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1 Introduction

Enhancement of photovoltaic performance in
ferrocenyl w-extended multi donor—m—acceptor
(D—D'—7w—A) dyes using chenodeoxycholic acid as
a dye co-adsorbent for dye sensitized solar cellst

Selvam Prabu, (22 Thamodharan Viswanathan, ©2 Ezhumalai David, ©2
Sivanadanam Jagadeeswari® and Nallasamy Palanisami & *2

A new set of multi-donor [ferrocene (D) and methoxyphenyl (D’)] conjugated D-D'-m—A based dyes
[Fc—(OCHz—Ph)C=CH-CH=CN-R{R=COOH (1) and CgH4—COOH (2)}] were synthesized as sensitizers
for dye-sensitized solar cell (DSSC) applications. These dyes were characterized with the aid of analytical
and spectroscopic techniques such as FT-IR, HR-Mass, and H and *C NMR. The thermal stability of the
dyes 1 and 2 were investigated using thermogravimetric analysis (TGA) and was found to be stable
around 180 °C for dye 1 and 240 °C for dye 2. The electronic absorption spectra for sensitizers display
major bands between 400 and 585 nm that could be ascribed to an intramolecular charge transfer (ICT)
between the electron donor and acceptor to create an efficient charge separation. The redox behaviour
of the dyes was determined by cyclic voltammetry, which revealed the one-electron transfer from the
ferrocene to ferrocenium ion (Fe?* = Fe3*), and potential was utilized to determine the band gap of the
dyes (2.16 eV for 1 and 2.12 eV for 2). Further, the carboxylic anchor dyes 1 and 2 have been utilized as
photosensitizers in TiO,-based DSSCs with and without co-adsorbance of chenodeoxycholic acid
(CDCA), and the photovoltaic performances were studied. The obtained photovoltaic parameters of dye
2 are open-circuit voltage (Vo) = 0.428 V, short-circuit current density (Jso) = 0.086 mA cm™2, the fill
factor (FF) = 0.432 and the energy efficiencies (n) = 0.015%, the overall power conversion efficiencies
were found to be increased in the presence of CDCA as a co-adsorbent. The photosensitizers with the
addition of CDCA show higher efficiencies compared to those in the absence of CDCA, which can
prevent the formation of aggregation and increased electron injection of the dyes. Among the dyes, the
4-(cyanomethyl) benzoic acid (2) anchor showed higher photovoltaic performance compared with the
cyanoacrylic acid (1) anchor due to the introduction of additional m-linkers and acceptor unit, which
enables the lowering of the energy barrier and charge recombination process. In addition, the
experimentally observed HOMO and LUMO values were in good agreement with the theoretical
calculation by the DFT-B3LYP/6-31+G**/LanL2TZf level of theory.

scientists. The development of photo-sensitizers has achieved
significant progression, with photon-to-current established

One of the most promising alternative sources of low-cost
renewable energy in the future is expected to be dye-sensitized
solar cells (DSSCs) and they have been identified as the first
reported by O'regan and Gréitzel in 1991." The design and
fabrication of DSSCs as a novel form of photovoltaic technology
is attracting enormous attention from chemists and material
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power conversion efficiencies of 11.4% to 14.3%.*° To achieve
higher efficiencies, the sensitizers are important constituents in
DSSCs, because they regulate the light harvesting and charge
separation properties.' Furthermore, the structural changes of
sensitizers can improve their molar extinction coefficient and
solar light harvesting ability. This can be attained by altering
the chromophore and anchoring groups, which enhance the
photocurrent and effectiveness of the DSSCs.>” Several metal
based sensitizers such as Ru-based dyes,**® Zn porphyrins,*
and perovskites'>** have been reported, which show significant
power conversion efficiency (PCE). However, these devices have
limited uses in the real-world implementation due to their high
cost, particularly the Ru-based dyes. To restrain this techno-
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economic problem, several organic dyes have also been utilized
as sensitizers in DSSC. Organic dyes like triphenylamine (TPA)
donors and different rv-conjugated linkers such as aromatic and
heteroaromatic moieties with cyanoacrylic acid as an anchoring
and acceptor group have been explored as sensitizers."*
However, due to ineffective charge-transfer capabilities, these
organic dyes are unable to convert solar energy into electrical
energy.

In the last two decades, researchers have developed the
ferrocene based complexes for DSSC applications, owing to the
versatile oxidation states of iron (Fe** = Fe®*") in ferrocene
moiety, promoting reversible one-electron redox reaction,
which act as a donor in DSSCs, and redox potential of the dyes
can be tuned by varying the substitution on cyclopentadienyl
ring.”’"** Moreover, ferrocene shows the lower absorbance
between 440 and 480 nm as well as at higher energy (250, 300
and 360 nm) and this lowest energy might be suitable as
sensitizers for DSSCs applications.*® The lowest energy can be
shifted to infrared region by substituting acceptor unit of
carboxylic acid groups, which also act as anchoring group in
DSSCs.”® In these aspects, ferrocenyl derivatives have been
utilized in DSSC as possible photosensitizers. In particular,
homo and heteroleptic based dithiocarbamate complexes (Ni,
Pt and Cu),*"** triphenylamine based donor-acceptor dyes,*
porphyrin derivatives,** diketopyrrolopyrrole based acceptors,*
benzimidazole*® and biferrocenyl quinoxaline*” with different
anchors have been investigated on photovoltaic performances.
In addition, Cariello et al. studied the influence of m-conjuga-
tion in ferrocene molecules on DSSC performances. The -
conjugation played an essential role in regulating their optical
and redox properties.”® Recent studies have shown that the
acceptor substituent coupled to the cyclopentadienyl ring,
which increases the formal redox potential of the ferrocene
molecule. Hence, the redox potential of this sandwich moiety
controlled for DSSC applications.™*

To enhance the DSSC performance, different types of addi-
tives have been added into dye solutions as a co-adsorbent. The
commonly used co-adsorbent is chenodeoxycholic acid (CDCA),
which can act as a hydrophobic spacer and prevent the forma-
tion of aggregation, when the dye was tightly packed with
monolayer and it gives relatively better surface coverage and
effectively hindering the back-electron transfer from conduc-
tion band of TiO, to electrolyte (iodide/triiodide). As a result,
the improving the DSSC performance by enhancement of open
circuit voltage of the device.* In this aspect, some of us have
explored an organic dyes such as ethynyl-pyrene substituted
phenothiazine** and starburst configured imidazole-aryl-
amine® as sensitizers, which is subjected to DSSC studies with
or without co-adsorbents, and the results are relatively higher
photo conversion efficiency (PCE) in the presence of CDCA co-
adsorbents.**** In the literature, reports were available for
donor-m-acceptor organic sensitizers with CDCA co-
adsorbent,> ' but ferrocenyl based systems were yet to be
reported.

Keeping the aforementioned aspects in mind, we have
developed new m-extended methoxyphenyl conjugated ferro-
cenyl multi-donor dye as photosensitizers. The introduction of

9762 | RSC Adv, 2023, 13, 9761-9772

View Article Online

Paper

methoxyphenyl (D) in ferrocene (D) moiety acts as an additional
donor, results enhanced the charge transfer process. Recently
some of us studied the ferrocenyl multi-donor systems for
nonlinear optics and luminescent properties.** To the best of
our knowledge, the ferrocenyl sensitizers with co-adsorbent
CDCA in DSSCs yet to be reported. The ferrocenyl multi-donor
coupled with strong acceptors like cyanoacrylic acid and 4-
(cyanomethyl) benzoic acid, which can be used as sensitizers in
DSSCs and their electron withdrawing effects have been utilized
to develop charge-transfer process.**** In this expedition, we
have synthesized new D-7t-A type of ferrocenyl methoxyphenyl-
substituted acids and tested their ability for sensitizers in
DSSCs. In addition, we have done the theoretical calculations
using density functional theory (DFT/TD-DFT) using B3LYP/6-
31+G(d,p)/LanL2TZf level of theory and these results were
correlated with experimental calculations.

2 Experimental sections
2.1 Materials and methods

All the chemicals were purchased from Sigma Aldrich and TCI
Chemical Co. The solvents were used after purified by distilla-
tion. The column chromatography was carried out using silica
gel 60 (AVRA, 100-120 mesh).

2.2 General physical measurements

The NMR spectra were recorded on a BRUKER (400 MHz)
spectrometer with CDCl; and DMSO-dg as a solvent and tetra-
methyl silane as an internal standard and the chemical shifts
are reported in 6 (ppm). The HR-Mass spectra were recorded
using  WATERS-XEVO G2-XS-QToF High Resolution Mass
Spectrometer (HRMS) using ESI method. The elemental anal-
ysis was carried out using CHNS Elemental Analyzer-Perkin
Elmer-2400 CHNS/O Series. FT-IR spectra were obtained using
a SHIMADZU IR Affinity-1 instrument equipped with a high-
sensitivity DLATGS detector with KBr discs. The Electronic
absorption spectra were recorded using a JASCO UV-visible
spectrometer in a 1 cm? quartz cuvette at room temperature
using dichloromethane as a solvent. The cyclic voltammogram
of the chromophore was carried out on a CH-Instruments
Model CHI620E in acetonitrile solvent (1 x 10~* M) that con-
taining 0.1 M tertbutyl ammonium perchlorate as supporting
electrolyte at the scan rate 0.1 V s~ . A platinum wire was used
as a counter electrode, glassy carbon as the working electrode
and reference electrode as a saturated Ag/AgCl. Thermo gravi-
metric analysis was done by TGA SDT Q 600 V20.9 Build 20
instrument under N, atmosphere at heat rate 20 °C min~ " (0-
800 °C).

2.3 Synthesis of dyes

The 3,3(4-methoxyphenyl) ferrocenyl acrylaldehyde
synthesized according to the reporting procedure.***® The dyes
1 and 2 were synthesized by Knoevenagel condensation reac-
tion.*> The 3,3(4-methoxyphenyl) ferrocenyl acrylaldehyde
(1 mmol, 0.214 g), 1 mmol of substituted acetonitrile (2-cyano-
acetic acid (1) or 4-(cyanomethyl) benzoic acid (2)) and

was
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piperidine (0.1 ml) in methanol (10 ml) were kept under reflux
for 6 hours. After completing the reaction, the solvent was
evaporated and made a crude. Then the crude was purified by
column chromatography using hexane and ethyl acetate (8:2)
as eluent to attain the ferrocenyl dyes.

2.4 Characterization data

2.4.1 3,3(4-Methoxyphenyl) ferrocenyl acrylaldehyde. 3-
Chloro-3-ferrocenylacrylaldehyde (1 mmol, 0.274 g) and p-
methoxy phenylboronic acid (1 mmol, 0.151 g). Dark red colour
solid, yield: 348.5 mg, 82%. Mp. = 128-132 °C (decomposed).
Elemental analyses for CHN (C,,H;gFeO,): Caled. C, 69.39; H,
5.24; found C, 69.07, H, 5.10%. HRMS for (C,oH;gFeO,) (m/z):
Caled. 346.0656, found mass: 346.0661. 'H NMR (400 MHz,
CDCl,) 6 (ppm): 9.37 (d, J = 8.4 Hz, 1H, CHO), 7.346 (d, ] =
8.8 Hz, 2H, C¢H,), 6.98 (d, J = 8.8 Hz, 2H, C¢H,), 6.50 (d, J =
8 Hz, 1H, CH), 4.50 (s, 2H, H,, CsH,), 4.44 (s, 2H, Hg C5H,), 4.15
(s, 5H, CsHs), 3.89 (s, 3H, OCH;). *C NMR (100 MHz, CDCI;)
3 (ppm): 193.1 (1C, C=0), 165.5 (1C, C-OCHj,), 160.2 (1C, p-C,
CeH,), 130.9 (2C, m-C, C¢H,), 128.7 (1C, CH), 124.2 (1C, CH),
113.5 (2C, 0-C, CgHy), 82.1 (1C, C-1, Cys, CsHy), 71.7 (2C, Cg
CsH,), 70.3 (5C, CsHs), 69.2 (2C, C, CsH,), 55.4 (1C, OCH,).

2.4.2 Dye 1. 3,3-(4-Methoxyphenyl) ferrocenyl acryl-
aldehyde (1 mmol, 0.346 g) and 2-cyanoacetic acid (1 mmol,
0.085 g). Dark green colour solid, yield: 367.5 mg, 84%. Mp. =
256-261 °C (decomposed). Elemental analyses for CHN
(C,3H,oFeNO;): Caled. C, 66.85; H, 4.63; N, 3.39; found C, 66.87,
H, 4.70, N, 3.41%. HRMS for (C,3H;oFeNO;) (m/z): Calcd.
413.0714, found mass: 413.0716. 'H NMR (400 MHz, CDCl;)
6 (ppm): 7.79 (d,J = 12 Hz, 1H, CH), 7.24 (d, J = 8 Hz, 2H, C¢H,),
7.11 (d,J = 16 Hz, 1H, CH), 6.99 (s, ] = 8 Hz, 2H, C¢H,), 4.61 (s,
2H, H, CsH,), 4.54 (s, 2H, Hg CsH,), 4.18 (s, 5H, CsHs), 3.90 (s,
3H, OCHj;). *C NMR (100 MHz, CDCl;) é (ppm): 168.5 (1C, C=
0), 166.2 (1C, C-OCHj), 160.6 (1C, p-C, C¢H,), 154.5 (1C, CH),
130.9 (2C, m-C, C¢H,), 125.2 (1C, CH), 119.1 (1C, C=N), 113.8
(2C, 0-C, CeHy), 98.2 (1C, C-CN), 83.3 (1C, C-1, Cypg, CsHy), 73.3
(2C, C4 CsHy), 71.2 (5C, CsHs), 70.4 (2C, C, CsHy), 55.5 (1C,
OCHj). FT-IR (KBr): 3439 (b) #(OH), 3093 (w) »(C-H arom), 2929
(w) »(C-H aliph), 2839 (w) ¥(OCH;), 2214 (s) »(C=N), 1708 (s)
»(C=0), 1604 (s), 1575 (s), 1510 (s), 1452 (s), 1388 (s), 1369 (s),
1311 (s), 1249 (s) ¥(C=C), 1219 (s), 1190 (s), 1107 (m) »(C=C Fc),
1028 (s) »(C-0), 970 (m), 950 (s), 835 (m) »(C-C Fc), 783 (s) »(C-H
arom), 648 (m), 493 (s) cm . UV-visible data Apa. (CH,Cl,) =
241 (m-1t*), 389 (n-7*) and 584 (d-d) nm, and molar extinction
coefficient epmax = 9975, 11 840 and 2905 M~ cm ™.

2.4.3 Dye 2. 3,3-(4-Methoxyphenyl) ferrocenyl acryl-
aldehyde (1 mmol, 0.346 g) and 4-(cyanomethyl) benzoic acid
(1 mmol, 0.161 g). Dark green colour solid, yield: 367.5 mg, 75%.
Mp. = > 300 °C (decomposed). Elemental analyses for
CHN(C,oH,3FeNO;): Caled. C, 71.18; H, 4.74; N, 2.86%; found C,
71.07, H, 4.34, N, 2.93%. HRMS for (C,oH,3FeNO3) (mm/z): Caled.
489.1027, found mass: 489.1021. 'H NMR (400 MHz, DMSO-d,)
6 (ppm): 7.97 (s, 2H, C¢H,), 7.54 (s, 2H, C¢H,), 7.37 (d, ] = 8.4 Hz,
2H, C¢H,), 7.32 (d,J = 11.7 Hz, 1H, CH), 7.15 (d,J = 11.7 Hz, 1H,
CH), 7.09 (d, J = 8.4, 2H, C¢H,), 4.56 (s, 2H, H, CsH,), 4.45 (s,
2H, Hy CsH,), 4.22 (s, 5H, CsH;), 3.85 (s, 3H, OCH;3). >C NMR
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(100 MHz, DMSO-dg) ¢ (ppm): 160.0 (1C, C=0), 156.2 (1C, C-
OCH3), 141.7 (1C, CH), 131.3 (4C, m-C C¢H,), 120.5 (2C, p-C
CeH, & CH), 117.8 (1C, C=N), 114.2 (4C, 0-C, C¢H,), 107.7 (1C,
CH), 84.3 (1C, Cyso CsHa), 71.6 (2C, Cg CsHy), 70.6 (5C, CsHs),
69.0 (2C, C, CsH,) and 55.6 (1C, OCHj;). FT-IR (KBr): 3433
(b) »(OH), 3091 (w) »(C-H arom), 2926 (w) »(C-H aliph), 2852
(w) »(OCH3), 2208 (s) »(C=N), 1691 (s) »(C=0), 1606 (s), 1575
(s) ¥(C-C), 1564 (s), 1510 (s), 1415 (s), 1276 (s) ¥(C=C), 1156
(w), 1247 (s), 1178 (s), 1107 (s) »(C=C Fc), 1031 (s) »(C-O), 954
(w), 833 (s) ¥»(C-C Fc), 781 (s) »(C-H arom), 698 (m), 528 (m),
495 (s) cm ™. UV-visible data Apax (CH,Cl,) = 242 (-7%), 410
(n-1*) and 573 (d-d) nm, and molar extinction coefficient ¢, =
12147,15562 and 4140 M~ ' ecm ™.

2.5 Fabrication and characterization of DSSCs

FTO glass obtained from GreatCell Solar (MS001695-10) was cut
into 2 x 1.5 cm sized plates, which were immersed into deter-
gent solution for 10 min. Detergent removed the organic/greasy
matter on FTO plate. Then, distilled water, acetone and iso-
propyl alcohol cleanings were performed (each 20 min) while
sonicating the FTO plate in the solvents. At the end, the cleaned
FTO plates were dried in vacuum oven at 80 °C. This plate was
dip coated with 40 mM agq. TiCl, solution at 70 °C for 30 min.
After repeating dip coating procedure for 2 more times, the
plate was annealed at 500 °C for 30 min in air oven. TiCl, dip
coating is mainly performed to avoid direct contact of electro-
Iyte of DSSC with the FTO. Upon annealing, TiCl, transforms
into a transparent TiO, layer. A scotch tape having circular hole
of 0.196 cm” area was stuck on the surface of dip coated TiO.,.
This circular hole was filled with 20 nm sized TiO, particles
applying TiO, paste by doctor blade technique. Upon drying the
TiO, paste at 70 °C, and after peeling off the scotch tape, it was
subjected to annealing at 500 °C for 30 min to realize a trans-
parent TiO, layer of 6 um thick (as measured by profilometer).
On this a scattering layer of TiO, of 5 um thick was applied by
doctor blade technique, which was sintered at 400 °C for 30 min
to form a light reflecting layer. After cooling to 70 °C, the plate
was immersed into 0.5 mM ferrocene dye in acetonitrile: ¢-butyl
alcohol (1:1, v/v) solution and kept at 25 °C for 12 h for
adsorbing dye onto TiO, surface. The photoanode was taken out
of the dye bath and was rinsed with anhydrous acetonitrile to
dislodge any unadsorbed dye onto the electrodes. A 0.5 mm
thick platinum sheet and photoanode were superimposed on
each other having a hot melt polymer film as gasket between the
two electrodes. The gap between the photoanode and platinum
sheet was filled with I /I;™ electrolyte. The electrolyte is made of
0.05M, 0.1 M, 0.6 M and 0.5 M of iodine, lithium iodide, 1-butyl-
3-methylimidazolium iodide, and ¢-butyl pyridine, respectively
in 15 : 85 v/v % of valeronitrile and acetonitrile mixed solvent.

2.6 Theoretical calculations

The electronic structure and molecular properties of the dyes 1
and 2 were investigated using density functional theory (DFT)
and time-dependent density functional theory (TD-DFT) to
understand the bonding patterns, electronic charge and
molecular orbital energy distributions. The optimization of the
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molecular geometries leading to energy minima was achieved
using the DFT [with Becke's three parameter exchange and the
Lee-YangParr's correlation functional (B3LYP)] with 6-31+G(d,p)
basis set for C, O and H atoms and LanL2TZf functional for Fe,
under vacuum.*””*® As noted above, this DFT method appeared
in benchmark calculations for the B3LYP/6-31+G(d,p)/LanL2TZf
parent ferrocene.*® Also, the time dependent density functional
theory (TD-DFT) at 6-31+G(d,p) has been employed in HOMO-
LUMO energies, oscillator strengths, absorption wavelengths
Amax- All computation calculations were carried out using the
GAUSSIAN 16 package.* The frontier molecular orbital struc-
tures and electronic geometries were taken by Gauss View 6.1.*

3 Result and discussion
3.1 Synthesis

The ferrocenyl based acid dyes 1 and 2 were synthesized by the
reaction between substituted acetonitrile (2-cyanoacetic acid (1)
or 4-(cyanomethyl) benzoic acid (2)) in the presence piperidine
and methanol as a solvent to form dyes 1 and 2, as shown in
Scheme 1. The synthesized dyes were characterized by FT-IR, 'H
and "*C NMR and HR-Mass spectroscopic methods.

3.2 Characterization of dyes

The purity of dyes has been examined using 'H and >C NMR
spectroscopy techniques and were recorded in and CDCl; (for
acrylaldehyde and dye 1) DMSO-d, (for dye 2) at room temper-
ature using TMS as an internal standard and the spectra were
displayed in Fig S1-S6.T The "H NMR spectra of dyes showed
that the methoxy protons are appearing at 3.8 ppm as a singlet.
The ferrocene protons are resonating in the region of 4-5 ppm.
The ferrocene protons of unsubstituted cyclopentadienyl ring
(n°-CsHs) are appeared as a singlet in the region of 4.2 ppm and
substituted cyclopentadienyl ring (n*-CsH,) assigned at 4.4 and
4.6 ppm. The methoxy substituted aromatic protons are
assigned at 7.0 to 7.3 ppm. In the case of dye 2, acid group
attached aromatic ring protons are resonating in the range of
7.5 to 7.9 ppm. The **C NMR spectra of dyes show that the Fc-
CH carbon resonates at 69.24-79.73 ppm, -C=0 carbon reso-
nates at 160.0 ppm and 168.5 ppm and then the -C=N carbons
are assigned at 119.1 (1) and 117.8 (2) ppm, respectively. The
mass spectra of the dyes 1 and 2 were showed a peak with the
expected isotopic pattern at m/z = 346.0661 (for acrylaldehyde),
413.0716 (for dye 1) and 489.1021 (for dye 2), respectively, and
the obtained data coincided with calculated data as shown in
Fig. S7-S9.7 The FT-IR spectra of dyes 1 and 2 were shown in
Fig. S10,T the broad -OH stretching of both the dyes 1 and 2

~o o
piperidine piperidine o
OH
CH,Cl, & CH,Cl, X
2 B o

G So — : T OH
2 Fe
Fe NC 'COOH D 1

p==~4
3, 3 (4-methoxyphenyl)
0~7°0H ferrocenyl acrylaldehyde

Scheme 1 Synthetic route of dyes 1 and 2.
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were found around 3430 cm ™, it was identified the formation
of carboxylic acid group. The -CN stretching vibrations of dyes
were observed at 2205 cm ™" and the bands around 1700 cm ™!
were seen due to -C=O stretching. The -OCH; stretching
vibration of dyes were observed at 2841 cm™'. Moreover, the
aliphatic and aromatic ~CH vibrations were observed around
2920 cm ™' and 3080 cm ™, respectively. In addition, the thermal
stability of the dyes 1 and 2 were studied using thermogravi-
metric analysis (TGA) at the heating rate of 20 °C min~' up to
800 °C, and it shows that the dyes 1 and 2 were stable around
180 °C and 240 °C, respectively (Fig. S117).

3.3 Optical properties of dyes

The absorption spectra of the dyes were performed in
dichloromethane solution and the spectra show three absorp-
tion band as shown in Fig. 1. The higher energy absorptions are
observed at the region of 241 and 242 nm which is due to w-m*
transition and originated to a ligand-centered transition. The
absorption bands at 389 for dye 1 and 410 nm for dye 2 shows
the medium energy due to the n-m* transition that can be
described by metal-to-ligand charge transfer (MLCT) or ligand-
to-metal charge transfer (LMCT) due to intramolecular charge
transfer (ICT).*> The absorption band at 564 and 548 nm occurs
d-d transition (assigned to 'E;y < 'Ay,), this low energy tran-
sition is due to the degenerate transition of Fe(u) for metal-
ligand charge transfer (dm-7*).** Meanwhile, these spectra were
compared with ferrocene and the wavelength was quite red
shifted. The extensive m-conjugation that occurs from the
ferrocene to the aromatic system via the phenyl and diene
linkage, which results in significant electrical communication
in the molecule, may be a causing for the bathochromic shifts.
This important red shift in the electronic absorption band
corresponding to ferrocene, which promote these molecules are
used as potential sensitizers in DSSC.** The absorption spectra
of dyes 1 and 2 adsorbed on a transparent TiO, film around
6 mm thick are displayed in Fig. 2. The lower energy absorption
wavelength of dyes 1 and 2 are 551 nm and 539 nm, respectively
and it indicates slight blue shift, which may be an electronic
coupling of the dyes on the TiO, surface.*

0.8
0.7
0.6 1
<
205+
]
£ 0.4+
2
2 0.3
«
0.2
0.1

0.04

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1 Absorption spectra of dyes 1 and 2 in CH,Cl, solution (1 x 107>
M).
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Fig. 2 Electronic absorption spectra of the dyes 1 and 2 adsorbed on
TiO; film.

The diffuse reflectance spectra (DRS) of the dyes 1 and 2 were
calculated and the observed wavelength was around 200-
2500 nm. This spectrum was useful to understand the optical
absorption or transmittance window and cut-off wavelength of
the dyes. The charge transfer involving in the dyes 1 and 2 were
350-1650 nm, which indicates that the absorption takes place
in visible region as shown in Fig. 3.

The absorption co-efficient («) was calculated by the
Kubelka-Munk eqn (1).*

(a/S) = (1 — R212R (1)

where, R is the diffused reflectance at certain energy, « is an
absorption coefficient and S is the scattering coefficient which
was situated at the localized states near the mobility edges
according to Mott and Davis model of the density of states.

The optical energy gap (E,) was calculated using the
following eqn (2).*

(ahv)’ = A(hv — Ey) (2)

where, A is a constant, / is Plank's constant, « is absorption
coefficient and » is the frequency of incident photons.

Dye 1 (664 nm)
Dye 2 (761 nm)

Absorbance

T T T T T T
400 600 800 1000 1200 1400

Wavelength (nm)

Fig. 3 Diffuse reflectance spectra of the dyes 1 and 2.
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The optical energy gap (E,) of the investigated dyes 1 and 2
were plotted («iv)® versus photon energy (/v) using the Tauc's
relationship as shown in Fig. 4. The band gap of the dyes 1 and 2
were found to be 3.23 eV (1) and 3.08 eV (2). The obtained band
gap in DRS in the UV region is due to the strong interactions of
the molecules in the solid state, which limit the efficient charge
transfer. Moreover, the DFT was carried out in both gas and
solution phase, it results the red shift in visible region due to
the effective charge transfer process. In addition, the both DRS
and theoretically calculated energy and band gap values follow
the same trend for the dyes 1 and 2.

3.4 Electrochemical properties of dyes

The electrochemical behavior of the dyes 1 and 2 were per-
formed in dichloromethane solution, containing 0.1 M tetra-
butylammonium perchlorate (TBAP) as a supporting electrolyte
at a scan rate of 100 mV s~ . The platinum wire acts as a counter
electrode, glassy carbon as a working electrode and Ag/AgCl
electrode as a reference electrode. The cyclic voltammogram
of dyes as shown in Fig. 5, and the electrochemical data were
summarize in Table 2. The current ratio was (ipa/ip.) equal to
unity and it is exhibits quasi-reversible for the electrochemical
assessment. The redox potentials of the dyes 1 and 2 were
observed in the range of 641-832 mV and it indicates the one-
electron charge transfer from ferrocene to ferrocenium ion
(Fe** = Fe*"). The observed half-wave potential (E;,,) of dyes 1
and 2 were shows higher half-wave potential (E;, = 755 for 1
and 742 mV for 2) and peak separation (AE = 153 for 1 and
108 mV for 2) values than the parent ferrocene (E;,, = 443.5 mV
and AE = 71 mV for FcH/FcH+ reversible system).*® This implies
that dyes are shifted towards right hand side due to the
substituted carboxylic groups as shown in Fig. 5. In addition, it
is necessary to know highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels. These parameters are useful for photosensitizer of
regeneration dyes and the electron transfer process in
DSSCs.”** The HOMO and LUMO energy level were derived by
the formula Eyomo = —(Eox + 4.4) and ELUMO = (EgPUe! +

E HOMO)~32

Dye 1 (3.23 eV)
Dye 2 (3.08 eV)

1400

1200

1000

800

(cthv)?

600

400

200

Energy (eV)

Fig. 4 Tauc's plots of (afiv)? versus photon energy (fiv) of the dyes 1
and 2.
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Fig. 5 Cyclic voltammogram of dyes 1 and 2 in the presence of 0.1 M
TBAP supporting electrolyte at 0.1 mV s~tin 10> M CH,Cl, solution.

3.5 DFT and TD-DFT calculations

The density functional theory (DFT) was used to analyze the
molecular geometries and electronic properties of the ferrocene
conjugated multi-donor dyes 1 and 2. The single crystal data of
the dyes were not obtained due to the poor diffraction quality.
The synthesized dyes were optimized in the gas phase and the
geometrical parameters were determined by B3LYP/6-
31+G(d,p)/LanL2TZf. For transition metal, this DFT method
appeared in benchmark calculations for the B3LYP/6-31+G(d,p)/
LanL2TZf parent ferrocene and is known to produce reasonably
accurate geometries®® and the molecular geometries of the dyes
1 and 2 were shown in Fig. 6. The optimized structure has
accurate geometry with previously reported structure.’>**

To understand the molecular electronic structure of the dyes
1 and 2, we have calculated the molecular electrostatic potential
(MEP), as shown in Fig. 7. It is used to predict the reactivity of
molecular species, where the approaching nucleophile or elec-
trophile is attracted to a positive or negative region of the
molecule.”® In MEP plot, the maximum positive and negative
potentials have been indicated by blue and red with slightly
yellow surface respectively as shown in Fig. 7, and it gives the
information about molecular size and shape along with posi-
tive, negative and neutral electrostatic potential of the dyes 1

Fig. 6 The optimized geometries of the dyes 1 and 2 obtained at
B3LYP/6-31+G(d,p)/LanL2TZf level of theory.
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Dye 1

Fig.7 The molecular electrostatic potential maps for the dyes 1 and 2
obtained at B3LYP/6-31+G(d,p)/LanL2TZf level of theory.

and 2. The blue colour stands for nucleophilic attacks, which
illustrates the considerable positive potential of the -OH group
in dyes 1 and 2. The cyano (-C=N) and carbonyl (-C=0) group
show maximum negative potential that was denoted by red with
slightly yellow surface, which is preferred for electrophilic
attacks.

The highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO) energies and absorption
maxima (Anax), were calculated using B3LYP/6-31+G(d,p)/
LanL2TZf level of theory,”*® and the values were reported in
Table 1. Based on the computed results, it is clear that the
HOMO and LUMO orbital distribution developed through the
charge exchange from the ferrocenyl donor to acceptor unit. In
the dyes 1 and 2, the electronic distribution of the HOMO is
strongly localized over the ferrocene and m-conjugation double
bond of the dyes and partially localized on methoxy substituted
phenyl ring. The calculated HOMO energy levels are 1 (—5.89
eV) and 2 (—5.59 eV), respectively. The LUMO is mainly
constituted by the acceptor moieties and m-conjugation of
a double bond in the chromophores. In contrast, the LUMO
energy levels are —2.77 eV (for 1) and —2.99 eV (for 2). The ob-
tained energy gap of the dyes are 3.12 eV (1) and 2.60 eV (2). The
HOMO and LUMO energy levels are shown in Fig. 8. Here, we
have observed that the m-spacer double bonds were contributed
in HOMO as well as LUMO levels, and it contributes for the
balanced charge transfer®” of dyes 1 and 2. In both the dyes,
considerable overlap of the frontier orbital arises, which indi-
cates an efficient ICT from the donor to the terminal acceptor
group that anchors to the TiO, surface.>

Further, we have carried out the time-dependent density
functional theory (TD-DFT) using B3LYP/6-31+G(d,p)/LanL2TZf
method for the dyes 1 and 2 to assign the definite transition
observed in the experiments (Table 1). The theoretical UV-
visible spectra were shown in Fig. S12f and the major transi-
tions of n-m* transition was observed to be an intramolecular
charge transfer transition which followed the same trend with
experimentally observed results. The theoretically observed
higher energy transition with higher intense band at 497 nm (1)
and 513 (2), corresponds to HOMO-2 — LUMO excitations
(more than 65%). This excited state with large oscillator
strengths can be assigned as n — w* due to the electronic
transition within the molecules. The lower-energy (LE) transi-
tion with less intense band at 699 nm (1) and 640 nm (2) is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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b

AHE 4 [nm (eV )] IMES [nm (eV )] A [nm (ev )] Amax DRS optical
Dyes e (x10°) M " em ™ & (x10°) M " em ™ e (x10°) [M " em ™ (nmev ) energy gap‘ (eV)
1 241(5.10)/9.6 389(3.17)/17.4 564(2.19)/4.3 475/2.61 3.23
2 242(5.10)/10.3 410(3.10)/16.3 548(2.26)/5.0 417/2.97 3.08

“ Uv-visible, HE = Higher Energy, ME = Medium Energy, LE = Lower Energy. ” TD-DFT values. ° Optical energy gap from DRS-UV [(a/v)2 versus

().

Table 2 Cyclic voltammetry data and experimental HOMO, LUMO and optical band gap

Dyes Epa® (mV) Ep® (mV) ipalipe Ey,° (mV) AE“ (mV) Enomo” (eV) Erumo (€V)* A°mset (nm)? EQPUealc (ey)
Dye 1 832 679 1.2 755 153 —5.08 —2.96 584 2.12
Dye 2 796 688 1.1 742 108 —5.05 —2.89 573 2.16

“ Calculated as HOMO and LUMO level obtained from cyclic voltammetry using EHOMO = —(Eoy*** + 4.4). E°P“@! onset values obtained from
oxidation peak in cyclic voltammogram. ELUMO = EgP“* + EHOMO. ” Calculated as 2°"*** values from absorption spectra in CH,Cl, solvent.
¢ Calculated as optical band gap calculated from absorption onset/edge using the equation e (EgP5) = 1240/2°"",

mainly described by HOMO — LUMO excitations (more than
58%), such excitations were dominated by one-electron transi-
tion with a large transition dipole moment. The electronic
structures, excited energies, oscillator strengths and orbital
transitions of the dyes 1 and 2 are listed in Tables S2 and S3.}

3.6 DSSC studies

To study the photovoltaic performance of the DSSCs fabricated
dyes 1 and 2, the J-V curves were recorded. The newly synthe-
sized ferrocenyl multi-donor-m-acceptor dyes 1 and 2 were

;,“
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-
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Fig. 8 Schematic energy levels of the dyes 1 and 2 at B3LYP/6-
31+G(d,p)/LanL2TZf level of theory. Energy gaps and orbital distribu-
tion of HOMO and LUMO.

© 2023 The Author(s). Published by the Royal Society of Chemistry

employed as additives in DSSCs. Because these dyes having -OH
group, which provides superior anchorage on the TiO, surface,
thereby leading to a better photon absorption for current
conversion. In dye-sensitized solar cells, the ability to generate
electricity is determined by various components, such as TiO,,
dyes, iodide/triiodide concentrations, and Pt surfaces. The
current voltage (J-V) curves are shown in Fig. 9 with (A) and
without co-adsorbent (B) under 1 sun condition. The corre-
sponding photovoltaic parameter of the open-circuit voltage
(Voe), short-circuit current density (Js), the fill factor (FF) and
the power conversion efficiencies () are summarized in Table 3.
The obtained energy efficiencies of dyes 1 and 2 were 0.0017%
(1) and 0.0047% (2) in absence of the co-adsorbent [J;. = 0.025
mA cm ™2 (1) and 0.049 mA cm ™ (2), Vo = 0.211 V (1) and
0.282 V (2) and FF = 0.318 (1) and 0.347 (2)]. The lower effi-
ciencies were observed in the both dyes 1 and 2, due to the
aggregation and poor adsorption on TiO, surface. In order to
reduce the aggregation chenodeoxycholic acid (CDCA) as co-
adsorbent was added at the concentration of 10 mM.** This
resulted in the overall power conversion efficiencies were found
to be increased n = 0.012% (1) and 0.015% (2), respectively, [Js.
= 0.071 mA cm™? (1) and 0.086 mA cm ™2 (2), Vo, = 0.388 V (1)
and 0.428 V (2) and FF = 0.452 (1) and 0.432 (2)]. It indicates the
presence of CDCA as co-adsorbent shows 7 (1) and 3.2 (2) times
higher efficiencies compared to absences of CDCA, which can
prevent the formation of aggregation in the dyes when it was
tightly packed with monolayer, and gives relatively better
surface coverage and effectively hindering the back-electron
transfer from conduction band of TiO, to electrolyte (iodide/
triiodide). As a result, the improving the DSSC performance
by enhancement of open circuit voltage of the device.?*** When
compare to both the dyes 1 and 2, 4-(cyanomethyl) benzoic acid
(2) anchor showed higher photovoltaic performance than cya-
noacrylic acid (1) anchor, because of introducing additional -
linkers and acceptor unit, which enable the lowering of the
energy barrier and charge recombination process, it promotes
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Fig. 9 J-V curves of ferrocene-based dyes 1 and 2 (A) without and (B) with co-adsorbent (CDCA) under 1 sun condition.

electron transport and high charge collection efficiency.*® The 4-
(cyanomethyl) benzoic acid (2) anchor have higher loading
capability on the TiO, surface, which suppresses charge
recombination and shows partially greater efficiencies than 1.
The dyes 1 and 2 shows low power conversion efficiency due to
the low absorption observed in the visible region. The electron
transfer between the acceptor and ferrocene was confirmed by
the completely quenched fluorescence of the dyes, which leads
low photon conversion efficiency.** An important reason for the
poor performance of these solar cell by introduction of the
methoxy phenyl group as an additional donor, which
suppresses charge recombination as well as the dye regenera-
tion process.>® However, the power conversion efficiencies of the
dyes were comparable with the obtained for a ferrocene-based
porphyrin with a cobalt(i/m) electrolyte (n = 0.0081%)** and
ferrocene-modified zinc phthalocyanine using iodide/triiodide
(I"/1537) electrolyte (n = 0.003%).>* Because, the addition of co-
adsorbent of chenodeoxycholic acid (CDCA) prevent the
formation of aggregation in the dyes when it was tightly packed
with monolayer, and gives relatively better surface coverage and
effectively hindering the back-electron transfer from conduc-
tion band of TiO, to electrolyte (iodide/triiodide). As a result,
the improving the DSSC performance by enhancement of open
circuit voltage (V,.) of the device.>

3.7 Electrochemical impedance spectroscopy (EIS)

To investigate the electron transport properties of the TiO,-dye-
electrolyte interface in DSSCs, we have carried out electro-
chemical impedance spectroscopy (EIS). In EIS the study of the
semicircle in the middle frequency region is associated with the
electron/charge transfer at the TiO,-dye-electrode interface.>®
The EIS of Nyquist and Bode plots for dyes 1 and 2 with and
without CDCA are shown in Fig. 10. According to the Nyquist
plot shown in Fig. 10A, the charge transfer resistance for the
TiO,-dye-electrolyte interface decreases with decreasing the
semicircle diameter. The charge transfer resistance decreases
with the dyes in the following order: 1 >2>1 + CDCA > 2 + CDCA
at the TiO,-dye-electrolyte interface. The study of EIS spectra is
in good agreement with the highest and lowest efficiency of the
dyes.

The electron lifetime (7.) was calculated from the peak
frequency (fpear) in the frequency region corresponding to the
TiO,-dye-electrolyte interface in the Bode phase plot (Fig. 10B),
according to the tc = 1/27tf,cak.” The obtained values of electron
lifetimes for the DSSCs based on 1 and 2 are 6.14 ms (for 1) 6.53
ms (for 2), 10.34 (for 1 + CDCA) and 10.61 ms (for 2 + CDCA)
respectively, indicating that the back charge recombination is
suppressed for the DSSC sensitized with CDCA as compared to
without CDCA and the longer electron lifetimes of dye could
explain the significant enhancement in V..

Table 3 Photovoltaic parameters of DSSC based ferrocene dyes 1 and 2

Without CDCA With CDCA*

Dye loading without Dye loading with
Dyes  Jsc(mAcm™?)  Voc (V) FF n (%)  CDCA (mol cm ?) Jsc (mMAem™2)  Voc (V) FF n (%) CDCA (mol cm?)
Dyel 0.025 0.211 0.318  0.0017  0.253 x 107 0.071 0.388 0.452  0.012 0.42 x 1077
Dye2  0.049 0.282 0.347  0.0047 0.37 x 1077 0.086 0.428 0.432  0.015 0.55 x 1077

“ With chenodeoxycholic acid (CDCA) TiO, film has a 5 pm scattering layer and 6 pm transparent layer. Electrolyte composition: 0.05 M iodine,
0.1 M lithium iodide, 0.6 M 1-butyl-3-methylimidazolium iodide, and 0.5 M of ¢-butyl pyridine in 15 : 85 v/v % of valeronitrile and acetonitrile.
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Fig. 10 Electrochemical impedance spectra of DSSCs measured at Vo, 100 mWem™

4 Conclusion

In this present work, we have successfully synthesized new
ferrocene conjugated linear multi-donor m-extended push-
pull dyes 1 and 2, and were spectroscopically characterized.
The thermal stability of the dyes was stable around 180 °C for
dye (1) and 240 °C for dye (2). The electronic absorption
spectra for sensitizers showed improved intramolecular
charge transfer (ICT) between the electron donor and acceptor,
which creates an efficient charge separated state. In addition,
the experimentally observed HOMO and LUMO values are in
good agreement with the theoretical calculation by B3LYP/6-
31+G(d,p)/LanL2TZf method. The photovoltaic performances
of carboxylic anchor dyes 1 and 2 were carried out using with
and without co-adsorbent, and utilized as a photosensitizer in
TiO, based DSSCs. The obtained photovoltaic parameters of
dye 2 are open-circuit voltage (V,.) = 0.428, short-circuit
current density (Jsc) = 0.086, the fill factor (FF) = 0.432 and
the energy efficiencies (n) = 0.015%, the overall power
conversion efficiencies were found to be increased in the
presence of CDCA as a co-adsorbent. The addition of cheno-
deoxycholic acid (CDCA) as co-adsorbent, which shows higher
efficiencies compared to absences of CDCA. Because, CDCA
can prevent the formation of aggregation in the dyes and gives
relatively better surface coverage and effectively hindering the
back-electron transfer from conduction band of TiO, to elec-
trolyte. Thus, significantly enhanced electron lifetime and
suppresses electron recombination of the ferrocenyl multi-
donor sensitizers, results improved Jg., Vo and 1. Among the
dyes, 4-(cyanomethyl) benzoic acid (2) anchor showed partially
greater photovoltaic performance as compared with cyanoa-
crylic acid (1) anchor, due to the introduction of appropriate 7-
linkers and acceptor unit, which enable the lowering of the
energy barrier and suppresses charge recombination process.
The higher efficiencies can be achieved by extending the -
conjugation in the ferrocenyl D-m-A system, which absorbed

© 2023 The Author(s). Published by the Royal Society of Chemistry

2 (A) Nyquist plots (B) Bode plots.

more absorption in the visible region, it was currently in
progress in our laboratory.
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