 1H),
7.18 (d, J= 7.6 Hz, 1H), 7.13 (d, J = 8.6 Hz, 2H), 7.10 (t, J = 6.9 Hz,
1H).

5,5'-((phenylazanediyl)bis(4,1-phenylene))bis(thieno[3,2-
b]thiophene-2-carbaldehyde), 3. In a two neck flask under
nitrogen, freshly distilled POCls (138 mg, 0.9 mmol) was added
to anhydrous DMF (65 mg, 0.9 mmol) at 0 °C. The reaction
mixture was kept at 0 °C for 30 min until the formation of a
transparent glassy solid has been observed. Then, anhydrous
DMF (10 mL) was added and the reaction and the mixture were
allowed to warm to room temperature. A solution of phenyl-
bis-(4-thieno[3,2-b]thiophen-2-yl-phenyl)-amine (2) (200 mg,
0.39 mmol) in anhydrous DMF (10 mL) was added to the
reaction mixture, and then heated at 70 °C for 4 h. The reaction
mixture was then poured in water saturated with CH;COONa
(100 mL) and stirred for 1 h. AcOEt (30 mL) was added and the
organic phase was separated, and the aqueous phase extracted
with AcOEt (2 x 30 mL).The collected organic phase was dried
over Na,SOy, filtered and the solvent evaporated under reduced
pressure yielding an orange oil. Et,O was then added to the oil
and 5,5'-((phenylazanediyl)bis(4,1-phenylene))bis(thienol[3,2-
b]thiophene-2-carbaldehyde) (3) was obtained as an orange
solid (171 mg, 0.29 mmol, yield 76 %) not much soluble in most
of the organic solvent. TH NMR (500 MHz, DMSO) & 9.98 (s, 2H),
8.40 (s, 2H), 7.94 (s, 2H), 7.72 (d, J = 8.7 Hz, 3H), 7.42 (d, J = 8.4
Hz, 2H), 7.22 (d, J = 7.5 Hz, 1H), 7.18 (d, J = 7.5 Hz, 2H), 7.13 (d,
J=8.7 Hz, 4H).

TT-b-00. Intermediate 3 (70 mg, 0.12 mmol) was suspended in
CHCI; (10 mL). Cyanoacetic acid (103 mg, 1.21 mmol) and
piperidine (113 mg, 1.33 mmol) were added and the mixture
was refluxed for 8 h. The mixture was concentrated and 10%
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HCl aqueous solution (40 mL) was added, then it was filtered
and the solid was washed with H,0 (100 mL). TT-b-00 (62 mg,
72 %) was recovered as red solid. tH-NMR (500 MHz, DMSO): &4
13.72 (bs, 2H), 8.58 (s, 2H), 8.33 (s, 2H), 7.98 (s, 2H), 7.72 (d, J =
8.7Hz, 4H), 7.42 (t, J = 7.8Hz, 2H), 7.23-7.18 (m, 3H), 7.14 (d, J =
8.7Hz, 4H). Elem. Anal. Calcd. for C3gH21N304S4¢5H,0: C 56.92%,
H 3.90%, N 5.24%; found C 57.32%, H 3.82%, N 5.44%.
5,5'-(((4-bromophenyl)azanediyl)bis(4,1-
phenylene))bis(thieno[3,2-b]thiophene-2-carbaldehyde) 4.
Dialdheyde 3 (100 mg, 0.17 mmol) was suspended in DMF (5
mL). The mixture was cooled to 0 °C, then a solution of NBS (31
mg, 0.17 mmol) in DMF (5 mL) was added dropwise and the
reaction mixture was allowed to warm to room temperature
overnight. The solution was diluted with water (100 mL) and
filtered, then washed with water (100 mL). Compound 4 (120
mg, 100 %) was recovered as brown solid. 1H NMR (500 MHz,
DMSO) & 9.97 (s, 2H), 8.40 (s, 2H), 7.95 (s, 2H), 7.73 (d, J = 8.7
Hz, 4H), 7.55 (d, J = 8.8 Hz, 2H), 7.15 (d, J = 8.7 Hz, 4H), 7.10 (d,
J = 8.8 Hz, 2H). 13C-NMR (500 MHz, DMSO): 6. 185.89, 152.89,
148.29, 147.33, 146.83, 145.21, 138.96, 134.04, 132.81, 129.59,
128.65, 128.08, 125.41,117.52, 117.41.
5,5'-(((4-(5-hexylthiophen-2-yl)phenyl)azanediyl)bis(4,1-
phenylene))bis(thieno[3,2-b]thiophene-2-carbaldehyde), 5a.
4 (100 mg, 0.15 mmol) was dissolved in MeOH/toluene (1/1 v/v,
5 mL), then 5-hexyl-2-thiopheneboronic acid pinacol ester (90
mg, 0.30 mmol), Pd(dppf)Cl; (25 mg, 0.03 mmol) and K,CO3 (110
mg, 0.8 mmol) were added. The mixture was heated to 70 °C for
40 min under pw irradiation (70 W), then it was diluted with
NH4Cl (sat. sol. 50 mL). The aqueous layer was extracted with
CH,Cl; (3 x 20 mL), the organic layer was dried and the solvent
was removed under reduced pressure. The crude was purified
by flash chromatography (CH,Cl,) yielding the desired product
5a as a dark orange solid (50 mg, 46%). 1H NMR (500 MHz,
CDCl3) &4 9.94 (s, 2H), 7.89 (s, 2H), 7.56 (d, J = 8.6 Hz, 4H), 7.52
(d, J=8.5Hz, 2H), 7.46 (s, 2H), 7.18 (d, J = 8.6 Hz, 4H), 7.15 (d, J
=8.5Hz, 2H), 7.09 (d, J = 3.5 Hz, 1H), 6.75 (d, J = 3.5 Hz, 1H), 2.82
(t,J = 7.6 Hz, 2H), 1.74 — 1.66 (m, 2H), 1.42-1.35 (m, 2H), 1.35-
1.30 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls3)
6. 182.99, 152.63, 147.68, 147.01, 145.73, 145.16, 144.30,
140.84, 137.74,131.08, 129.13, 128.34, 127.23, 126.62, 125.60,
125.09, 123.95, 122.48, 114.94, 31.58, 31.56, 30.25, 28.74,
22.55, 14.05.

5,5'-(((4-(5'-hexyl-[2,2'-bithiophen]-5-
yl)phenyl)azanediyl)bis(4,1-phenylene))bis(thieno[3,2-
b]thiophene-2-carbaldehyde), 5b. 4 (52 mg, 0.08 mmol) was
dissolved in MeOH/toluene (1/1 v/v, 4 mL), then 5'-Hexyl-2,2'-
bithiophene-5-boronic acid pinacol ester (75 mg, 0.2 mmol),
Pd(dppf)Cl, (8 mg, 0.01 mmol) and K,COs3 (55 mg, 0.4 mmol)
were added. The mixture was heated to 80 °C for 40 min under
uw irradiation (50 W), then it was diluted with NH4Cl (sat. sol.
20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20
mL), the organic layer was dried and the solvent was removed
under reduced pressure. The crude was purified by flash
chromatography (CH,Cl,) yielding the desired product 5b as
brown oil (30 mg, 50%). *H NMR (500 MHz, CDCl3) § 9.95 (s, 1H),
7.91 (s, 1H), 7.56 (dd, J = 15.6, 8.7 Hz, 3H), 7.48 (s, J = 2.3 Hz,
1H), 7.22 — 7.12 (m, 3H), 7.07 (d, J = 3.6 Hz, 1H), 7.01 (d, J = 3.5
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Hz, 1H), 6.69 (d, J = 3.5 Hz, 1H), 2.80 (t, J = 7.6 Hz, 2H), 1.69 (m,
2H), 1.38 (m, 2H), 1.32 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H).
5,5'-(((2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-
yl)azanediyl)bis(4,1-phenylene))bis(thieno[3,2-b]thiophene-
2-carbaldehyde), 5c. Compound 4 (100 mg, 0.15 mmol) was
dissolved in MeOH/toluene (1/1 v/v, 7 mL), then 2,4-
dihexyloxyphenylboronic acid pinacol ester (121 mg, 0.3 mmol),
Pd(dppf)Cl (25 mg, 0.03 mmol) and K,CO3 (110 mg, 0.8 mmol)
were added. The mixture was heated to 70 °C for 60 min under
uw irradiation (70 W), then it was diluted with NH4Cl (sat. sol.
20 mL). The aqueous layer was extracted with CH,Cl; (3 x 20
mL), the organic layer was dried and the solvent was removed
under reduced pressure. The crude was purified by flash
chromatography (CH,Cl,) yielding the desired product 5c as a
dark orange solid (87 mg, 66%). TH NMR (500 MHz, CDCls) &4
9.95 (s, 2H), 7.90 (s, 2H), 7.56 (d, J = 8.7 Hz, 4H), 7.52 (d, J = 8.6
Hz, 2H), 7.47 (s, 2H), 7.28 (s, 1H), 7.21 (d, J = 8.7 Hz, 4H), 7.18 (d,
J=8.5Hz, 2H), 6.58 — 6.54 (m, 2H), 3.99 (m, 4H), 1.85—1.71 (m,
4H), 1,62-1,44 (m, 4H), 1.38-1.28 (m, 8H), 0.92 (t, J = 6.9 Hz, 3H),
0.88 (t, J = 7.0 Hz, 3H).

TT-b-01. 5a (50 mg, 0.07 mmol) was dissolved in CHCl3 (5 mL)
then cyanoacetic acid (60 mg, 0.7 mmol) and piperidine (68 mg,
0.8 mmol) were added and the mixture was refluxed for 8 h. The
mixture was concentrated and diluted with 10% HCl aqueous
solution (30 mL). The formation of a precipitate was observed
and, it was filtered under reduced pressure and washed with
water (20 mL). The product TT-b-01 was recovered as dark solid
(30 mg, 50%). TH NMR (500 MHz, DMSO) 64 8.47 (s, 2H), 8.25 (s,
2H), 7.97 (s, 2H), 7.72 (d, J = 8.7 Hz, 4H), 7.60 (d, J = 8.6 Hz, 2H),
7.28 (d, J=3.5Hz, 1H), 7.16 (m, 6H), 6.84 (d, J = 3.5 Hz, 1H), 2.80
(t, J = 7.5 Hz, 2H), 1.69 — 1.59 (m, 2H), 1.39 — 1.26 (m, 6H), 0.88
(t, J = 7.0 Hz, 3H). Elem. Anal. Calcd. for C4gH35N30,4Ss¢2H,0: C
63.07%, H 4.30%, N 4.60%; found C 62.87%, H 4.47%, N 4.88%.
TT-b-02. 5b (30 mg, 0.04 mmol) was dissolved in CHCl3 (5 mL)
then cyanoacetic acid (34 mg, 0.4 mmol) and piperidine (42 mg,
0.5 mmol) were added and the mixture was refluxed for 8 h. The
mixture was concentrated and diluted with 10% HCl aqueous
solution (20 mL). The formations of a precipitate were observed
and filtered under reduced pressure and washed with water (20
mL). The product TT-b-02 was recovered as dark solid (28 mg,
75%) 1H NMR (500 MHz, DMSO) &4 8.56 (s, 2H), 8.31 (s, 2H), 7.99
(s, 2H), 7.74 (d, J = 8.6 Hz, 4H), 7.66 (d, J = 8.5 Hz, 2H), 7.43 (d, J
=3.7 Hz, 1H), 7.22 (d, J = 3.7 Hz, 1H), 7.21 — 7.15 (m, 6H), 7.14
(d, J=3.7 Hz, 1H), 6.82 (d, J = 3.4 Hz, 1H), 2.79 (t, J = 7.4 Hz, 2H),
1.67 — 1.58 (m, 2H), 1.39 — 1.26 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H).
Elem. Anal. Calcd. for C50H37N30455‘1H202 C 62.94%, H 4.12%, N
4.40%; found C 62.92%, H 3.92%, N 4.04%.

TT-b-03. 5¢ (87 mg, 0.1 mmol) was dissolved in CHCl5 (7 mL)
then cyanoacetic acid (85 mg, 1.0 mmol) and piperidine (93 mg,
1.1 mmol) were added and the mixture was refluxed for 8 h. The
mixture was concentrated and diluted with 10% HCl aqueous
solution (15 mL). The formations of a precipitate were observed
and filtered under reduced pressure and washed with water (20
mL). The product TT-b-03 was recovered as dark solid (60 mg,
60%) 'H NMR (500 MHz, DMSO) &y 8.46 (s, 2H), 8.46 (s, 2H), 8.23
(s, 2H), 7.94 (s, 11H), 7.69 (d, J = 8.3 Hz, 4H), 7.50 (d, J = 8.6 Hz,
2H), 7.23 (d, J = 8.2 Hz, 1H), 7.14 m, 6H), 6.62 (s, 1H), 6.57 (s,
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1H), 3.98 (t, J = 5.7 Hz, 4H), 1.76-1.60 (m, 4H), 1.34-1.24 (m, 8H),
0.89 (t, J = 6.9 Hz, 3H), 0.82 (t, J = 6.9 Hz, 3H). Elem. Anal. Calcd.
for CsgHagN306S423H,0: C 64.53%, H 5.32%, N 4.17%; found C
64.17%, H 5.07%, N 4.17%.

Preparation of DSSCs.

DSSCs have been prepared to adapt a procedure reported in the
literature.?! In order to exclude metal contamination all of the
containers were in glass or Teflon and were treated with EtOH
and 10 % HCI prior to use. Plastic spatulas and tweezers have
been used throughout the procedure. FTO glass plates were
cleaned in a detergent solution for 15 min using an ultrasonic
bath, rinsed with pure water and EtOH. After treatmentin a UV-
03 system for 18 min, the FTO plates were treated with a freshly
prepared 40 mM aqueous solution of TiCl4 for 30 min at 70 °C
and then rinsed with water and EtOH. A transparent layer of
0.20 cm? was screen-printed using Dyesol 18NR-T TiO, paste
described above. The coated films were thermally treated at
125 °C for 6 min, 325 °C for 10 min, 450 °C for 15 min, and 500
°C for 15 min. The heating ramp rate was 5 - 10 °C/min. The
sintered layer was treated again with 40 mM aqueous TiCl4 (70
°Cfor 30 min), rinsed with EtOH and heated at 500 °C for 30 min.
After cooling down to 80 °C the TiO; coated plate was immersed
into a solution of the dye for 5 h at room temperature in the
dark. Counter electrodes were prepared according to the
following procedure: a 1-mm hole was made in a FTO plate,
using diamond drill bits. The electrodes were then cleaned with
a detergent solution for 15 min using an ultrasonic bath, 10%
HCI, and finally acetone for 15 min using an ultrasonic bath.
After thermal treatment at 500 °C for 30 min, a drop of 5 x 103
M solution of H,PtCle in EtOH was added on the cold FTO and
the thermal treatment at 500 °C for 30 min repeated. The dye
adsorbed TiO, electrode and Pt-counter electrode were
assembled into a sealed sandwich-type cell by heating with a
hot-melt ionomer-class resin (Surlyn 30-um thickness) as a
spacer between the electrodes. A drop of the electrolyte
solution was added to the hole and introduced inside the cell by
vacuum backfilling. Finally, the hole was sealed with a sheet of
Surlyn and a cover glass. A reflective foil at the back side of the
counter electrode was taped to reflect unabsorbed light back to
the photoanode.
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Dear Prof. Mir Wais Hosseini,
Editor-in-chief
New Journal of Chemistry

Please find herewith enclosed the manuscript:

“Performance enhancement of dye-sensitized solar cell by peripheral aromatic and heteroaromatic
functionalization in di-branched organic sensitizers”

by N. Manfredi, V. Trifiletti, F. Melchiorre, G. Giannotta, P. Biagini,* and A. Abbotto.”
that we would like to submit to New Journal of Chemistry for publication as a full paper.

This work presents the detailed investigation of a series of organic dyes as sensitizers for dye-
sensitized solar cells (DSSC). In particular, we focussed on the peripheral functionalization of a
class of di-branched dyes, a molecular geometry that we have introduced in the DSSC field a few
years ago (Ref. 10) and then adopted by other researchers (review: Ref 16) as a successful strategy
for DSSC dye sensitizers.

The molecular di-branched architecture D-(n-A), has been based on the triphenylamine core as a
donor D group and the cyanoacrylic moiety as an acceptor-anchoring group, using a thieno[3,2-
b]thiophene as m spacer, previously used in efficient DSSC sensitizers. Starting from this basic
configuration, a number of auxiliary donor groups have been selected and introduced as peripheral
functionalization on the donor fragment in order to enhance relevant molecular (e.g., light
harvesting) and device (power conversion efficiency, PCE) properties.

The new compounds have been investigated in their optical and photovoltaic properties in
comparison with the unsubstituted compound TT-b-00 as a reference system. Indeed optical (red
shift and molar absorptivity) and PCE were significantly improved compared to the reference dye.
The measured photovoltaic efficiency (> 6%) is not top ranked in absolute terms but compares well
with the benchmark sensitizer N719 used under the same conditions. In fact, we focussed our study
on the fundamental understanding of dye working principles. Accordingly, DSSCs have been
realized with the aim of simplifying the architecture in a single layer device, which is less
performing than opaque double layer configuration but allowed us to study in deeper details the
relevant interface phenomena. The photovoltaic investigation highlighted the superior photovoltaic
properties of the substituted TT-b-02 dye, bearing the 5-hexyl-2,2’-bithienyl fragment as auxiliary
donor group. We have found a more efficient interaction between dye-sensitized TiO, and the
liquid electrolyte.
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We thus believe that the new dyes might provide a new design strategy to improve general
performances in large area DSSCs of industrial relevance (participating as co-authors in this work),
a sector where the critical interface between the optically active layer and the electrolyte is still a
challenging issue.

Recently, the Journal has devoted much attention to organic molecules and materials for
photovoltaics with PCE comparable to those reported in our submitted manuscript (see, for
instance, the following recent examples: S. Ashraf, J. Akhtar, H. M. Siddiqi and A. El-Shafei, New
J. Chem., 2017, 41, 6272-6277; 1. Pecnikaj, D. Minudri, L. Otero, F. Fungo, M. Cavazzini, S.
Orlandi and G. Pozzi, New J. Chem., 2017, 41, 7729-7738; R.-Y. Huang, Y.-H. Chiu, Y.-H. Chang,
K.-Y. Chen, P.-T. Huang, T.-H. Chiang and Y. J. Chang, New J. Chem., 2017, 41, 8016-8025; Y.
Li, P. Song, Y. Yang, F. Ma and Y. Li, New J. Chem., 2017, 41, 12808-12829; S. Erten-Ela, Y.
Ueno, T. Asaba and Y. Kubo, New J. Chem., 2017, 41, 10367-10375). We thus trust that our results
should be of interest to the many readers of the New Journal of Chemistry involved in this topic.

Best regards,

Alessandro Abbotto, Norberto Manfredi and Paolo Biagini
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Figure S1. Normalized absorption (solid line) and emission (dashed line) spectra of the investigated dyes in
EtOH solution.
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Figure S2. Cyclic voltammetry (CV) plots of the investigated dyes in TBABF, 0.1 M in DMF solution.
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Table S1: Main photovoltaic parameters of DSSCs based on the di-branched sensitizer TT-b-02, varying the
electrolyte and the chenodeoxycholic acid (CDCA) amount in the 2 x 10™* M dye solution.

Electrolyte CDCA (M) Jsc (MA cm'z) Voo (mV) FF PCE (%)
7959 * 0 14.0 624 0.70 6.1
7960 " 0 12.7 664 0.68 5.7
7959 * 2x10™ 15.9 663 0.59 6.2
7960 " 2x10™ 15.6 645 0.62 6.3
7959 * 2x10° 12.9 628 0.71 5.8
7960 " 2x107 12.8 678 0.70 6.1
7959 * 2x107 12.6 619 0.72 5.6
7960 " 2x107 12.9 678 0.71 6.2

* 1.0 M DMIL 0.03 M I, 0.1 M GSCN, 0.5 M TBP in ACN/VN=85/15; " 1.0 M DMII, 0.03 M I,, 0.05 Lil, 0.1 M
GSCN, 0.5 M TBP in ACN/VN=85/15.
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500 MHz in DMSO-d,

ETHBSE:
1£965€
PTEDIE
PI019E:

9T6I9E

SLTOLE
:.Emmw
I581LE
£b'8S8E

81'£98E:
TTELHE—

BETOZYP—

ST686b—

i
o
R
o
4
Le
- T
n
]
]
- o~
S
- Lo
o~
-
=
[ o
n
e
=25
-+
L in
<
s
[ n
L v
n
s
-]
et
-1
LS
o | N
M:.N
vTal
o0z |
~
=8lE
-— = | g
-]
3
— 9T |
[ @
L5
-
Fin
o
—_—d Fwz L

0.0

f1 (ppm)

500 MHz in DMSO-d,

60°SPSE
£BESSE
9T 0LSE
L6'BLSE

POZLLE
an.awmmv
T1Z098€
an.w@emN.

95'9L6E~"

81661 b=

£0°886b—

OHC

S£1
NNAm

bre.u
E-spvy

m.oo;

oz

=00¢

100 95 90 85 8.0 75 7.0 65 60 55 S50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

0.5



New Journal of Chemistry

Page 19 of 23

125 MHz in DMSO-d,

90591
1064401

Levist

69b b T~

298
mv.mi_ﬂ

am.mmmw_
;.mmmm_
Zzepast

monNmo_\

EV9LEET—

OHC

190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

WiE—

aw
1015
mzmnv
« 99
RN

o %e
o
S
10 0%
SO

SUsat—

-nna—
«n_-v-w
e8Il

500 MHz in CDCl,

1rze
£CvesE
EEE6SE
6100
PSLEN
s6SuE
B30

IV ereE—

06T L6y

ere

oew
Aerz
022
et

o { 14

=001
1
ana
16¢
10z
MOO-
oy

S0

=002

35 3.0 25 20 1.5 1.0 0.5 0.0

4.0

5.0 4.5
f1 (ppm)

6.0 55

6.5

9.0 8.5 8.0 75 7.0

9.5



Page 20 of 23

New Journal of Chemistry

D -

U
we
e
!m-n/
L 13

SEEHT
oysa1
s W
e
vesn—

VLI~
PEOM A
orem

wsHl A

£esm
1020
8 \

s

wis—

125 MHz in CDCl;

CHO

“ 0

-10

230 220 210 200 190 180 170 160 150 140 130 IZ’O(lll; 100 90 80 70 60 50 40 30 20 10
1 (ppm

240

oy
oWy
&£ %
L
o
€59

Wiy

[f41°4}
~no«0_v
8001

500 MHz in CDCl,4

|

nn‘nnv

132543
L 685E
15265¢
it
IO
TN
e
oSINE

EHL—

Ny

L

00€
yE8E
Koot

Fo00e

=561

460
001
e
Nere
-\oﬂ._
1273
605

-ne

b1 14

6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
f1 (ppm)

6.5

9.0 8.5 80 75 7.0

9.5



New Journal of Chemistry

Page 21 of 23

SSRRARRATIRARAAR

500 MHz in CDC

66—

CHO

OHC

alr ( }

v &9
> wo
we
24
s

9.5 9.0 8.5 80 75 70 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
f1 (ppm)

10.0

500 MHz in DMSO-dg

AN, |J
o -

')

LEINE
IWIse
STO8SC
S6'95E
WSO
10019¢:
¥t
LoENE
~m.a_:w
124 1743
LLeBE
I¥9%c

oS 16—

PN y—

LR r—

COOH

S\s

HOOC™ "CN

(00}

e
F&'T
*I6'€
00T
=8I'C
=T




Page 22 of 23

New Journal of Chemistry

B DEP:
;.mmvv

nm.?@#:\

ST oy
mn.nmwv
E6° 259
BS' TR

R 98/
LA

6" BLE
0828
62 HER

500 MHz in DMSO-dg

LATRET
mﬁ.momﬂw
T990k1

EFELSE
vm.mhmm%
B8 085E
66 G85E:
om..mnmmﬁ.
LETTHIE:
STbRLE
9ZEDRE~"

ZERSEE~
£6'998E~"

D& PBRE—

09 Se—

G IETp=—

COOH

NC

CN

HOOC

Fri'g

e

Foe'e

0.0

0.5

1.0

15

2.0

25

6.5

7.0

5

8.0

8.5

9.0

9.5

Lo.o

f1 (ppm)

“wKy
€« an
£ Hy

50
“ 0
awn

ea
100w

500 MHz in DMSO-ds

:.i_
-ﬂman_v
[241 4§

iSesse
woust
1Ev45¢E
LEERST
b4 1 1%
0L9%5¢
sriee
vN:onN-
wne
woLE

L1 e 1
rhLEsE
(3745
€ fdn\.

165660~

LS

oroRy—

CeHi

S\s

HOOC™ "CN

FR0'E

F16's

F181

F21'e

*0L0

7'
*00'9

%0
AgL0
vhlL'l
~eS'h

=0E'C

T
9.5

r
10.0

f1 (ppm)



New Journal of Chemistry

Page 23 of 23

v .
St n.u v SEE
05 Pr— A  opg
3
o= & Frozr
o =
B
178 1 5 M T €28
g
4
o
(o]
6%1— ° lw F 89v
~ «n Q :
sy Y 2 =5 K0
/ N
el
YIRS b 2l
scse [8)
SVEIE bd \ -~
LR T O w (@9
s\ O Sw— 'l
s ,O:N g
scese R %h
esbE— & F 002
19 &4
aaniv— y " k ore
19 22r— P
ol 3

HOOC

9.5 9.0 8.5 8.0 75

10.0



