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Abstract

Formazans are well known for their distinctive nitrogen backbone, vibrant coloration, and diverse
applications in medicine. They also got recognition as an excellent optoelectronic material due to their
intense visible-light absorption, structural versatility, and redox properties. He we synthesized
formazonate and diphenyl amine metal complexes and investigated their structural, thermal and optical
properties for potential photovoltaic applications. The structural study specifically underlined Co(ll),
Fe(ll), and Cu(ll) complexes with the general formula [M,A,B,], where A represents the bidentate
formazonate ligand and B signifies the monodentate diphenyl amine ligand. In-depth spectroscopic
analysis reveals these complexes possess a low band gap and consistent size distribution along with
notable thermal stability. Tauc plot analysis showed an indirect band gap of 2.0 to 3.0 eV. The findings
underscore the viability of these complexes for applications in semiconductor electronics as
photodetectors, sensitizers and in photocatalytic activity. Due to low current generation at anode, they
are suitable for dye-sensitized photodetectors as well as photo-catalytic hydrogen generation reaction.

1. Introduction

In the age of advanced electronic devices, there is surge to discover novel molecular materials suitable
for such applications [1]. The photodetectors [2] have special attention because of their wide spread
applications [3] in to optoelectronic devices, communication system, medical diagnostics and imaging
[4]. They can detect light and convert it into electrical signal (relative voltage/current). Among various
type of photodetectors, the photodiode detectors [5] are mostly used for optical communication
technologies. Photodiode detectors are typically operating under reverse bias for fast response and high
sensitivity. Common types include p-n, PIN, and avalanche photodiodes, each offering distinct
advantages in terms of quantum efficiency, gain, and noise characteristics. These detectors have low
dark current with fast response time under broad spectral range [6]. Photodiodes are widely used in
optical communication, sensing, and imaging applications due to their linear response and reliability.
Graphene is a high-speed photodetector [7] but it's photo responsivity is low. The MoS,, GaS and GaSe
have been reported as dye sensitized photo detectors with better photoresponse [8, 9]. Heterojunction of
In-Se/b-Ga, 04, Ge-Se/violet phosphorous(GeSe/VP) and Graphene/SrTiO4 have reported for good

performance as low dark current type photodetectors [10-11].

Formazans constitute an important class of nitrogen-rich, highly conjugated chromophores
characterized by the =N = N-C = N-NH- backbone, which imparts intense coloration and notable redox
activity [12]. Since their first report by Nineham et. al. in the late 19th century, these compounds have
attracted sustained attention due to their versatile chemical behavior and wide applicability [13-15].
Redox property of formazan extensively exploited in electrochemical and biological assays [16]. Their
absorption maxima, typically spanning 300—-650 nm, can be finely tuned through substitution with
electron-donating or electron-withdrawing groups, making them suitable for optoelectronic and sensing
applications. Deprotonated formazans (formazonates) act as effective bidentate chelating ligands,
stabilizing a variety of transition metal ions through N,N-coordination [17-19]. The resulting complexes

Page 2/17



are generally thermodynamically stable and exhibit enhanced electronic delocalization, leading to
intense coloration and improved functional properties [20, 21]. Diphenylamine (DPA), an aromatic amine
with a conjugated biphenyl framework, further complements this system as a versatile ligand [22]. Its
electron-rich nitrogen center facilitates strong o-donation, while the extended n-system enables weak 1-
back bonding interactions with metal centers [23]. This dual interaction enhances complex stability and
promotes charge transfer processes. The combined use of formazan and diphenylamine ligands often
leads to structurally diverse mixed-ligand complexes with improved optical, electrochemical, and thermal
properties, rendering them promising candidates for advanced applications in catalysis, sensing, and
optoelectronic materials. Our compounds have good band gap range for wide band gap semiconductors
(WBS) [24]. The thermal study reveals their high temperature thermal stability. The wide band gap
materials are more than conventional silicon based semiconductors in some specified uses as they can
operate at high temperature, high voltage and high frequency and therefore use in energy transfer
electronic devices. The present work is focused on the synthesis, structural characterization and
application of some mixed ligand coordination complexes. Formazan and diphenylamine(DPA) used as
ligand with variable transition metals. Formazans and their transition metal complexes have been
extensively explored over the past decades in versatile applications. Herein the prepared metal
complexes explored as potential indirect bandgap semiconductor, catalyst and sensitizer for
optoelectronic devices specifically photodetector.

2. Experimental Section

Unless otherwise indicated, all the chemicals and solvents of Analytical grade were obtained from
commercial suppliers and used without further purification.

Preparation of 1-(p-nitrophenyl)-3-(o-hydroxyphenyl)-5-phenyl formazan(L-1)
(a) (E)-2-((2-phenylhydrazineylidene)methyl)phenol

20 mmol of salicylaldehyde and 20 mmol of phenylhydrazine hydrochloride were taken in 30 mL 10%
acetic acid. The reaction mixture was kept on stirring for 1 hour at room temperature. The dirty white
precipitation has appeared and reaction mixture was further stirred for 40 min. The precipitate was
filtered off and washed with cold water. Melting point: 140°C. Yield: 72%.

TH-NMR(300MHz): Chemical Shift(in ppm):10.8(s,1H), 7.86(S,1H), 7.49(S,1H), 7.29(t, 2H), 7.22(d, TH),
7.14(d, TH), 6.98(m, 3H), 9.91(dd, 2H).

(b) Diazotization of 4-nitroaniline

0.70g 4-nitroaniline was taken in 10 mL 50% aq. HCl and 0.34 g NaNO, was dissolved in water and
solution kept at 0°C. The acidic Solution of 4-nitroaniline was added drop wise in NaNO, with

continuous stirring at 0°C. After complete addition the mixture was further stirred for 1 hour to get
diazotized product.
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(c) Preparation of 1-(p-nitrophenyl)-3-(o-hydroxyphenyl)-5-phenyl formazan

1.0 g (E)-2-((2-phenylhydrazineylidene)methyl)phenol in 15 ml pyridine was taken in Round bottom flask
and freshly prepared 4-nitrobenzenediazoium chloride was dropwise added to it. The temperature was
kept between 10-15°C and the reaction mixture was kept on stirring for 2-3 hrs. Chocolate coloured
sticky pricipitate appears. The reaction mixture was poured in to ice-cold water. The sticky product has
separated out. The product was filtered and washed with water followed by cold methanol. Yield:- 58%.

1H-NMR (300MHz): Chemical Shift(ppm)- 14.68(S, TH), 10.69(S, TH), 8.27(d, 2H), 8.17(d, 2H), 7.95(m,),
7.81(t, 1H), 7.61(d, ), 7.31(m), 7.14(s, TH), 7.02(m, TH), 6.92(d, TH).

Synthesis of Diphenylamine formazan metal complexes
[Co,(Fz),(NPh,),] complex

Aqueous solution of 4 mmol of CoCl,.6H,0 was taken in R.B flask. An ethanolic solution of 8 mmol
formazan(L-1) was added dropwise in metal salt solution with stirring. 8 mmol diphenyl amine(DPA)
followed by 5 ml 0.1TM aq. NaOH was added in the reaction mixture. After 2 hrs stirring purple colour
appeared and after 3 hrs stirring merlot red coloured precipitate appeared. The reaction mixture was left
overnight at 0°C, precipitate was appeared. The compound was filtered and washed with cold ethanol.
Melting Point : >300°C.

TH-NMR(300MHz): The complex has paramagnetic character so due to paramagnetic coupling spectra
was not clear.

[Fe,(Fz),(NPh,),] complex

A mixture of formazan (L-1), diphenylamine(DPA), and ferric chloride in a 2:2:1 molar ratio was prepared.
20 mL of ethanol was added to the mixture, and it was heated to reflux for 25 minutes. The mixture was
then cooled and stirred for 2 hours at room temperature. The reaction mixture was kept on standing at
room temperature for 30 min, a precipitate was appeared. The precipitate was filtered and washed with
cold ethanol and water in ration 1:1.

TH-NMR (300MHz): Only few signals are clear but the proton attached to nitrogen peak was disappear.
Which confirm the formation of complex.

[Cu,(Fz),(NPh,),] complex

Cupric acetate, diphenylamine(DPA), and formazan(L-1) were taken in a ratio of 1:2:2 in a round-bottom
flask, and 20 ml of methanol was added to the mixture. The reaction mixture was heated to reflux for 2.5
hours and then left at room temperature for 1-2 hours. A greenish-black precipitate was observed. The
reaction mixture was filtered and washed with cold methanol.

TH-NMR (300MHz): No peaks was appears due to paramagnetic coupling.
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3. Characterization

"H-NMR for prepared compound were recorded at 300MHz in CDCl, at room temperature (Model-ECZ-
500R). FT-IR emission spectra were recorded by ATR method using FT-IR spectrometer (FT-IR 4700
JASCO). UV-Vis absorption Spectra were recorded by UV-Vis NIR spectrophotometer in solid state/liquid
state. Current voltage relation and Impedance measurement done by solar simulator (MULTI AUTOLAB
M204) electrochemical work station.

4. Result and discussion

The 1-(p-nitrophenyl)-3-(o-hydroxyphenyl)-5-phenylformazan(L-1) ligand was prepared by coupling of
diazonium salt of 4-nitroaniline and (E)-2-((2-phenylhydrazineylidene)methyl)phenol (Schiff base)[25].
The scheme involved are shown in scheme-1. Tranisition metal bimetallic complexes with ligand 1-(p-
nitrophenyl)-3-(o-hydroxyphenyl)-5-phenylformazan (L-1) and diphenyl amine were prepared and
characterized by spectroscopic methods.

4.1 Elemental analysis

* The percentage composition of elements in metal complexes were characterized by CHNS Analyzer
(Elementar Vario EL Cube) whereas metal content were estimated by gravimetric analysis. From the
elemental composition (table-1) the simple ratio in metal, ligand L-1 and Diphenyl amine are 1:1:1.
Molecular formula of complex was [M,(Fz),(NPh,),](M = Co(ll)/Fe(ll)/Cu(ll)).

Table-1

Elemental analysis of metal complexes.

S.No. Complex Molecular Weight %C %H %N %0 %M
1. [Co,(Fz),(NPhy),] 1176 63.26 4.42 14.28 8.16 10.03
2. [Fe,(Fz),(NPhy),] 1171 63.5 444 1434 819 10.07
3. [Cu,(Fz),(NPh,),] 1185 62.78 438 1417 810 9.95

4.2 Spectroscopic Analysis

The complex were analysed using various spectroscopic methods. The FT-IR spectra of 1-(p-
nitrophenyl)-3-(o-hydroxyphenyl)-5-phenyl formazan (L-1) and metal complexes are in figure-2 and
comparative data shown in table-2. The IR frequencies in metal complexes are slightly decreases than
the ligand L-1. —N-H stretching band disappears which indicates the ligand bind in formazonate form.
Also diphenylamine binds in deprotonated form. O-H stretching band also disappears in metal
complexes and weak in L-1 which is probably due to hydrogen bonding.
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Table-2

FT-IR data for ligand (L-1) and metal complexes.

S.No. Bonds Vibrational frequencies (cm™)
Formazan [Co,(Fz),(NPh,),] [Fe,(Fz),(NPh,),] [Cu,(Fz),(NPh,),]

1. O-H 3780 3443 3477 3484
2. N-H 3690
3. sP20-H 3100(w) 2890 3060 3070
4. -C=N- 1604 1590 1590 1600
S. -N = N- 1566 1576 1524 1508
6. -C-N- 1360 1342 1345 1340
7. (-C=C)am 1520-1430 1512-1383 1510 - 1380 1390

-N=0 1320 1306 1233 1236
9. -C-Oppenolic 1240 1245 1184

The "H-NMR data were shown in experimental section and "H-NMR plot were shown in supplementary

data. "TH-NMR spectra of metal complexes are broadened and the signals are clearly not identified
probably due to paramagnetic coupling [26].

4.3 UV-Vis spectra

UV-visible absorption spectroscopy is an important technique for investigating the optical and
electronic properties of materials. It provides valuable information regarding band-gap energies,
electronic transitions, and molecular interactions within a system [27].

The position and intensity of absorption bands are associated with specific electronic transitions and
reflect the electronic structure of the compounds [28]. Organic molecules have the absorption bands
specifically corresponds to m—1* and n—1t* transitions. But in coordination complexes, the spectra are
usually more complex due to the presence of d—d transitions, charge-transfer (CT) transitions, and inter-
ligand charge-transfer (ILCT) processes, which pointedly impact on their optical behavior. The A, for
ligand(L-1), complexes of Co(lll) and Fe(lll) are 417nm, 418nm and 401 nm respectively(fig.-2). These
Amax Values for ligand are due to n—Tt* transition where as in metal complexes it is due to charge
transfer. The same transition were appeared for Fe(ll) and Co(ll) complexes but intensity were different
[29]. Another transition in UV-vis spectra are observed around 295 nm in each compound due to
interligand charge transfer or m—1*. The A, for Cu(ll) was 303.4nm corresponds to d-d transition or
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LMCT, absorbance for Cu(ll) are not good and it is drop from ligand. Relatively large band gap for Cu(ll)
causes low wavelength.

4.4 Thermo-gravimetric analysis

The thermogravimetric analysis (TGA) profiles of Metal complexes [Co,(Fz),(NPh,),l, [Fe,(Fz),(NPh,),]
and [Cu,(Fz),(NPh,),] reveal their thermal stability and decomposition behavior over the temperature

range of 0—500°C. The thermograms for the complexes given in supplementary data. All complexes
exhibit an initial minor weight loss below ~ 120°C, which can be credited to the removal of moisture. A
stable plane is observed up to ~ 200-250°C, indicating good thermal strength of the complexes. The
major decomposition step occurs in the range of ~ 250-400°C, corresponding to the breakdown of the
organic ligand framework. Among the complexes [Cu,(Fz),(NPh,),] shows comparatively higher thermal
stability with a steady weight loss, suggesting stronger metal-ligand coordination. [Fe,(Fz),(NPh,),]
displays a slightly earlier onset of decomposition, indicating relatively lower stability. Whereas
[Co,(Fz),(NPh,),] demonstrates intermediate behavior between these two complexes. All three

complexes are appreciable thermally stable, making them suitable at high temperature optoelectronics
and semiconductor applications.

4.5 Optical band gap

The optical band gap for formazan and complexes was calculated by applying tauc plot method [27].
Value of optical band gap was obtained by extrapolation of the linear region to zero absorbance from the
plot that was drawn according to the tauc relation.

(ahv)" = (hv - Ey), n= % for indirect band gap
n = 2; direct band gap
Where, a is absorbance, E is band gap, and hu is absorbed photon energy.

The plot of (ahv)'/2 vs hu were shown in figure-3 and the band gap calculated via extra polating linear
part of curve at energy axis. The energy gap calculated for the complexes are shown in table-2. The band
gap for complexes are >2 eV corresponds to indirect transition i.e; these complexes are considered as
potential wide band gap semiconductors for optoelectronic applications.

Table-3

Maximum wavelength and corresponding energy gap.
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S. Compounds Amax Energy gap
No. (eV)
1. 1-(p-nitrophenyl)-3-(o-hydroxyphenyl)-5-phenyl formazan 418 nm 2.24
(F2) [L-1]
2. [Co,(Fz),(NPh,),] 400.7nm  2.37
3. [Fe,(Fz),(NPh,),] 401.32 2.62
nm
4 [Fe,(Fz),(NPh,),] 303.4nm  2.89

4.6 Electrochemical impedance spectroscopy (EIS) Study

Electrochemical impedance spectroscopy measurement were carried out under open light to evaluate
the charge transport and charge recombination behaviour of DSSCs over the wide frequency ranges
from 0.1 Hz to 10 kHZ. The EIS parameters for assembled cells are shown

in table-4. The bode impedance plot shows high impedance at low frequency region due to electron
recombination at dye-electrolyte interface [30]. At high frequency the continous decreasement in
impedance observed which suggests improved charge transport and reduced Polarization loss. The
broad phase angle (~ 45°C-55°C) Observed at mid frequency region. The characterstics of non-ideal
capacitor due to electron accumulation and trap assited transport and surface roughness within TiO,
photoanode, the broad phase angle suggest the distributed relaxation process [31].

Table-4

EIS parameter of DSSCs fabricated using different dye.

Cell Voc Rg(Q) Rer n CPE Lifetime

(V) S*gh
Cell-1 198 110 534kQ 0.696 379 10.6-3.18 mS
Cell-2 197 201 7.62kQ 0874 172 7.8-39mS
Cell-2 199 61.1 759 Q 0.861 21.8 3.18-1.99mS

Nquist Plot for each cell displays a single semicircle without Warburg tail. Single semicircle indicating
the primary impedance response due to charge transfer and interfacial polarization.[32] The absence of
other semicircle corresponds to photoanode/ electrolyte suggests that the recombination process totally
governed by impedance behaviour. The experimental data were well fitted via equivalent circuit model
and CPE parameter were evaluated.

Table-5: Equivalent circuit model for fabricated DSSCs.
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S.No. Cell Voc(volt) Circuit diagram

1. Cell-1  1.98
2. Cell-2 1.97
3. Cell-2 1.99

Where the series ressistance ranges from 65Q - 200Q due to ITO substrate. Relatively high charge
transfer resistance indicates suppressed electron recombination which is better for achieving higher
open circuit voltage. The CPE parameters (n < 1) for cells indicates deviation from ideal capacitive
behaviour due to non-uniform interfacial charge distribution.

4.7 I-V measurement of fabricated DSSCs

The photovoltaic (I-V) performance of the fabricated cells were analysed under illumination intensity of
100mWem™ ! with air mass 1.5 AM filter. The Sl figure shows |-V curve for TiO, based DSSCs with metal

formazonate dyes in dark. The cells have very low (2-10 mAmp) current. The calculated parameters are
shown in table-6. The low current materials have potential application as photodetectors [33] and
cathodic current suggest applications in hydroden evolution reaction [34]. Which were due to high
resistance and suppressed charge recombination. Photoconversion efficiency is extremely low. |-V curve
analysis suggests cathodic current. Also the Photocurrent and Quantum yield of the cell for visible range
are moderate; i.e: 20—70%.

Table-6: Photovoltaic Parameters for DSSC cells as low current applications.

S.No. Dye Cell Voc Jse FF %N

1. [Co,(FZ),(NPh,),] Cell-1 198V -4mA 0.642 <0.01
2. [Fe,(Fz),(NPh,),] Cell2 197V  -10mA 0614 <0.01
3. [Cuy(FZ),(NPh,),] Cel-3 199V -967mA 0282 <0.01

5. Conclusion

Metal complexes of Fe(ll), Co(ll), and Cu(ll) were synthesized using formazan derivative(L-1) and
diphenylamine ligands using an simple and economic approach. These complexes are in a general
molecular formula of [M,A,B,], which was confirmed by elemental analysis. The FT-IR and "H NMR
spectroscopy confirms structure of ligands and metal complex preparation. Further thermo-gravimetric
analysis revealed that the complexes are thermally stable up to 300°C without any significant
degradation in ambient conditions. UV—-Vis absorption spectra exhibited intense bands in the visible
region, The indirect optical band gaps, calculated from solid-state UV-Vis data using the tauc equation
and the bandgap found to be in the range of 2.0—3.0 eV. Which indicates their suitability for photovoltaic
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applications with variable temperature range. The photocurrents in cells are 10—-20 mA range, which
were not suitable for Solar cell due to low cathodic photo current of the prepared materials. These
compounds have potential application in photo-diode detectors for visible region, indoor photovoltaic
device and also useful in hydrogen generation reactions. Overall, the synthesized metal-formazan
complexes exhibit favourable optical, thermal, and photovoltaic properties.
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FT-IR spectra of complexes and formazan(L-1).
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UV-Vis Spectra of ligand L-1 and metal complexes.
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Nquist Plot of different metal complexes.
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