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ABSTRACT: Rhodamine 6G dyes are low-cost, highly soluble

fluorescent dyes frequently utilized as laser dyes, chemical sensors, — op
and as tracer dyes in the determination of the direction and rate of o

flow of water. In this study, the photophysical properties of three 4;7?&%
rhodamine 6G dyes, bearing phenyl (P1S), furan (P41), and S-
hydroxymethyl furan (P4S), and their metal complexes were
investigated using ultraviolet—visible (UV—vis) spectroscopy,
fluorescence spectroscopy, fluorescence lifetime, and Fourier
transform infrared (FTIR) measurements. Rhodamine 6G dyes
and their complexes were subsequently applied as sensitizing dyes \__ ¢ =y
in the fabrication of dye-sensitized solar cells, and the solar to

electric power efliciency and electrochemical impedance spectros-

copy measurements were performed. The solar to electric power efficiency values of the metal complexes of the rhodamine 6G dyes
were higher than those of the devices fabricated with only rhodamine dyes without copper (II). The most significant change was
observed in rhodamine P41 with a 30% increase in solar to electric power efficiency when the dye was conjugated to the copper ion.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSC) convert solar power to
electrical power using a photosensitizing dye that is responsible
for harnessing the solar energy.'”> The process for the
generation of electricity in dye-sensitized solar cells comprises
three main steps, which include the harnessing of solar energy,
separation of charge, and catalytic reactions. DSSCs are
popular and are the subject of several scientific research studies
due to the facts that they are low-cost, materials for their
production are readily available, and they are environmentally
friendly. Different types of dye have been utilized in the
fabrication of dye-sensitized solar cells with varying percen-

human bodies among essential heavy metals. An essential goal
for chemists is to develop a rapid, sensitive, and practical
chemosensor for the detection of heavy and transition metal
ions.”” Copper ion (Cu*") is a major metal pollutant due to its
extensive use in the biological and chemical industries. In this
study, the effect of copper on the photophysical properties of
three rhodamine dyes are investigated. Also, the impact of
copper on the performance of rhodamine dye-sensitized solar
cells is evaluated.

The experimentally generated data were verified with a
theoretical study via SCAPS-1D software. The presence of
oxygen vacancies (V) in TiO, nanostructures changes their

tages of solar power-to-electric power efficiencies. These dyes
include ruthenium-based dyes,*™'° prophyrins,"'~'* cya-
nines,>~"” natural dyes,"*™*" and other synthetic dyes.”””**
Rhodamine dyes are fluorescent dyes, which are soluble in
many solvents and could be used in the fabrication of dye-
sensitized solar cells.”®

Rhodamine dyes are fluorescent compounds with superior
brightness, outstanding photostability, and high fluorescence
quantum yield, and their properties could be altered through
substitution. The excellent properties of rhodamine dyes have
made them versatile for use in immunodiagnostics, fluo-
rescence spectroscopy, whole-body imaging, and microarray
analysis.*

Copper is a significant metal in biological, environmental,
and chemical systems. It is the third most abundant metal in
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electrical and optical characteristics. With increased Vj
concentrations, TiO, loses its crystallinity and develops more
amorphous properties.”” >’ A mixed state of Ti*" and Ti*" is
created by oxygen vacancies, and transition of Ti*' to Ti**
accelerates as the defect density of V, increases.”’ Through X-
ray absorption spectroscopy, photoemission spectroscopy, and
scanning tunneling spectroscopy, the oxygen vacancy is found

on the surface level of TiO, nanostructures.”” >* With an
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Scheme 1. Microwave-Assisted Synthesis of P15, P41, and P45
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Figure 1. UV—vis spectra of 20 uM (a) P15, (b) P41, and (c) P45 with 20 mM metal ions in CH;CN/H,O (7:3 v/v) solution.

applied electric field, the subsurface-level oxygen vacancy can
be stabilized in the surface level. The subsurface-level oxygen
vacancy has an energy level of above 2.2 eV from the valance
band maximum (VBM) of Ti02.>*~*" This deep defect state is
ascribed to polarons produced by V. The Ti atoms get relaxed
around the V, by reducing the Ti—O bond length.*
Furthermore, shallow level defects are also created by the
subsurface-level Vi, hydroxyl group, and Ti interstitial
(Tii).”***~** These shallow defects can be situated 0.1—0.2
eV below the conduction band minimum (CBM) of TiO, and
make the Fermi level close to the CBM." However, the
theoretical interpretation of the coexistence of shallow and
deep defect states has not been properly explained.

Thus, in this paper, we have utilized the SCAPS-1D software
tool to simulate the photovoltaic outputs of the six DSSCs of
different dyes and predicted the types of defects presented in
the devices and their characteristics.

Scheme 1 shows the structure of the rhodamine 6G dyes
utilized in the study. Like all rhodamine compounds, these
dyes possess an oxygen atom in a central six-member ring and
thus belong to the xanthene class of dyes. Each of the
rhodamine 6G compounds possess the rhodamine dye and
differ in the kind of linkers used to modify it. P41 and P45
have the furan ring and only differ in the hydroxyl methylene
group located on P45. The P15 on the other hand has the
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phenyl ring. The hydroxyl group on P45 is very important as it
enhances the interaction of the dye with the titanium dioxide.

2. RESULTS AND DISCUSSION

In this study, we synthesized rhodamine 6G-based dye sensors
following published methods. P15 and P41 undergo Schiff-
base condensation in 1:2 ratio, while only P45 undergo Schiff-
base condensation in 1:1 ratio. All reactions took place with
ethanol as a solvent. Highly purified products with good yields
have been collected from the solution. The structures of the
intermediate and the final products are confirmed by '"H NMR,
C NMR, and high-resolution mass spectrometry (HRMS)
(Figures S1-S9).

2.1. Absorption Spectral Studies. The photophysical
study of the rhodamine 6G dyes, bearing phenyl (P15), furan
(P41), and 5-hydroxymethyl furan (P45), and their metal
complexes was conducted to understand the effect of the metal
complex on the photophysical properties on the rhodamine
and their application in dye-sensitized solar cells. The UV—vis
absorption behaviors of the sensors P15, P41, and P45 were
investigated with the addition of a 20 equiv excess of other
metal ions such as Na*, K, Mg**, Ca**, Ni**, Zn**, Co**, Hg",
Pb**, Fe**, Fe*', Cd™, and Cu®' in aqueous acetonitrile Tris—
HCI buffer (10 mM, pH 7.2). Free compounds show no
significant absorption peak in the visible range due to the
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ACS Omega 2022, 7, 14611-14621


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06772/suppl_file/ao1c06772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06772?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

_ oy’ (400uL) > Cu (260 uL Ccu’ 230 L

504 —04 =

s 3 s 03

© ~ Py

2 J/ 8 :

2 / \ b < ¢

§02 A 202 £ 0.1 .

o $
2 z 20 74
< < < W
0.0 | 0.0 0.0 = 3
420 49 560 450 500 550 450 500 550

Wavelength (nm) Wavelength (nm) Wavelength (nm) #
(a) P15 (b) P41 (c) P45

Figure 2. UV—vis spectra of 20 uM (a) P15, (b) P41, and (c) P45

with incremental addition of Cu** in CH;CN/H,O (7:3 v/v) solution.

Scheme 2. Proposed Binding Mechanism of the Chemosensors P15, P41, and P45

cu2+

P45+Cu?*

presence of a closed spirolactam ring (Figure 1). Upon
addition of Cu’*, a new absorption band appears at 530 nm,
which was attributed to the ring opening reaction of the
rhodamine core, while almost no significant enhancement is
observed in the presence of other metal ions. The three
compounds show an absorption peak for Hg*', but there was
no color change. These sensors showed color change from
colorless to a significant pink color toward Cu®' ions.
Therefore, it was indicated that compounds P15, P41, and
P45 could differentiate Cu** from other metal ions. The
solution changed pink instantaneously with increasing intensity
upon the addition of Cu** concentration as shown in (Figure
2), which can be attributed to the formation of the ring-opened
amide followed by the formation of a complex between P15,
P41, and P45 with the Cu®* ion (Scheme 2). The color of the
solution changes from colorless to pink, allowing “naked-eye”
detection of Cu®". The increment in absorbance at 530 nm gets
saturated with the addition of 5 equiv of the Cu®* ion.

2.2. Binding Mode and Reaction Mechanism. Sub-
sequently, we investigated the binding stoichiometry between
dye sensors P15, P41, and P45 and Cu®" using Job’s method
27,. Various molar ratios between each dye sensor and Cu**
metal ions were measured. As shown in (Figure 3), the
maximum point for P41 and P45 appeared at a mole fraction
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Figure 3. Job’s plot for determination of each compound (P15, P41,
and P45)—Cu®* complex (50 mM) in CH;CN/H,0 (7:3 v/v)
solution.

of 0.3, while P15 showed a mole fraction of 0.5; the results
proved that the sensors P41 and P45 formed a 1:2 copper (II)
complex, whereas P15 forms a 1:1 complex with Cu*".

2.3. Fluorescence Emission Study. The fluorescence
spectra of P15, P41, and P45 were characterized simulta-
neously with the UV spectral analysis in the presence of
cations. The emission spectra displayed a similar behavior as
UV—vis absorption spectra. The excitation wavelength used
was 500 nm with excitation and emission slits of 5 nm. As
shown in Figure 4, the free rhodamine compound displayed a
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Figure 5. Fluorescence spectral titration of 20 uM (a) P15, (b) P41, and (c) P45 with the incremental addition of Cu®* (0—S5 equiv) in CH;CN/

H,0 (7:3 v/v) solution (4., = 500 nm).

weak fluorescence emission band and was colorless. However,
after adding a variety of metal ions to each rhodamine solution,
these sensors did not show any visible fluorescence emission
responses to these metal ions except for Cu** at 565 nm, which
indicates that compounds P15, P41, and P45 are excellent
turn-on sensors for Cu®". The fluorescence enhancement at
565 nm was attributed to the interaction of Cu®* with sensors,
leading to opening of the spirolactam ring of rhodamine
compounds P15, P41, and P4S5. However, no significant
variation in the fluorescence spectra was observed with any
other metal ion under identical conditions as shown in Figure
S.

The fluorescence lifetime values of the rhodamine dyes and
their copper (II) complexes were also investigated as part of
the photophysical studies of the dyes. Lifetime measurements
were carried out by the method of time-correlated single-
photon counting (TCSPC). Analysis of the fluorescence decay
curves was carried out by iterative reconvolution fitting with an
appropriate prompt or instrument response function (IRF)
using a proprietary algorithm implemented in Horiba DAS6.
For all the samples, it was clear that the incorporation of the
metal jon impacted the lifetime of the corresponding
complexes. All the dyes and their corresponding complexes
exhibited second-exponential characteristics (Figure 6 and
Table 1). The rhodamine P15 had the longest lifetime
followed by the rhodamine P41 and then the rhodamine P4S.
In the case of the rhodamine P41 and P4S, there was an
increase in the first exponential upon the addition of the metal.

2.4. FTIR Measurements. FTIR of the rhodamine dye-
sensitized titanium dye oxide film was carried out to better
understand bonds involved in the titanium dioxide and the
rhodamine dye. Furthermore, to confirm the mechanism of
interaction between the sensors and Cu®*, infrared (IR)
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Figure 6. Fluorescence lifetime measurements of Rhodamine dyes
and their metal complexes.

Table 1. Fluorescence Lifetime Measurements of
Rhodamine Dyes and Their Metal Complexes

sample T, (ns) stdev T, (ns) std dev 7
P1S without Cu 3.13 0.012 3.81 0.0012 14
P15 with Cu** 1.98 0.015 5.25 0.018 1.5
P41 without Cu 1.90 0.027 3.54 0.0092 1.3
P41 with Cu* 1.95 0.029 3.57 0.0089 1.2
P45 without Cu 0.78 0.0058 3.51 0.0058 1.1
P4S with Cu** 1.78 0.0027 3.51 0.0058 1.1

analyses were also conducted in addition to the Job’s plots
analyses. When the sensors were coordinated with Cu?*, the
amide N-H exhibited tautomerism to C=N, and the
stretching vibration absorption peaks appeared at 1650 cm™
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Figure 7. FT-IR spectrum of TiO, sensitized with rhodamine with and without copper.

in the IR spectra of the sensors. Once the spriolactam ring was
opened due to Cu®" binding, a new peak of C=N appeared at
1607 cm™', which was caused by the arylamine N-H
tautomerism to C=N. The presence of nitrate confirms the
peak at 1380 cm™". Therefore, IR data suggest that the sensors
might complex with Cu®* via the O—Cu’*’—O coordination
bond as shown in Figure 7.

2.5. Current and Voltage Measurements. The solar to
electric power efficiency of the rhodamine dye-sensitized solar
cells was determined through current and voltage measure-
ments of the fabricated device. The solar to electric power
efficiency of the three rhodamine dyes was compared with the
efficiencies of devices fabricated with rhodamine dye with
copper. Figure 8 and Table 2 show the current density (I-V)

1.40
= P15 with Cu Rhodamine 6g
= ~ — -P15 without Cu Rhodamine
1.20 4 *
= P41 with Cu Rhodamine 6g
+ P41 without Cu Rhodamine 6g
_. 100 N )
~ P45 with Cu Rhodamine 6g
E tedly ¢ * P45 without Cu Rhodamine 6g
~ 0.80 4 =
< U TS
E .....
2 0.60 A
g
5
3 0.0 -
0.20 -
. ' N .
0.00 + t + ~ -
0.00 0.10 0.20 0.30 0.40 0.50

Voltage (V)

Figure 8. Current—voltage characteristics of the rhodamine dye-
sensitized solar cell measured under air-mass 1.5 global (AM 1.5 G)
illumination having an irradiance of 100 mW/ cm?.

characteristics of the samples under air-mass 1.5 global (AM
1.5 G) illumination having an irradiance of 100 mW/cm?” In
all three rhodamine dyes, an increase in efficiency was
observed after the copper ion was made to react with the
rhodamine dye. The efficiency of the device with P45 was
0.18% but increased to 0.23% upon the addition of the copper
(I1) ion. Similarly, the solar to electric power efficiencies of

Table 2. Current and Voltage Measurements for Rhodamine
Dye-Sensitized Solar Cells

Vinax Iax Voo I, efficiency
(V) (mA/am?) (V) (mA/cm®) FF (%)
P41 with 0.28 0.63 0.37 0.81 0.57 0.17
Cu2+
P41 0.25 0.5 0.45 0.9 0.31 0.13
without
Cu
P45 with 0.28 0.83 0.37 1.15 0.54 0.23
Cu2+
P4s 0.29 0.61 0.39 0.85 0.53 0.18
without
Cu
P1S with 0.27 0.59 0.38 0.78 0.55 0.16
Cu2+
P1s 0.21 0.65 0.24 0.74 0.77 0.14
without
Cu

P41 and P15 were 0.13 and 0.20%, respectively, but on
introducing the copper (II) ion, the efficiencies jumped to 0.17
and 0.30% respectively. Thus, the introduction of copper
enhanced the light absorption abilities of the rhodamine dye
and consequently led to the increase in the efficiencies of the
devices fabricated with them.

2.6. Impedance Measurements. Electrochemical impe-
dance spectroscopy (EIS) was applied in the elucidation of the
interfacial charge processes. Impedance measurements are used
to explore the properties and quality of dye-sensitized solar
cells.” They are normal tools utilized to study the kinetics and
energetics of charge transport and recombination in fabricated
dye-sensitized solar cells.** The impedance measurements of
the rhodamine devices are displayed in the Nyquist plot in
Figure 9 and Bode plot in Figure 10. The Nyquist plot displays
the impedance data in semicircles in the low-frequency region
of the spectra. In Figure 9, well-defined semicircles associated
with the charge transfer resistance between the counter
electrode and redox (I"/I;7) electrolyte are displayed in the
high-frequency regions. Small resistances are known to allow a
faster electron transfer rate, which results in the improvement
of the performance of the dye-sensitized solar cell. On the
other hand, large resistance hinders the flow of electrons and
reduces the efficiency of the dye-sensitized solar cell. In the
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140 2.7. Analysis of the Simulation Outputs. The oxygen
vacancy from the TiO, lattice creates donor levels below 0.7—
120 —k A : 47
1.2 eV from the conduction band.”” It resulted from the
localization of electrons near Vy driven by the Madelung
100 —P15 W":C" potential of the highly ionic crystal."**’ In the rutile phase of
~——P15 wi [of . .. eps . . .
— 50 oo TiO,, Ti interstitial defects are created more readily, whl_lg in
o) ~8-Pa1 without Cu the anatase phase, the oxygen vacancy is more favorable.”” In
= s with G the case of V{, it was seen from DFT calculations within the
N 60 —#— P45 without Cu . . . . . .
' generalized gradient approximation (GGA) that their positions
0 are mostly in the subsurface level of TiO,.”" However, recent
STM studies revealed that the subsurface-level Vj clusters get
20 more stabilized in the surface level with the application of an
external electric field*>*® The coupling between the 3d
0 T T T S orbitals of the two undercoordinated Ti atoms at the surface
0.00  20.00 40.00 60.00  80.00 100.00 120.00 Vo creates a 0 bond and is predicted to be responsible for the
2'(Q) stabilization of these deep-level defects.”” According to DFT +

Figure 9. Nyquist plot of the rhodamine dye-sensitized solar cell
measured under air-mass 1.5 global (AM 1.5 G) illumination having
an irradiance of 100 mW/cm?
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Figure 10. Bode plot of the rhodamine dye-sensitized solar cell
measured under air-mass 1.5 global (AM 1.5 G) illumination having
an irradiance of 100 mW/cm?

high-frequency region rhodamine P45 with copper (II) ion
shows the smallest charge transfer resistance compared to that
of the other dyes. The results agree well with the current—
voltage measurement that shows that P45 with Cu®* has the
highest efficiency of 0.23%.

Using the Bode plots (Figure 10), the electron lifetimes ()
of the DSSC devices created with rhodamine P1S, P41, and
P45 with and without copper(1l) ion were evaluated. Using
the formula 7 = 1/(27f), where f is the frequency, the lifetimes
of P15, P41, and P45 with and without copper ion were
calculated to be 83, 127, 125, 0.5, 4, and 50 ms. With
thodamine P45 without copper, the lifetime 0.5 ms
corresponded well with the V. in comparison with rhodamine
P45 with copper with a V. of 0.37 V but with a longer life
lifetime of 50 ms and a corresponding high V. value of 0.39 V.
The lifetime results and corresponding V. were not consistent
with rhodamine 15 and 41 and their metal complexes, which
could mean that factors other than the electron lifetime
impacted the value of the open-circuit voltage. A longer 7
means less electron recombination rate and an improvement in
the V,. "%

U calculations, these defects are 1.5 eV below from the CBM
and 2.2 eV above from the VBM.>> We anticipate that oxygen
vacancies at the surface level are produced in the TiO, lattice
during the fabrication of our DSSC devices. To match with the
experimental results, we have used deep-level V; defects at the
surface in our simulation study of the six DSSCs. The defects
are positioned at the energy level of 2.2 eV above the VBM of
TiO,, and defect densities are modulated between 10" and
10’6 cm™3 to match with the experimental results. All the solar
cell outputs from the experimental and computational analysis
are shown in Supplementary Table S3 and Table 3.

Table 3. Efficiencies (Simulated and Experimental) for the
Six DSSCs

dye simulated efficiency (%) experimental efficiency (%)
P15 with Cu®* 0.15 0.16
P15 without Cu 0.11 0.14
P41 with Cu?* 0.16 0.17
P41 without Cu 0.12 0.13
P45 with Cu?* 0.21 0.23
P45 without Cu 0.17 0.18

After using the parameters in Supplementary Table S1 in
general for all devices and different absorbance data for each
dye, our simulation results are matched with the experimental
values utilizing the only possible defect configurations
illustrated in Supplementary Table S2. Thus, we can anticipate
that all the devices were subjected to deep-level oxygen
vacancies at the surface having defect densities between 10'*
and 10" cm™. With increasing defect densities, conduction
band electron recapture is accelerated, and it lowers the
efficiency of the solar cells (Figure 11).

One of the key controlling parameters of the solar cells is the
absorption factor, which influences the PV outputs mostly.
Low recombination currents, larger open-circuit voltages, and
higher conversion efficiencies all can be achieved with strong
absorption of light by the absorber, especially in the long-
wavelength area. A broad absorption band with an optimal
overlap with the solar spectrum is one of the features that an
ideal dye sensitizer should have.’® Dyes with a high absorbance
pick up more photons to excite electrons in the conduction
band, creating more electron—hole pairs and convert photon
energy to electrical energy. The overall efliciencies of our six
devices are not significantly better compared to those of other
DSSC devices, especially the devices made using N719
dye.’’ ™ N719 has a broad absorption coefficient in the
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Figure 11. Current vs voltage graph of the six DSSCs from the
simulation study.

region between 350 and 700 nm wavelength, and the solar
spectrum AM 1.5 has the highest energy in this region also. For
a clearer comparison, we plot all six dyes’ absorbance with the
N719 dye in Figure 12. Here, we can see that N719 dye has

25
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Figure 12. Comparison of absorption intensity of the six dyes with
the N719 dye.

very high absorbance through the entire visible light region
with two peaks at 395 and 530 nm. On the other hand, all the
six dyes have very low absorbance in that region and have only
one peak in the wavelength between 525 and 535 nm, which is
also very low compared to that of N719 dye. The high
absorbance of N719 dye-sensitized TiO, resulted in a
photovoltaic efficiency of 6.45%,”' whereas the weak
absorbance intensity of our six dyes contributes to low device
efficiency numbers in the current investigation.

3. CONCLUSIONS

In brief, we have developed a novel rhodamine 6G-based turn-
on fluorescent sensor for Cu’*. It displays high selectivity and
sensitivity toward Cu®* over other metal ions in aqueous media
(pH = 7.2). Moreover, according to the study, P41 and P4S
formed a 1:2 stoichiometry complex between sensors and
Cu**, while P15 formed a 1:1 complex with a Cu®** complex.
The compounds were further characterized using 'H NMR,
3C NMR, and HRMS. The solar to electric power efficiency of
the metal complexes of the rhodamine dyes was higher than
that of the devices fabricated with only rhodamine dyes.
Surface-level oxygen vacancies (V) are the deep-level defects
that are mostly present in TiO, nanostructures. Higher stability
of Vg is achieved with an applied electric field. In SCAPS-1D
software, we have used the parameters of Table S1 in general
for all devices and to match with experimental results;
individual absorbance data and the defect properties

demonstrated in Table S2 are used. Both simulated and
experimental results for all the devices are almost identical, and
the combination of high defects (Table S3) and low
absorbance by the dyes (Figure 12) is responsible to generate
these simulated results. From the simulation results, we can
predict that it is indeed deep-level oxygen vacancies at the
surface of TiO, of the order between 10™ and 10'® cm™ that
manifest in the DSSC devices. Furthermore, all six dyes also
have very poor absorbance compared to that of the traditional
N719 dye. These low absorbances also contributed to the low
efficiencies of the devices.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. Rhodamine 6G, acetic acid,
sodium hydroxide, hydrazine hydrate (85%), Isophthaldehyde,
2,5-furandicarboxaldehyde, S-hydroxylmethyl-1,2-furaldehyde,
and nitrate salts of Fe**, Fe’, Cu**, Cd*', Pb*, Zn*", Hg",
Ni**, Co®, Ca*, Mg®, Na*, and K* used during the study
were purchased from Sigma-Aldrich. The titanium dioxide film
was prepared with Degussa P-25 powder acquired from the
Institute of Chemical Education, Department of Chemistry,
University of Wisconsin, Madison, WI. Colloidal graphite used
in making the counter electrode was purchased from Ted Pella,
Inc. The conducting fluorine-doped tin oxide (FTO) glass
substrate was obtained from Hartford glass company, Hartford
City, Indiana. Solvents including, ethanol, acetone, acetonitrile,
and dimethyl sulfoxide were analytical grade and obtained
from Sigma-Aldrich and used without further purification.

Microwave-assisted synthesis reactions were carried out in a
CEM microwave reactor. The WS-650 Series spin processor
used in spin-coating titanium dioxide on FTO glass was
purchased from Laurell Technologies Corporation, PA. A
UV—vis spectrophotometer was used to carry out absorption
measurements using an Agilent Cary 60 UV—vis’s spectrom-
eter (Agilent, Walnut Creek, CA). Fluorescence spectra were
measured using a Varian Cary Eclipse fluorescence spectro-
photometer (Varian, Walnut Creek, CA). The slit width was §
nm for both excitation and emission with 510 nm wavelength.
Proton and carbon nuclear magnetic resonance ('H and "*C
NMR) spectra were obtained using an Avance 400 MHz NMR
spectrometer (Bruker Biospin, Billerica, MA). High-resolution
mass spectrometry (HRMS) was recorded using a Bruker 12T
solarix FT-ICR-MS. The IR spectrum was obtained using a
Shimadzu IR Affinity-1S FTIR spectrometer (Shimadzu
Scientific, Columbia, MD). The performance of the solar cell
was evaluated using a 150 W fully reflective solar simulator
with air-mass 1.5 global (AM 1.5 G) illumination, which comes
with an irradiance of 100 mW/cm?* (Sciencetech Inc.),
London, Ontario, Canada, and the Reference 600 potentio-
stat/galvanostat/ZRA was purchased from GAMRY Instru-
ments (Warminster, PA).

4.2. Synthesis of Rhodamine 6G Hydrazone (1).
Rhodamine 6G hydrazone was synthesized according to
Yang’s method.”’ Rhodamine 6G (0428 g 1 mmol) was
placed in a 50 mL flask. A total of 30 mL of ethanol was added.
It was stirred continuously; 85% hydrazine was then added
dropwise to the stirred solution. Then, the solution was heated
to reflux for 12 h, and a pink precipitate appeared. The mixture
was removed via filtration, washed with cold water:ethanol
(1:1, v/v), and dried under vacuum. The reaction yielded 78 g
of pure 1. '"H NMR (DMSO-di), 6 (ppm): 121 (t, 6H,
NCH,CH,, J = 11.4 Hz), 1.87 (s, 6H, —CH,), 3.14 (t, 4H,
NCH,CH,, ] = 12.0 Hz), 423 (s, =NH,), 5.01(s, NH), 6.10
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(s, 2H) 6.27 (s,2H), 6.95 (d, 1H, ] = 3.4 Hz), 7.47 (d, 1H, ] =
2.9), 7.47(d, 1H, J = 3.3), 7.85(t, 1H, J = 2.6). Anal calcd for
Rhodamine 6G hydrozone (C,4H,gN,0,): H 6.59, C 72.86, N
13.08; found: H 621, C 73.02, N 12.92.

4.3. Synthesis of R15. A mixture of 1 (100 mg, 0.219
mmol), phthalaldehyde (16 mg, 0.219 mmol), and ethanol (2
mL) was placed in a 10 mL reaction vial. The resulting mixture
was stirred to make it homogeneous and placed in the cavity of
a CEM microwave reactor. The closed reaction vessel was run
under pressure and irradiated. The resulting solid was filtered
and washed three times with cold ethanol. After drying, the
product R1S was isolated and obtained in 80% yield. '"H NMR
(DMSO), 5 (ppm): 9.37 (2H, s, N=C-H); 7.94 (2H, d), 7.58
(4H, m), 7.34 (2H, m, H-Ar), 7.26 (2H, m, H-Ar), 7.05 (2H,
d, H-Ar), 6.31 (4H, s), 6.19 (4H, s), 4.96 (4H, t), 3.08 (8H, q,
NCH,CH,), 1.85 (12H, s, —CH3), 1.17 (12H, t, NCH,CHS,).
BC NMR (DMSO-dg), § (ppm): 163.70, 151.24, 151.06,
147.60, 145.59, 133.82, 132.98, 134.95, 129.92, 128.84, 128.72,
126.82, 125.92, 123.82, 123.09, 118.09, 105.24, 99.50, 95.80,
65.89, 37.42, 16,98, 14.21, 14.11. HRMS (MALDI): m/z caled
for P15: 955.4653; found: 955.4691.

4.4. Synthesis of R41. A mixture of 1 (100 mg, 0.219
mmol), 2,5-furandicarboxaldeyde (16 mg, 0.219 mmol), and
ethanol (2 mL) was placed in a 10 mL reaction vial. The
resulting mixture was stirred to make it homogeneous and
placed in the cavity of a CEM microwave reactor. The closed
reaction vessel was run under pressure and irradiated. The
resulting solid was filtered and washed three times with cold
ethanol. After drying, the product R41 was isolated and
obtained in 80% yield. '"H NMR (DMSO-d;), § (ppm): 8.07
(2H, s, N=CH); 7.87 (2H, d), 7.54 (4H, m), 6.95 (2H, d),
6.66 (2H, s), 6.33 (4H, s), 6.17 (4H, s), 5.02 (4H, s), 3.15
(8H, q, NCH,CH,), 1.82 (12H, s, —CH,), 1.21 (12H, t,
NCH,CHj). *C NMR (DMSO-dg), § (ppm): 164.01, 152.31,
150.60, 150.41, 147.91, 134.12, 134.04, 128.48, 128.57, 127.10,
126.36, 123.38, 123.06, 118.49, 115.07, 104.22, 96.03, 65.07,
37.48, 16.85, 14.18. HRMS (MALDI): m/z calcd for P41:
945.4446; found: 945.448S.

4.5. Synthesis of R45. A mixture of 1 (100 mg, 0.219
mmol), S-hydroxymethyl-2-furaldehyde (16 mg, 0.219 mmol),
and ethanol (2 mL) was placed in a 10 mL reaction vial. The
resulting mixture was stirred to make it homogeneous and
placed in the cavity of a CEM microwave reactor. The closed
reaction vessel was run under pressure and irradiated. The
resulting solid was filtered and washed three times with cold
ethanol. After drying, the product R45 was isolated and
obtained in 85% yield. 1H NMR (DMSO), § (ppm): 7.76
(1H, s, N=C-H); 7.48 (2H, t), 6.64 (1H, d), 626 (2H, s),
6.09 (2H, s), 5.2 (2H, t), 4.23 (2H, s), 3.34 (2H, s), 3.31 (4H,
q, NCH,CHj,), 1.90 (6H, s, —CH,), 1.14 (6H, t, NCH,CH,).
13C NMR (DMSO), § (ppm): 165.23, 152.07, 151.33, 147.35,
132.31, 129.48, 128.00, 127.01, 123.43, 122.13, 117.79, 104.99,
95.85, 64.96, 55.99, 37.4S, 18.53, 17.06, 14.20. HRMS
(MALDI): m/z calcd for P45: 537.2496; found: 537.2499.

4.6. Preparation of Titanium Dioxide. The titanium
dioxide paste was prepared by mixing titanium dioxide powder
and glacial acetic acid. The titanium dioxide paste was
subsequently spin-coated on FTO glass and annealed at 450
°C for 30 min.

4.7. Fabrication of the DSSC. The components of the
solar cell were assembled by placing the dye-sensitized
titanijum dioxide on top of the graphite-coated FTO glass
followed by the introduction of the electrolyte between them.

First, the annealed TiO, was first immersed in the rhodamine
and left overnight. The cathode was prepared by applying
colloidal graphite on the conductive surface of the FTO glass.

4.8. Simulation Methods. SCAPS-1D version 3.3.03
simulation software was developed by the Department of
Electronics and Information Systems (ELIS) of the University
of Gent in Belgium. Almost all parameters of a solar cell (Eg, 0
€, N, Ny, Vit Vi Moy B Ny Ny, N,) can be graded in SCAPS-
1D. A maximum of seven stacked solar cell architectures can be
simulated through the software tool. The simulation results are
used to analyze the impact on device performance and get
crucial insights into fundamental solar properties such as
material defect density, location and level, recombination, and
bandgap alignment between device layers. These physical
quantities can be computed at different illumination and
temperature levels and under both light and dark conditions.
The primary function of SCAPS is to solve one-dimensional
semiconductor equations. In the bulk of the layers, these
equations are Poisson’s and continuity equations for holes and
electrons. The continuity equation is as follows

b _ 1y _

5 p V]p R(x) + G(x) W
dn 1

i _E V], — R(x) + G(x) @)

J, and ], are the electron and hole current densities,
respectively, and R(x) and G(x) are the recombination and
generation rates, respectively. Drift-diffusion equations for
electrons and holes are as follows,

_ dv(x) dn(x)
J = anln =3 =+ ab=g (3)
dv(x) dn(x)

where y, and p, represent the mobility of electrons and holes,
respectively, and D, and D, represent the diffusion constants
for electrons and holes, respectively. The generation rates

mentioned in drift-diffusion equations are as follows

G, %) = a()N,pere(hy ) )

j’ma.x
Glx) = f G(, x)di
- (6)
where N_; .. (4, x) represents the photon flux at point x,
N, hotoo()j represents the photon flux at position x = 0, and
a(4) represents the absorption coefficient. G stands for
generation rates. The Poisson equation is as follows

2 9 + -
V*V(x) - [p(x) — n(x) + N; — N, ] )
where, V(x) is the electrostatic potential, € is the absorber
permittivity, q is the electron charge, N, and Ny are acceptor
and donor dopant densities, respectively, and p(x) and n(x)
are position-dependent electron and hole concentrations,
respectively. SCAPS solves the abovementioned equations for
one-dimensional semiconductor in the bulk of the layers given

by
#n 4B,
q dx (8)

J, =
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Using proper boundary conditions, the abovementioned
equations are solved to get the photovoltaic outputs of the
DSSC devices.
The device fill factor (FF) and efficiency (17) are measured
using the following equations

FF = VMP . ]Mp
Voc - ]sc (11)
) Voc - Jc - FF
B, (12)

where P is the input power and Jy;p and Vyp are the current
density and voltage at the maximum power point, respectively.
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