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Herein, we report the synthesis and characterization of metal complexes of Fe(in), Co(n), and Cu(i) with
SALPHEN (N,N-bis(salicylimine)-o-phenyldiammine) and their potential application as sensitizers in dye-
sensitized solar cells (DSSCs). The high thermal stability up to 550 °C observed for these compounds
suggests that they may be possible candidates for the fabrication of solar cell devices without pyrolysis
or thermo-oxidative degradation during the solar cell operation. The photovoltaic parameters of
SALPHEN and its metal complexes were investigated experimentally, and it was observed that the metal
ion coordination generally enhanced the power conversion efficiency (1) where the maximum 5 of
46.2% was obtained for the Co(i) complex due to its high molar extinction coefficient and enhanced
charge transfer by improved m-conjugation and electron-withdrawing capability. In the theoretical
calculations, the B3LYP functional was employed to compute the ground-state geometries and the
frontier molecular orbitals for all the complexes. The ground-state and excited-state energy transfer,
which specifically contribute to the light harvesting properties of SALPHEN and its metal complexes,
were analyzed using the functionals with corrected dispersion CAM-B3LYP/dgdzvp basis set (double
zeta) and functional (B3PW91, B3P86/6-311++G(d,p) basis set (triple-zeta)). It was observed that the
HOMOs of the metal complexes were localized on the d orbitals with n(SALPHEN nitrogen and O~
atoms) orbital character, whereas their LUMOs have n*(O™) orbital character. The light-harvesting
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observed through three-dimensional (3D) visualization of its electron density isosurface (contour 0.05 e
rsc.li/materials-advances A=3), which supports understanding the mechanism involved in the energy transfer.
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1. Introduction

Transition metal complexes based on Schiff base ligands are
widely used as potential photosensitizers in dye-sensitized solar
cells (DSSCs) because of their strong visible light absorption
ability, facilitating the transfer of electrons to the conduction
band via metal-to-ligand charge transfer (MLCT)." ™ Especially,
aromatic azo derivatives containing a conjugated azo (-N—N-)
group act as D-n-A charge-transfer chromophores, showing
excellent photo-harvesting properties, which is attributed to the
wide-ranging delocalized m-systems between the acceptor (A)
and donor (D) units through the azo group.>” Furthermore,
their photophysical activity can often be enhanced by metal ion
coordination, which influences their solar light-harvesting
behavior. In particular, metal ions with incomplete valence
shell configurations show intrinsic chemical characteristics
when there are multi-dentate ligands in the metal complex,
which has attracted considerable attention in the development
of renewable energy technologies.®! The incorporation of
suitable metal ions with a suitable ligand usually increases
the HOMO-LUMO energy gap, which allows the excited-state
electron to have a longer lifetime even at high temperatures,
increasing the overall luminescence quantum yield of DSSCs."
It is known that the efficiency of a DSSC is dependent on the
photosensitizers used between the electron donor and acceptor
electrodes, which should have a broad and strong light absorp-
tion capable of covering the entire visible and near-infrared
regions (NIR) and be stable to a certain temperature. In this
case, the understanding of the power conversion efficiency
(PCE), spectral response range, and stability of the DSSC
performance are dependent on the molecular-level study of the
photosensitizers."*'®  Specifically, dynamic photo-induced
intramolecular charge transfer (ICT) in the excited state reflects
the change in both the electronic and structural properties of
photosensitizers, which involve n-conjugation extending from
the donor to the acceptor and often differ significantly from the
ground-state molecular structure.””>° Hence, it is important to
explore the electronic and optoelectronic characteristics of
sensitizer molecules to reveal their electron-donating and
electron-withdrawing behavior, given that they play a vital
role in photo-induced ICT after photoexcitation. Density func-
tional theory (DFT) calculations can be employed to elucidate
the role of LMCT (ligand-to-metal charge transfer), MLCT,
and MC (metal-centered) in the excited states of photosensiti-
zers present in DSSCs and to corroborate experimental
interpretation.>*** Time-dependent density functional theory
(TD-DFT) studies have been carried out to understand the
various multifaceted processes in DSSCs and metal-organic
complexes.>*2® For instance, the DFT and TD-DFT methods
were used to explore the light-harvesting efficiency (LHE), open
circuit voltage (V,), and driving force (AGjpjece) for Ru-based
and Fe-based dye molecules, which depend on the relative
energy levels of the HOMOs of Ru and Fe with respect to the
7 (dye) orbital and the LUMOs with n*(dye) orbital.>” A similar
study was performed for diamine-dithiolate-based Pt com-
plexes, together with an NBO (natural bond orbital) analysis,
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helping to identify suitable anchoring groups that enhance the
overall electronic and optical properties of sensitizers.>”>° In
another study, the enhancement in solar cell efficiency was
explored by determining the excited-state energies by DFT for
porphyrin analogues over Zn-meso-tetraphenylporphyrin com-
plexes having different B-substituents given that an increase in
m-conjugation on porphyrin impacted the electron-withdrawing
capability of the substituents.>* SALPHEN-based metal com-
plexes have interesting properties because their conjugation
and rigidity are important structural features that their dictate
molecular properties. Recently, these complexes have been
applied in various fields of research, including metal-organic
frameworks, fluorescent sensors, and potential catalysts, and
even in biological applications.*! The adaptability of SALPHEN
complexes has also been extended to the field of new materials,
such as solar cells and scaffold materials.*> SALPHEN ligands
can be easily fabricated and tuned and are alternatives to
synthetically more challenging ligands, such as porphyrins,
while conserving similar functionality.*®* However, despite their
benefits reported to date, there is limited information available
on the effect of the conjugation and structural rigidity of these
complexes on their optical performance.>*™” Therefore,
SALPHEN-based metal complexes continue to attract attention
for exploring new mechanistic insights to understand
the process of photo-induced charge transfer during their DSSC
performance, which may increase their applicability.*>™’
Herein, we report the fabrication of a DSSC using metal
complexes of an azo-Schiff base, ie., N,N'-bis(salicylimine)-o-
phenyldiammine [SALPHEN], with Fe, Co, and Cu and its
photovoltaic parameters including short circuit current (I),
open circuit voltage (V,), and fill factor (FF) were explored. The
proposed DSSC design approach is based on the use of earth-
abundant metals, which can replace ruthenium; also, the
multivalent nature of these metal ions can provide metal-to-
ligand charge transfer in the presence of conjugated n-organic
ligands, resulting in a high molar extinction coefficient.
Furthermore, DFT and TD-DFT studies were performed for
the metal complexes to determine their molecular and optical
properties. With the use of natural transition orbitals (NTO),
the nature of charge transfer in their electronic absorption and
emissions was determined in detail. The obtained photovoltaic
parameters for the DSSC with the metal complexes were com-
pared with that from theoretical calculations.

2. Experimental

2.1. Material and methods

All reagents used in the experiments were purchased from
Sigma-Aldrich-Mexico. Elemental analyses (percentage of C,
H, and N) were carried out principally on a Fisons analyzer
(Model EA 1108 CHNSO) for the compounds. Fourier-
transformed infrared spectra (FTIR) were recorded in the range
of 4000-400 cm™ ' on a PerkinElmer Frontier instrument.
Powder X-ray diffraction (XRD) analysis was performed on a
D8 Advance Davinci equipped with a Bruker AXS theta-theta
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configuration with CuKao radiation (I = 1.54 A). A UV-Vis spectro-
photometer (PerkinElmer Lambda 25) was employed to record
the electronic spectra of the metal complexes and analyze their
electronic behaviors. Magnetic susceptibility measurements
were performed using a Gouy balance at 300 K, which was
calibrated with Hg[Co(SCN),] as the standard, and the effective
magnetic moments were calculated using the expression: y ¢ =
2.83 x /xmT B.M.*®*° A thermogravimetric study was con-
ducted for all the compounds using a thermal analysis system
consisting of a simultaneous thermogravimetric analysis (TGA)-
differential scanning calorimeter (DSC) (NETZSCH model STA
449 F1 Jupiter coupled to a Bruker FT-IR spectrometer and a
nitrogen-generating instrument by Parker Balston). The ther-
mal behavior of all the compounds was analyzed using two
techniques, i.e., TGA and DSC, which were carried out on a
PerkinElmer TGA-4000 and DSC1 (Mettler Toledo) instrument,
respectively. Experiments were carried out from 30 °C to
800 °C for TGA and 30 °C to 550 °C for DSC at a heating
rate of 10 °C min~ ' under a flowing nitrogen atmosphere
(20 mL min ). The molar conductance of the metal complexes
in CH3CN, DMF, and DMSO (0.001 M) solutions at 25 °C was
measured using a YK-43CD LUTRON digital conductivity meter.
The current-voltage measurement of the solar cell was carried
out using a SANWA RD701 digital multimeter.

2.2. Synthesis of SALPHEN (C5oH;60,N5)

SALPHEN was synthesized similarly to the method reported in
the literature.” To a solution of 2-hydroxybenzaldehyde
(2.0 mmol) dissolved in ethanol (30 mL), o-phenylenediamine
(1.0 mmol) was added, and then the resulting solution was
stirred for 30 min at 40 °C to yield a deep-yellow product, which
was filtered and dried under vacuum (Scheme 1). Yield, 99.15%.
Elemental analysis: caled (%) for Cy,H;60,N,: C, 75.93; H, 5.10;
N, 8.86; found (%): C, 76.03; H, 4.99; N, 8.71. FT-IR (va/cm )
(Fig. 1): stretching vibrations at 1610m [¢(C—=N)] and 1560m
[1/(C=C)]; benzene ring in aromatic compounds (ring-stretch,
sharp bands) at 1478m [(C-C)] and 1278 [(C-N)]; O-H bend-
ing (in-plane) at 1330-1430s; o-CH, bending at 1400-1450s;
C-N in aromatic amines at 1280-1180s; C-O-H in alcohols
(C-O stretch) at 1200-1015vs; ring vibrations in-plane (C-H)
deformation at 1330-1300s; stretching vibrations at 1191m
[(C-0)]. In addition, CH,—CH- as (-CH, out-of-plane wag)
at 950-900vs; pyridine ring (in-plane ring formation) at 757m
[/(C=N)] and 501s [¢(C—C)]; C-N-C in amines (bend) at 510-
400s; ring in benzene derivatives (in-plane and out-of-plane and
ring-deformations as two bands) at 580-420m-s.

NH, ; ;
o EtOH =N N=
N _EOH _
40°C
NH, OH OH OH

Scheme 1 Synthesis of SALPHEN.
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2.3. Synthesis of metal complexes (Scheme 2)

[Fe(SALPHEN)(OH,)CI]. To an ethanol solution of the SAL-
PHEN ligand (0.475 g, 1.0 mmol, 200 mL), a solution of FeCl;-
9H,0 (0.324 g, 1.0 mmol) dissolved in ethanol was added. The
whole mixture was refluxed at 30 °C for 24 h, and the color
change from yellow to red was observed. A reddish-brown
precipitate was obtained after removing the solvent using a
roto-evaporator, which was re-crystallized from a solvent mix-
ture of acetonitrile and absolute ethanol (1:1, v/v). Elemental
analysis: caled (%) for C,oH;603N,ClFe: C, 56.70; H, 3.81; N,
6.61; found (%): C, 56.31; H, 3.59; N, 6.59. FT-IR (/pna/cm )
(Fig. 1): medium-sized stretching vibration in the range of
3458-3392 [(O-H)] due to the crystal waters in the Fe(m)
complex. Stretching frequency in the range of 2160s, 2034s,
and 1978s [v(Fe-O)]; stretching frequency at 907s [1(C-O),
1(C-O-Fe)]; bending vibration at 822m [§(Fe-O)]; stretching
frequency at 1496m [1(C—N)]; bending vibration at 590
[6 (C=N)]. Molar conductance/DMF: 3.93-5.44 Q' cm® mol .
Magnetic moment (iefr): 1.82 B.M.

[Co(SALPHEN)(OH,)]. The addition of an ethanolic solution
containing CoCl,-6H,0 (0.238 g, 1.0 mmol) to the SALPHEN
ligand (0.475 g, 1.0 mmol) dissolved in ethanol (200 mL) gave a
brown solution, which was refluxed at 30 °C for 24 h. After
removing the excess solvent with a roto-evaporator, an indigo-
blue precipitate was obtained and re-crystallized using a solvent
mixture of acetonitrile and absolute ethanol (1:1, v/v). Elemen-
tal analysis: caled (%) for C,oH;603N,Co: C, 61.39; H, 4.12; N,
7.16; found (%): C, 61.01; H, 4.33; N, 7.03. FT-IR (/mna/cm )
(Fig. 1): small bands of two stretching vibrations at 3480 and
3429 [/(O-H)] due to the crystal waters in the Co(u) complex;
stretching frequency in the range of 2160s, 2034s, and 1978s
[/(Co-0)]; stretching frequency at 907s [1(C-O), (C-O-Co)];
bending vibration at 822m [6(Co-O)]; stretching frequency
at 1496m [(C=N)]; bending vibration at 590 [0 (C=N)].
Molar conductance/DMF: 3.93-5.44 Q™' cm® mol~'. Magnetic
moment (fege): 1.78 B.M.

[Cu(SALPHEN)]. CuCl,-2H,0 (0.135 g, 1.0 mmol) in ethanol
was slowly added to the SALPHEN ligand (0.475 g, 1.0 mmol)
dissolved in ethanol (200 mL) and the resulting mixture
solution was refluxed at 30 °C for 24 h. After removing ethanol
using a roto-evaporator, a sky-blue precipitate was obtained and
re-crystallized in a solvent mixture of acetonitrile and absolute
ethanol (1:1, v/v). Elemental analysis: caled (%) for
C,oH140,N,Cu: C, 63.57; H, 3.73; N, 7.41; found (%): C, 63.17;
H, 3.53; N, 7.01. FT-IR (Va/cm ™) (Fig. 1): stretching frequen-
cies at 2160s, 2034s, and 1978s [(Cu-0)]; stretching frequency
at 907s [1/{(C-0), 1{C-O-Cu)]; bending vibration at 822m [§(Cu-O)J;
stretching frequency at 1496m [1{C—N)]; bending vibration at 590
[6(C=N)]. Molar conductance/DMF: 3.93-5.44 Q' cm® mol .
Magnetic moment (eg): 1.91 B.M.

2.4. Fabrication of DSSC using SALPHEN and its metal
complexes

Fluorine-doped tin oxide (FTO) glass (from Sigma-Aldrich)
was employed as the substrate (thickness 2.2 mm), which was

Mater. Adv., 2024, 5, 3257-3280 | 3259
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FTIR spectrum of SALPHEN
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Fig. 1 FTIR spectra of SALPHEN (inset) and its metal complexes at 25 °C.

HC:N\C!/N CH H —CH HC—N_, N—CH

— C—N_ o
F joig /éro:
o'l Yo o o o'l Yo
OH, OH,

Scheme 2 Coordination of SALPHEN with metal ions.

sequentially cleaned by ultra-sonicating it in surfactant, deio-
nized water, acetone, and ethanol. The photoanodic layer was
prepared on the above-mentioned glass by depositing nano-
crystalline TiO, nanopowder over each metal complex (sub-
strate) using the doctor blading method. For this, a solid paste
of TiO, nanopowder (1.0 g), Triton X-100 surfactant (0.05 mL),
acetic acid (1.0 mL, 0.1 M), and polyethylene glycol (0.1 mL)
were mixed and pasted on the glass surface to produce a
uniform layer. The porous TiO, films had an average thickness
of ~10 um, and the doctor blading method was repeated to
vary their thickness. The TiO,-coated electrodes were sintered
at 500 °C for 40 min and cooled to room temperature. The
activated TiO, film was dipped in each metal complex of
[Fe(SALPHEN)(OHS,)Cl], [Co(SALPHEN)(OHS,)], and [Cu(SALPHEN)]
(0.3 mM in ethanol), followed by drying. The active area of
5 mm by 5 mm squares of thin films was used for the solar
conductivity measurements. A graphite counter electrode was
fabricated by applying a thin layer of graphite on the FTO
substrate, followed by heat treatment in the air for 30 min at
400 °C. I /1>~ solution as the electrolyte was used to drop-cast
the TiO, photoanode sensitized by each of the metal com-
plexes. The concentration of the adsorbed quantity of dye was
calculated by dipping the DSSC photoanode in 0.1 M NaOH in
an ethanol :water (1:1) solution until complete desorption of

3260 | Mater. Adv,, 2024, 5, 3257-3280
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the dye, and the desorbed dye solution was measured using a
UV-visible spectrophotometer.

2.5. Computational methods

DFT was performed using the Gaussian 09 software and the
B3LYP/DGDZVP basis set was employed to optimize the
ground-state geometry of the Fe(ur), Co(u), and Cu(ir) complexes
of SALPHEN.*"*> Employing density functional theory (DFT),
the ground-state geometry of the compounds was fully opti-
mized after considering different hybrid functionals such as
B3LYP, CAM-B3LYP® (Takeshi Yanai, 2004), with DGDZVP
(double-zeta), and another 6-311++G(d,p) (triple-zeta) basis
set with different exchange-correlation hybrid functionals
B3LYP**™' (A. D. Becke, 1993, Becke, 1988, C. Lee, 1988, B.
Mielich, 1989), B3PW91 (J. P. Perdew, 1992), and B3P86 (J. P.
Perdew, 1986, 1987. A. D. Becke, 1993). The obtained results
were analyzed. The electronic absorption transitions and opti-
cal properties were calculated using time-dependent density
functional theory (TD-DFT) using the B3LYP, CAM-B3LYP/
DGDZVP basis set (double-zeta)®> and B3PW91, B3P86/6-
311++G(d,p) triple-zeta basis sets.>® The obtained results for
the metal complexes of SALPHEN in the gaseous state were
compared with the experimental data. It was expected that the
combination of dgdzvp (double-zeta) with the (B3LYP and CAM-
B3LYP) functionals and 6-311++G(d,p) (triple-zeta) with the
(B3LYP, B3PW91, B3P86) functionals can yield the most precise
optical spectral measurements, as suggested in the literature.>*

The vertical excitation energy and oscillation strengths
were also calculated for the complex geometry in the ground
state. The natural transition orbitals (NTOs) were derived for
[Fe(SALPHEN)CI(H,0)], [Co(SALPHEN)(H,0)], and [Cu(SALPHEN)]
to determine the particle-hole position in the excited-state using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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B3LYP/DGDZVP.>>® The charge difference density was also calcu-
lated by three-dimensional (3D) visualization of the electron density
isosurface (contour 0.05 e A™%). The HOMO and LUMO were
derived for the complexes using B3LYP/DGDZVP to understand
the influence of their structure on the performance of the DSSC.>”
The visualization of the molecular system in the excited state can
support the mechanism involved in the photo-induced charge
transfer and energy transfer.*®

3. Results and discussion

3.1. Infrared spectra

The FTIR frequency (Vma/cm ') in the range of 400-4000 cm ™"

was recorded for the free ligand (SALPHEN) (Fig. 1, inset),
where the absence of an O-H stretching frequency around
3100 to 2900 cm™ " was observed due to the internal hydrogen
bridge between both hydroxyl groups [-O-H- - -O-H] present in
the ligand.>® The benzene ring stretching vibrations were
observed at 1610 cm ' [¥(C=N)] and 1560 cm ' [(C=C)]
and the bending vibrations at 757 cm™*! and 501 cm™ ", which
are characteristic of the Schiff base ligands.®® In addition, the
stretching vibrations corresponding to [(C-C)] for the benzene
ring, 1[C-0O] for the phenolic, and [(C-N)] for the azomethine
groups were observed at 1478, 1278, and 1191 cm ',
respectively.®’

All the IR frequencies (Vma/cm™ ') were consistent with the
theoretical DFT-IR spectra (Fig. S1-S5, ESIf). Similarly, the
experimental FTIR spectra of the metal complexes were com-
pared with that of the ligand (SALPHEN), and it was observed
that there was a remarkable shift in the frequency for the metal
complexes compared to the ligand, especially the peaks for the
azomethine 1{C—N] and phenolic [O-H] groups shifted to a
lower frequency for the complexes, which suggests the involve-
ment of the nitrogen and oxygen atoms in the coordination
bond formed with the metal(n) ions. For example, for the Fe(m)
complex (Fig. 1), two peaks appeared at 3458 and 3392 cm ™"
due to the 1[-OH] stretching vibration, which correspond to the
crystal water molecules, suggesting the presence of crystal
water in the iron complex and confirmed by the thermal and
elemental analyses.®” The coordination of water molecules with
Fe(m) was confirmed by the FTIR signal at 600 cm '.°* The
appearance of a broad peak at around 2160-1978 cm ™" origi-
nated from the 1{M-O] and [M-N] vibrations as the character-
istic of the metal coordination with the Schiff base ligand and
confirms the involvement of the nitrogen and oxygen atoms of
azomethine and phenolic (-OH) groups. Also, there was a red
shift in the C=N stretching vibration, which was detected for
the ligand at 1610 cm™ " and shifted to 1592 cm™" for the
complex due to a shift of the azomethine nitrogen lone pair
density toward the metal ion during the coordination of the
metal ion. This was further supported by the signals at 822, 717,
and 671 cm ™', corresponding to M-N and M-O originating
from the azomethine and phenolic groups, respectively.
Furthermore, the peak for 1(C~ « O) observed at 1278 cm ™"
for the free ligand shifted to 907 em ™" for the complex due to
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the formation of the C-O-M bond.** The same observation was
found for the Co(u) complex (Fig. 1), where the 1{/O-H] stretch-
ing vibration observed at around 3480-3429 cm ™" corresponds
to the crystal water molecules in the coordination sphere. This
was further confirmed by the bands corresponding to 1{O-H]
(645 cm™ '), which indicate the presence of coordinated water
molecules.®® The coordination of azomethine and phenolic
groups (from the ligand) with the Co(u) ion generated the IR
peaks at 2156, 2031, and 1977 em™ " assigned to the [M-O] and
[M-N] bonds, which were further supported by the bands at
876, 822 and 670 cm™ ".°® Alternatively, for the Cu(i) complex
(Fig. 1), the vibrations corresponding to the azomethine nitro-
gen [C—=N] and phenolic oxygen 1[{O-H] to shifted to lower
frequencies for the complex, which were observed at 1632,
1664 cm ', and 3216 cm ', while these peaks for the ligand
were observed at 1680 cm ™' and 3208 cm™ ', confirming the
coordination of nitrogen and oxygen atoms with the Cu(u)
ion.®” As observed for the other complexes, no {-OH] stretch-
ing vibration was observed in the range of 3480-3429 cm
suggesting the absence of water molecule coordination with
Cu(n) in the complex.

In addition, the number of vibrational modes were com-
pared with the theoretically obtained values. The number of
vibrational modes for the Co complex is 120; for the Fe
complex, it is 123; and for Cu, it is 111. However, according
to the theoretical calculations by DFT, the vibrational mode was
129 for the Co complex, 132 for the Fe complex, and 120 for the
Cu complex. There is was slight increase in the vibration
frequency in the optimized geometry due to the gaseous state
used for the theoretical calculations.

3.2. Electronic properties

In the UV-visible spectrum, electronic transitions were observed
at 247, 319, and 387 nm for SALPHEN (Fig. 2 and Table 1),
which originated from the 1 — n* and n — w* transitions
corresponding to azomethine (C—N) and phenolic oxygen (OH)
of SALPHEN.®® In the UV spectra of the metal complexes, the
transition at around 250 nm remained unchanged during the
formation of the complex due to the intra-molecular 1 — w*
transition within the ligand molecule. The transition at around
331-393 nm is associated with the n — n* transition originat-
ing from the phenolic groups involving a bathochromic shift
during the complexation, indicating the ligand coordination
with the metal ion. For example, the Fe(u) complex exhibited
transitions at 299 and 288 nm originating from the LMCT and
n — 7*, which correspond to phenolic oxygen and coordinated
water molecule present in the coordination sphere, respec-
tively. In addition, bands were observed at 329 and 334 nm,
corresponding to the °A,;; — °T,, and °A;; > °Ty, spin and
multiplicity forbidden transitions, respectively, confirming the
presence of a low-spin octahedral configuration for Fe(m) (d°).°
The low-spin nature of Fe(u)-SALPHEN was further supported
by measuring the magnetic moment (u.) of 1.82 B.M. at
room temperature, showing its paramagnetic nature with one
unpaired electron.
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Fig. 2 UV-Vis absorption spectra of SALPHEN and its metal complexes in
DMF (1 x 1073 M) at 25 °C.

In the case of Co(u)-SALPHEN, a typical d-d transition at
458 nm corresponding to A, + “E — *B; was observed. The
bands (319 and 387 nm) observed for the ligand shifted to 331
and 393 nm for Co(u)-SALPHEN, where the latter peaks are
assigned to MLCT, “A, + “E — “E(P) and “A, + “E — *A,(P),
respectively, which originated from the square pyramidal geo-
metry of the Co(u) complex.”® Similar to the iron complex, the
band at 294 nm corresponding to the n — =n* transition
originated from the coordinated water molecule present in
the coordination sphere. The magnetic moment (i,
1.78 B.M.) determined for the Co(u) complex corresponds to
one unpaired electron, suggesting its low spin and paramag-
netic character.

The Cu(n) complex exhibited a n — 7* transition at 287 nm
and LMCT transition at 350 nm. The typical d-d absorption
bands for Cu(u) in the square planar coordination were
observed at 657 and 618 nm, which are generated from the
*Big = “Byg (dro—y2 — dyy) *Big > *Asg (dye_y2 — d2) transition,
confirming its geometry with SALPHEN.” Also, it was found to
be paramagnetic with a magnetic moment, fig, of 1.91 B.M.,
which is in good agreement with the spin-only value of the

View Article Online
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square planar complex.”"”” In addition, the corresponding
molar extinction coefficients (¢) were determined and shown
in Table 1. In general, the metal complexes exhibit higher
molar extinction coefficients compared to SALPHEN. Among
the studied metal complexes, Fe(in)-SALPHEN showed the high-
est molecular extinction coefficient at its maximum absorption
values (2.04 x 10° 1.66 x 10°, 1.57 x 10°, and 1.21 x
10° M~ ecm™), as well as broader and stronger UV-Vis absorp-
tion bands compared to other metal ions. However, Cu(u)-
SALPHEN presented the maximum molar extinction coefficient
of 1.32 x 10> M~ " ecm ™" and the longest wavelength absorp-
tion band, reaching up to 657 nm. Furthermore, a very low
molar conductance was calculated for all the complexes
(Fe(u)-SALPHEN, 3.93; Co(u)-SALPHEN, 2.15; Cu(u)-SALPHEN,
5.44 Q7' cm® mol ! in DMF), which indicates the existence of
neutral and non-electrolytic natures.

TD-DFT absorption spectra. For all the metal complexes,
their TD-DFT electronic spectra were determined (Table 2),
where the electronic transitions of the metal complexes were
observed at higher wavelengths compared with the experi-
mental results, indicating that the metal complexes are highly
sensitive to the solvent due to ion-dipole, dipole-dipole, and
hydrogen-bond interactions. The absorption bands detected for
the complexes in the visible and UV regions originate from the
metal-ligand charge transfer (MLCT), ligand-metal charge
transfer (LMCT), and intra-ligand transitions (n — o©*) or
(6 = ™)y (Maromatics = Mhromatics) (250-350 nm), and above
250 nm is normally from the oxide ion (07) m — m} .
dM — n§-; dM — 1§~ (MLCT); O™ (1) — Md (LMCT); and also
from some weak d-d transitions.”

Nevertheless, there was an alteration in the band position
for the different metal ions in [M-SALPHEN]"" (n = 3, M = Fe;
n =2, M = Co and Cu), where the greater intensity of the
higher-energy peaks originated from the metal-ligand charge
transfer (MLCT). The following orbital electronic transitions
were obtained in the ground state and in the excited state
by employing the B3LYP/DGDZVP double-zeta basis set:
for [Fe(SALPHEN)CI(H,O)] in the ground state, its orbital

Table 1 UV-Vis absorption and electronic properties of SALPHEN and its metal complexes

Compound (4) nm Electronic transitions Molar extinction coefficient (¢) (M~* cm ™)
SALPHEN 247 n - % n - n* 4.91 x 10°
319 n — * 3.12 x 10’
387 n - n* 3.06 x 10°
Fe(m)-SALPHEN 249 T > T n - ¥ 2.04 x 10°
Low spin d* 288 n — m* 1.66 x 10°
Octahedral® 299 LMCT 1.57 x 10°
335 ®As, — °T, 1.21 x 10°
378 6A1§ - STé 5.08 x 10°
Co(1)-SALPHEN- 250 T > T n - ¥ 7.83 x 10"
Low spin d’ 294 MLCT 4.54 x 10*
Square pyramidal®® 331 ;‘AZ + ;‘E - zAZ(P) 4.37 x 101
393 A, +°E — *E(P) 1.41 x 10
458 ‘A, +*E - ‘B, 1.15 x 10*
Cu(m)-SALPHEN 287 n - n* 1.32 x 10°
Low spin d° 350 LMCT 3.28 x 10*
Square planar®’ 457 ’Big = “Bog (diz—y2 — dy)) 3.02 x 10*
657 *Big = *Asg (dioye > d2) 7.71 x 10°
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Table 2 TD-DFT data obtained for the metal complexes in different spin states in the gaseous state
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Compounds Ground state (GS) Excited state (ES)
[Fe(SALPHEN)CI(H,0)] 5=1/2 5=3/2
Doublet-zeta basis set Wavelength (4, nm)

B3LYP/DGDZVP 369, 420, 499, 1024 424, 556, 615, 766
CAM-B3LYP/DGDZVP 460, 530, 610, 746, 1090 468, 514, 645
Triple-zeta basis set

B3LYP/6-311++g(d,p) 495, 570, 698 537, 607, 738
B3PW91/6-311++g(d,p) 548, 608, 1056 541, 604, 746
B3P86/6-311++g(d,p) 494, 570, 709 520, 599, 761
[Co(SALPHEN)(H,0)] S=1/2 S§=3/2
Doublet-zeta basis set Wavelength (4, nm)

B3LYP/DGDZVP 340, 385, 451 319, 342, 408, 493
CAM-B3LYP/DGDZVP 270, 340, 349 270, 291, 354
Triple-zeta basis set

B3LYP/6-311++g(d,p) 327, 386, 495 292, 339, 397
B3PW91/6-311++g(d,p) 318, 374, 518 304, 328, 377
B3P86/6-311++g(d,p) 326, 385, 504 300, 330, 387
[Cu(SALPHEN)] 5=1/2 5=3/2
Doublet-zeta basis set Wavelength (4, nm)

B3LYP/DGDZVP 241, 289, 327, 439 404, 525

CAM-B3LYP/DGDZVP
Triple-zeta basis set
B3LYP/6-311++g(d,p)
B3PW91/6-311++g(d,p)
B3P86/6-311++g(d,p)

297, 352, 408

291, 352, 406

transitions were HOMO—X to LUMO+Y (X = 0-6, 10-13; Y =
0 + 4); while in the excited state, they were (X = 0-12, Y =0 + 5);
similarly, for [Co(SALPHEN)(H,O)] in the ground state, its
transitions of HOMO—X to LUMO+Y were (X = 0-7, 11; Y =
0 + 2, 4) and its excited-state transitions were (X = 0-7, 11; Y =
0 + 2); and for [Cu(SALPHEN)], its ground-state transitions were
(X = 0-4, 6; 9, 14, 15, 21, Y = 0 + 2), its excited-state orbital
transitions were (X = 0-4, 9-10, 13-14, 18, 21-22). After analyz-
ing the above-mentioned transitions, the high energy band
(413 nm) was assigned to the mixing of the metal orbital LUMO
or LUMO+Y (Y = 0, 7) with the HOMOs of the donor (N,,,) in
the excited state, and the peaks (997, 507, and 423 nm) for
[Fe(SALPHEN)CI(H,O)]; the signal (488 nm and 416 nm)
for [Co(SALPHEN)(H,0)]; and (346 nm and 463 nm) for
[Cu(SALPHEN)] (Fig. 3) confirm the coordination of nitrogen
atoms with the metal ion.”*

Similarly, for the complexes, the electronic orbital transi-
tions such as HOMO—X to LUMO+Y using the B3PW91/
6-311++G(d,p) triple-zeta basis set were obtained as follows:
for [Fe(SALPHEN)CI(H,O)] in the ground state, the transitions
were (X = 0-7, 11-12; Y = 0 + 4), and in the excited state, they
were (X = 0-7, 12; Y = 0 + 5, 11); for [Co(SALPHEN)(H,0)], its
ground-state transitions were (X = 0-6, 11; Y =0 + 2, 4) and its
excited-state transitions were (X = 0-6, 8; Y =0 + 3, 5, 11); and
finally, for [Cu(SALPHEN)], its transitions in the ground state
were (X =0-8,10-11, 13,20, Y=0+4, 6 + 7) and its transitions in
the excited state were (X = 0-5, 7-10, 12-13); Y=0+ 3, 6, 8 + 13.

As observed in Fig. 3(a)l, in the double zeta basis set
DGDZVP with B3LYP and CAM-B3LYP without diffuse and
polarized functions, there is a slight shift in the absorption
peak in the spectra. For example, with B3LYP/DGDZVP in the
ground state, for [Co(SALPHEN)(H,O)], three peaks (340, 385,
and 451 nm) appeared in the ground state spectra are converted

© 2024 The Author(s). Published by the Royal Society of Chemistry

268, 288, 377, 537

291, 352, 412, 439

267, 294, 316, 366, 460, 691

377, 437, 527, 1013
340, 391, 402, 477, 802, 1312
378, 388, 473, 717, 1241

to four peaks (319, 342, 408, and 493 nm) in the excited state.
The accurate displacement of peaks was observed using CAM-
B3LYP/DGDZVP with a dispersion of correlated data. This
indicates that better displacement of the bands (270, 340,
and 349 nm) was obtained for [Co(SALPHEN)(H,O)] in the
ground-state spectrum compared to its excited-state signals
(270, 291, and 354 nm). However, Table 2 and Fig. 3(a)-II show
that with the use of a triple-zeta basis set 6-311++G(d,p) with
B3LYP, B3PW91, and B3P86 with diffuse and polarized func-
tions, a clear shift in the excited-state electronic transitions was
obtained compared to its ground-state peaks. For example, for
[Co(SALPHEN)(H,0)], with B3PW91/6-311++G(d,p), the best
displacement of its electronic transitions was seen in the
ground-state peak (318 nm), which appears at 304 nm in the
excited state; similarly, the other ground state peaks (374 nm
and 518 nm) shifted to 328 nm and 377 nm, respectively, in the
excited state (see Table 2 and Fig. 3(a)-II).

The above-mentioned methods were employed to optimize
the geometry of [Fe(SALPHEN)CI(H,0)] and [Cu(SALPHEN)].
After analyzing the results, in contrast to the above-
mentioned [Co(SALPHEN)(H,O)] complex, a mixture of peaks
was obtained for [Fe(SALPHEN)CI(H,O)] in the red region of the
spectrum, showing a small displacement with a low absorption
intensity both in the ground state and in the excited state for
both the double-zeta basis set and triple-zeta basis set. For
example, for [Fe(SALPHEN)CI(H,O)], with the triple zeta
B3PW91/6-311++G(g,p) basis set, a slight spectral shift to the
blue region was found, namely, the ground state peak (548 nm)
shifted to 541 nm (towards the blue region) in its spectrum in
the excited state. Similarly, the other GS peaks (608 nm and
1056 nm) shifted to 604 nm and 746 nm, respectively, in the ES.
In the case of the double zeta basis set, the absorption bands
(364 nm, 420 nm, and 499 nm in the ground state) shifted to

Mater. Adv, 2024, 5, 3257-3280 | 3263
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Fig. 3 TD-DFT spectra in the gaseous state: () DGDZVP double-zeta basis set and (Il) 6-311++G(d,p) triple-zeta basis set of [CoL}(H,O)] in the ground
state (GS) and excited state (ES). (a) [Co(SALPHEN)(H,O)], (b) [Fe(SALPHEN)CI(H,O)] and (c) [Cu(SALPHEN)].

Table 3 Root mean square of deviation (RMSD), dipole moment (u), polarizability anisotropy (Ax,), and relative energy (kcal mol™) data for
[Co(SALPHEN)(H,0)]

Relative
Polarizability energy values
Double-zeta basis set RMSD (Debye) Dipole moment (u, Debye) anisotropy (Ao, Debye) (keal mol™")
[Co(SALPHEN)(H,0)] (GS) (ES) (GS) (ES) (GS) (ES) (GS)  (ES)
B3LYP/dgdzvp 3.92x107° 291 x107° 3318x 10" 4967 x 10" 244 x 10" 351x10'% 0 6.3a
3.270 x 107 '® 0.93 x 1078 62.7
CAM-B3LYP/dgdzvp 470 x 107° 480 x 1077 7388 x 107" 3563 x 107'® 511 x 107" 261 x107" 0 6.3 a
1.359 x 10 '® 117 x 1078 69.0
Triple zeta basis set
B3LYP/6-311++G(d,p) 9.0 x 107° 545 x 107° 3342 x 10" 4141 x 107" 224 x 10" 222x107'% 0 6.3 a
56.5
B3PW91/6-311++G(d,p)  6.66 x 107° 548 x 107°  3.241 x 107*®*  2.804 x 107** 272 x107"® 1.67x107® 0 3.3
B3P86/6-311++G(d,p) 848 x 107°  3.14 x10° 3229 x 107" 3385 x 10" 240x107"® 1.95x 107 0 194.5 a
2.499 x 107*® 117 x 107*® 238.5

420 nm, 556 nm, and 615 nm in the excited state, respectively (in 388 nm, and 473 nm in the excited state, respectively. Addi-
the red region of the electronic spectrum; see Fig. 3(b)(I) and (II).  tionally, two new bands (717 and 1241 nm) were also observed

Similar results were obtained for [Cu(SALPHEN)], where its in the excited state in the red region of its spectrum, as shown
GS peaks (291 nm, 352 nm, and 406 nm) shifted to 378 nm, in Fig. 3(c)(I) and (II).
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3.3 DFT optical properties

To understand the accuracy of the computational methods,
especially TD-DFT, we employed four different functionals and
analyzed the results comparatively for the complexes in the
gaseous state. In particular, by combining the DGDZVP
basis set (double zeta) with B3LYP and CAM-B3LYP or the
6-311++G(d,p) basis set (triple zeta) with B3PW91 and
B3P86, reliable spectra can be obtained for the metal
complexes,”>’® and the results are presented in Table 3. In
the case of [Co(SALPHEN)(H,0)], [Fe(SALPHEN)CI(H,O)], and
[Cu(SALPHEN)], four different functionals (B3LYP, CAM-B3LYP,
B3PW91 and B3P86) in combination with the DGDZVP (double-
zeta) and 6-311++G(d,p) (triple-zeta) basis sets were applied in
the calculations after considering the polarizability and diffuse
functions. With the B3LYP and CAM-B3LYP having the
DGDZVP (double-zeta) basis set, the results were almost con-
stant, although there was a tendency for the energy to decrease
from the ground state to the excited state. For instance, the
root-mean square of deviation (RMSD) decreased from the GS
to the ES for both functionals (3.92 x 1077 (GS) to 2.91 x
10~° (ES) for B3LYP/DGDZVP) and from 4.70 x 10 ° (GS) to
2.81 x 10~° (ES) in the CAM-B3LYP/DGDZVP dispersion correc-
tion for [Co(SALPHEN)CI(H,O)], although in the latter, the
calculation was performed in a larger interval and the average
energy increased from (6.0 to 69.0 kcal mol™") from the GS to
the ES for both B3LYP/DGDZVP and CAM-B3LYP/DGDZVP
(dispersion correction) (see Fig. 4(a) and (b)), respectively.
Similarly, the data were obtained by the combination of the
triple-zeta basis set, 6-311++G(d,p), with B3PW9, B3LYP, and
B3P86, showing that the root-mean square of deviation (RMSD)
increased from the GS to the ES in the B3PW91 and B3P86/6-
311++G(d,p) triple-zeta basis set (see Fig. 4(a)). Also, the relative
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energy in the range of 194 to 238 kcal mol ™" was observed in the
ES (see Table 3).

3.4. XRD analysis of the complexes

The powder XRD patterns of [Fe(SALPHEN)(OH,)Cl],
[Co(SALPHEN)(OH,)], and [Cu(SALPHEN)] were recorded in
the 20 range of 10-80° using an X-ray diffractometer with Cu
as the anode material, K-alpha [nm] = 0.154060, and the
generator settings of 30 mA and 40 kv (Fig. 5). The results
show well-defined crystalline peaks, suggesting that the metal-
SALPHEN complexes exist in a crystalline phase. The Miller
indices h, k, and [ were calculated and refined using the Match
software, and the lattice parameters including a, b, c, o, f3, y and
V (volume) are presented in Table 4. The d values were obtained
by Bragg’s equation (nA = 2dsin0) using the values of sin 20
considering the &, k, and [ data, and the correction of the d-
values was carried out by comparing the observed density with
that calculated using the X-ray powder diffractogram.””

In the case of the Fe(m) complex, 23 reflections with the
maximum at 20 = 34.87° were observed, with the following unit
cell parameters: a = 5.34 A, b=5.204A,¢c=15.02Aand «=90°, f =
90°, y = 90°. Given that the complex satisfies the conditions
ofa # b # cand o =y = 90° § # 90° it considered to be
monoclinic. Alternatively, for the Co(u) complex, 27 reflections
with the maximum at 260 = 41.08° were detected, satisfying the
conditions of a = b = ¢ and « = f = y = 90° with unit cell
parameters of = b =c=10.78 A and o = § =y = 90° for the cubic
system. Similarly, for the Cu(u) complex, it showed 22 reflec-
tions with the maximum at 20 = 21.91° and it obeyed the
crystallographic rule of a # b # c and o = =y = 90° for an
orthorhombic structure, with the unit cell parameters of a =
8.104 A, b=3.757 A, ¢ = 7.433 A and « = 90°, § = 90°, y = 90°.7575°

g Q o &
& 2
(b) & & & & ¢
CS o R
m/2m1

R

\)
P
1/2721/2 ‘

(a) Root-mean square of deviation (RMSD) value; (b) relative energy; and (c) mean polarizability (Ax) of [Co(SALPHEN)(H,O)] in the gaseous state.
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Fig. 5 Powder XRD patterns of Fe**, Co?*, and Cu®* complexes with
SALPHEN.

The increase in the number of reflections for all the metal
complexes indicates that these structures possess a large spe-
cific surface area and provide good surface permeability, and
thus the irradiation of light on their planes is expected to be
greater compared to other complexes.®'

According to the results, it was observed that for the Co(u)
complex, there are several crystal planes (311, 222, 400, and
331, appearing in the 260 range of 25° to 40°) with significant
intensities; in contrast, for the Cu or Fe complexes in the same
20 range, they had a lower number of crystal planes (002, 011,
and 202 for the Cu(un) complex and 111 113, and 114 for the
Fe(u) complex). In addition, the inter-plane distance (d value)
was determined to be 2.19, 4.05, and 2.57 for the Co, Cu and Fe
compounds, respectively, showing that the Co(u) complex pos-
sesses a comparatively lower value than the other complexes,
which indicates that the array of crystal planes is near to each
other, facilitating the greater absorption of light.**

3.5. Thermal analysis

Thermogravimetric studies were performed at a heating rate of
10 °C min~ "' under an N, atmosphere from 30 °C to 800 °C to
determine the thermal stability and the change in mass with an
increase in temperature. The TGA curves in Fig. 6(a) show
the temperatures associated with thermal events occurring in
SALPHEN and its metal complexes. According to the TGA curve
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of SALPHEN, it is observed that there is a clean and sharp
decomposition with a weight loss of 65% from 248 °C to 409 °C,
which can be attributed to the possible vaporisation of part of
the SALPHEN molecule in this temperature range, while it also
displayed 80% mass loss at 712 °C.

In general, the metal coordination increased the thermal
stability of SALPHEN, suggesting that these metal complexes
can be possible candidates for application in DSSCs. For
example, the Co and Fe complexes remained stable up to
555 °C. However, a very small weight loss of approximately
3% was observed at around 250 °C for both complexes, which
can be attributed to the evaporation of coordinated water
molecules present in both complexes.®* The further mass loss
of 23% (Fe-SALPHEN) and 30% (Co-SALPHEN) was observed at
around 520 °C, which may be related to the decomposition of
some of the fragments resulting from the complex at this
temperature.””> In addition, Fe-SALPHEN showed a gradual
decomposition between 520 °C and 730 °C, with the weight
loss of 23% and 80%, respectively. In contrast, Co-SALPHEN
presented a deep decomposition with 30% to 82% weight loss
between 550 °C and 700 °C, respectively.

In contrast, Cu-SALPHEN only remained stable up to 285 °C;
after that, it started to decompose with a rapid weight loss from
15% to 35% at 335 °C. This is attributed to the thermal
degradation of Cu(n) complexes at higher temperatures,®**>
which also showed 75% weight loss at 798 °C.

According to the differential scanning calorimetry (DSC)
results for SALPHEN and its metal complexes, as shown in
Fig. 6(b), SALPHEN showed a glass transition peak at 133 °C
and sharp endothermic peak at 160 °C; however, the presence
of metal ions generally decreased the glass transition tempera-
ture, which was observed at 106 °C, 67 °C, and 53 °C for the Fe,
Co, and Cu complexes, respectively. This is attributed to the
decrease in the structural rigidity of the SALPHEN molecule in
the presence of metal ions. Similarly, the metal ions expand the
thermal-related phase changes in their crystal systems in
comparison to the SALPHEN molecule, which can be observed
as a decrease in the thermal hysteresis temperature peaks in
the metal compounds, i.e., 119 °C, 112 °C, and 86 °C for Fe, Co,
and Cu, respectively, whereas that for SALPHEN was at 160 °C,
suggesting that these metal compounds can be used as phase
change materials (PCM) for energy renewable applications.®®
Alternatively, SALPHEN showed an exothermic melting tem-
perature of 225 °C, whereas that of the Fe, Co, and Cu
complexes was 424 °C, 395 °C, and 431 °C, respectively. This
increased exothermic peak temperature is due to the increased
crystalline nature of the metal complexes.®”

Table 4 Lattice constants, unit cell volume, crystal system, and inter-planar spacing of the SALPHEN-metal complexes

Lattice constants (A)

a b c

Axial angle (°)

Unit cell volume (A% Crystal system Space group Angle (20) d value (A) Density (g cm™) o f

Co(u)-SALPHEN 10.78 10.78 10.78 1252.73 Cubic
Cu(un)-SALPHEN 8.104 3.757 7.433 226.311

Fe(m)-SALPHEN 5.34 5.20 15.02 417.71 Monoclinic

3266 | Mater. Adv., 2024, 5, 3257-3280

Orthorhombic Pmna

Fm3 41.0815  2.1945 2.500 90 90 90
21.9183  4.0503 2.500 90 90 90
Picl 34.87 2.57 2.028 90 90
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3.6. Experimentally obtained photovoltaic parameters of the
DSSC assembled using the metal complexes

The power conversion efficiency (1) of each DSSC was deter-
mined through their photovoltaic parameters such as short
circuit current (I;.), open circuit voltage (V,.), and fill factor
(FF). For this, the current-voltage capacities (I-V) obtained

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) TGA curves and (b) DSC curves of SALPHEN and its metal complexes.
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from the newly fabricated DSSCs were applied to explore
their photovoltaic parameters, illustrating the I-V character-
istics of the DSSC samples under 100 mW cm ™2 light inten-
sity. Fig. 7 and Table 5 show the photovoltaic parameters
derived from the I-V curves to explore the performance of the
solar cells.®®
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Table 5 Photovoltaic parameters of DSSCs based on SALPHEN and its
metal complexes

Voo (V) I (WA)  FF (%) 1 (%)
SALPHEN 0.56 0.096 18.08 14.7
[Cu(SALPHEN)(OH,)] 1.1 0.544 11.78 13.3
[Co(SALPHEN)(OH,)] 2.2 0.620 15.58 46.2
[Fe(SALPHEN)(OH,)CI]  0.88 0.420 15.82 15.0

where: V. = open circuit voltage, I;. = short circuit current, FF = fill
factor, n = efficiency of power conversion of DSSC.

The power conversion efficiency of the DSSCs was calculated
using eqn (1), as follows:

Py _ IcVoFF (1)
Pin Pin

where P, is the incoming light power density, P,,, is the output
power density, () is the short circuit current, and (V) is the
open circuit voltage.

In addition, the fill factor, FF, is defined as the ratio of the
maximum power output product (P,,) to the product of short
circuit photocurrent and open circuit voltage, which can be
derived from eqn (2), as follows:

Py _ Imp X Vmp

FF = =
ISC X VOC ISC X VOC

(2)

where I,, and Vy,;, represent the photocurrent and photovol-
tage corresponding to the maximum power point of each DSSC,
respectively.

The data show that the I-V properties of M(SALPHEN)
exhibited a significant change with a change in the metal ion
of the complex, given that the nature of the metal ion coordina-
tion with SALPHEN differs, impacting the electron-transfer

3268 | Mater. Adv, 2024, 5, 3257-3280

mechanism of the DSSC. Similarly, the metal coordination
enhanced the power conversion efficiency () of SALPHEN,
where the maximum () was obtained for the DSSC fabricated
using the Co(u) complex (46.2%). In addition, to understand the
power conversion efficiency and its corresponding electron
transfer mechanism for the newly fabricated metal complex-
based DSSCs, theoretical energy calculations of the various
excited states of each metal complex were systematically per-
formed by DFT.

3.7. DFT calculations

Natural transition orbitals (NTOs). The DFT calculation with
B3LYP at DGDZVP was performed to optimize the structure of
all the metal complexes. The transition density matrices (Fig. 8)
were obtained using the TD-DFT absorption spectra of the
complexes, through which NTO was obtained to explain the
transition electron density between the ground and excited
states.®® According to the NTO studies of [Fe(SALPHEN)CI(H,0)],
[Co(SALPHEN)(H,0)], and [Cu(SALPHEN)] (S = 1/2) in the ground
state, the delocalization nature of the metal complexes and
intuitive nature of the orbitals were described by observing the
involvement of hole-particle excitation.*!*>

This was further explained by the NTOs of the canonical
base (Fig. 9) of each complex, which illustrate the hole con-
tribution with the delocalization from the LUMO over HOMO,
showing that the hole NTO localization on the metal center and
the electron NTO delocalization over the o* orbital for Cl, n* for
the H,O moiety, and ¢ and n orbitals for the SALPHEN. For
example, the absorption maximum (413.17 nm) obtained for
[Fe(SALPHEN)CI(H,O)] gives NTO pairs related to the MLCT
states (charge-transfer), suggesting that the excitation electron
moves from the occupied orbitals (hole) to the unoccupied

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Natural transition orbitals (NTOs) derived from the B3LYP/DGDZVP basis set at S = 1/2, orbital 75 (particle), and orbital 76 (hole) for (a)
[Fe(SALPHEN)CLI(H,0)], excited-state number 25, orbital 109 (particle), and orbital 110 (hole); (b) [Co(SALPHEN)(H,O)], excited-state number 20, orbital
101 (particle), and orbital 102 (hole); and (c) [Cu(SALPHEN)], excited-state number 35, orbital 97 (particle), and orbital 98 (hole).

orbitals. Thus, the transition would be 109 (HOMO) and 110
(LUMO) for [Fe(SALPHEN)CI(H,0)] at 0.57251 eV, and its orbi-
tal energy is 13.17 kcal mol ' in the excited state. Similarly,
[Co(SALPHEN)(H,0)] yields 101 (HOMO) and 102 (LUMO) at
0.81071 eV with an orbital energy of 18.65 kcal mol™" in the
excited state. [Cu(SALPHEN)], in the excited state (f= 0.6320, 1 =
294.64 nm), the transition gives 97 (HOMO) and 98 (LUMO) at
0.59439 eV with an orbital energy of 13.67 kcal mol *. The
decreased HOMO-LUMO energy gap observed for the copper
complex suggests its increased charge-transfer (CT) excitations
and that it can be used in photovoltaic applications to achieve
high solar power generation.
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Alternatively, to understand the light harvesting properties
of the synthesized metal complexes, different excited-state levels
were considered. After analyzing approximately 40 excited-state
levels for [Fe(SALPHEN)CI(H,O)], excited energy level 25 was
chosen as the excited state given that it describes a relatively
greater oscillator strength (f = 0.0651 and 2 = 413.17 nm).
Similarly, for [Co(SALPHEN)(H,O)] and [Cu(SALPHEN)], the NTOs
resulted in the particle and hole at excited state level 20 for the
former and level 35 for the latter complex (Fig. 10 and 11),
respectively.

The hole contribution with the delocalization from LUMO
over HOMO was identified for each complex, and it shows the

(b) HOMO

—0. 26425 Excited state=25, {=0.0651 —— 0,57251 eV, 710 nm, 13.17 kcal/mol
A=413.96 nm

(a) Canonical orbitals involved in the 16th excited state according to TD-DFT. (b) NTOs for [Fe(SALPHEN)CLI(H,O)]. Orbital 109 (particle) and orbital

110 (hole) exhibit the largest occupations for excited state no. 25. [Fe(SALPHEN)CL(H,O)] at a multiplicity of S = 1/2, determined with B3LYP/DGDZVP.
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(a) Canonical orbitals involved in the 16th excited state according to TD-DFT. (b) NTO for [Cu(SALPHEN)]. Orbital 97 (particle) and orbital 98

(hole) exhibit the largest occupations for excited state no. 35. [CU(SALPHEN)] at a multiplicity of S = 1/2, determined with B3LYP/DGDZVP.

hole NTO localization on the metal center and the electron
NTO delocalization over the o* orbital for Cl and n* for the H,O
moiety and the ligand o and & orbitals. The absorption max-
imum (413.17 nm) obtained for [Fe(SALPHEN)CI(H,O)]
gives NTO pairs related to the MLCT states (charge-transfer),
indicating that the excitation electron moves from the occupied
orbitals (hole) to the unoccupied orbitals. Thus, the transition
would be 109 (HOMO) and 110 (LUMO) for [Fe(SALPHEN)-
CI(H,0)] at 0.57251 eV, and its orbital energy is 13.17 kcal mol "
in the excited state. Similarly, [Co(SALPHEN)(H,O)] yields 101
(HOMO) and 102 (LUMO) at 0.81071 eV with an orbital energy of
18.65 kcal mol " in the excited state. [Cu(SALPHEN)], in the
excited state ( f= 0.6320 and 4 = 294.64 nm), the transition gives
97 (HOMO) and 98 (LUMO) at 0.59439 eV with an orbital energy of
13.67 keal mol .

According to the CT excitation in the gas phase, the Co(u)-
SALPHEN chromophore can be used in photovoltaic applica-
tions to achieve high solar power generation, which determines

3270 | Mater. Adv., 2024, 5, 3257-3280

the efficiency of the photovoltaic device in the open-circuit
voltage (V,) related to the charge transfer excitation energy.

3.8 Molecular orbitals (MOs)

For the metal complexes, the binding nature of SALPHEN with
the metal centers was analyzed by the MOs, where the frontier
molecular orbitals (Fig. 12 and 13) show clear overlapping of
the metal d orbital, i.e., [M(u), dy2_y2], with that of the p orbital
from the ligands to result HOMOs in the ground and excited
state compared to the trivalent metal ion. For example, in the
case of [Co(u)(SALPHEN)(H,0)] in the ground state, overlapping
of the MOs exists between HOMO to HOMO—X (X = 0-7, 11),
while that for the excited state is HOMO—X (X = 0-8); for
[Cu(u)(SALPHEN)] in the ground state, overlapping of the Mos
was observed from HOMO to HOMO—X (X = 0-4, 9, 14, 15, and
21), while for the excited state, it was HOMO—X (X = 0-4, 9-10,
13-14, 18, 21-22). These interactions result in increased partial
charge transfer the through metal complexes. Alternatively, for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Optimized molecular structures by B3LYP functional: SALPHEN
and its frontier molecular orbitals (HOMO and LUMOs) in the gaseous state
(a) B3LYP/DGDZVP and (b) B3LYP/6-31G**.

[Fe(SALPHEN)CI(H,0)], less significant interaction of the d
orbital (M**) with n/p of the ligands as HOMO to HOMO—X,
(X =0-6,10-13) was observed in the ground state, while that for
the excited state was HOMO—X (X = 0-12). This is because the
axial bond in M(m)-OH, was observed in the Oh geometry (see
Fig. 12 and 13; ESL,} Fig. S1-S6 and Tables S1-516), confirming
the involvement of a singly occupied orbital (SOMO) of the
metal ion with the n* orbital (O7) in the intermediate-spin
states, increasing the covalent nature of the bond through the
distribution of electron density over Fe-O.

In addition, the observed lower energy unoccupied orbitals
(LUMOSs) show the overlapping of n-type [SALPHEN nitrogen
and O~ atoms] with d (metal ion) orbital, explaining the over-
lapping of d,2_,. (metal ion) with the orbitals from O™. There-
fore the excitations can be from HOMO—X to the unoccupied
antibonding orbitals, i.e., 7* (LUMO and LUMO+X).

According to the MOs, the decrease in the d,._,. energy
was observed to follow the order of [Fe(SALPHEN)CI(H,O)]
(—2.63 eV) > [Cu(SALPHEN)] (—2.44 €V) > [Co(SALPHEN)(H,O)]
(—2.37 eV) in the ground state (Fig. 13). Similarly, the d,» energy
decreases in the order of [Fe(SALPHEN)CI(H,O)]"* (—2.76 eV) >
[Cu(SALPHEN)** (—2.22 €V) > [Co(SALPHEN)(H,O)[*" (—2.06 eV)
(Fig. 13). Alternatively, in the excited state, the dyo_,» d, energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decreased considerably for all the metal complexes, which was
observed to follow the order of [Cu(SALPHEN)| (—4.50 eV) >
[Fe(SALPHEN)CI(H,0)] (—3.37 eV) > [Co(SALPHEN)(H,O)]
(—2.11 eV) and [Cu(SALPHEN)] (—3.06 eV) > [Fe(SALPHEN)-
CI(H,0)] (—2.64 eV) > [Co(SALPHEN)(H,0)] (—1.79 eV). In both
the ground and the excited state, a decrease in the d orbital energy
was observed in the cobalt complexes, suggesting that there is
increased repulsion on the d orbitals, especially with the de_
energy. This allows the easier charge transfer (CT), which is con-
sistent with the Jahn-Teller distortion because of the electrostatic
axial interaction (O™ ) with the Co(u) ions (see ESL, Fig. S7-S9).

In addition, the electron density isosurface of the HOMO
and LUMO for all the complexes was analyzed at the B3LYP/
DGDZVP level to understand the polarization and charge
transfer contributions with the connectivity of atoms through
the electron density movements, as shown in Fig. 14. According
to the molecular graph for [Fe(ur)(SALPHEN)CI(H,0)], the con-
tour electronic density over the molecular orbital surface shows
the connectivity of the atoms (N1, N2, O1, 02, and axial Cl) with
the metal ions forming a square pyramid base. A negative
electron density for oxygen (—0.501), nitrogen (—0.345), and
chloride (—0.282), and a positive electron density (0.623) for
Fe(m) in Fe(m)-O in the excited state were detected. Similarly,
for [Co(u)(SALPHEN)(H,O)], the electron density was (—0.818)
for oxygen, (—0.400) for nitrogen, and (0.720) for Co(u) in
Co(u)-O. In the case of [Cu(u)(SALPHEN)], the electron density
of (—0.488) for oxygen, (—0.352) for nitrogen and (0.583) Cu(u)
was observed for Cu(u)-O. The bonding of oxygen with the
metal ions follows the order of Co-O > Cu-O > Fe-O and the
negative electron density observed for Co-O suggests that the
Co-O bond is so strong that it forms a coordination bond with
the ligand. The maximum and minimum of the electron
density indicate that there is an interaction between the metal
(acceptor) and O or N (donor). According to the results, it is
observed that the iron and copper complexes can participate in
the higher charge transfer in the gaseous state.

3.9 Theoretical photovoltaic parameters

To explain both the ground-state and the excited-state beha-
viour in the electron transfer process during the solar cell
performance, the energy level of the molecular orbitals of each
complex was calculated using different functionals and basis
sets, including CAM-B3LYP, B3PW91, B3P86 with DGDZVP, and
6-311++G(d,p), (Tables S7 and S8, ESIt), and used to determine
the photovoltaic parameters theoretically, which were further
compared with the experimentally obtained power conversion
efficiency of each metal complex-based DSSC. The efficiency of
a DSSC depends mainly on the electron transition between the
excited state (LUMO) and the ground state (HOMO) orbitals of
the photosensitizer. The obtained results show that the mole-
cular orbitals of the metal complexes are involved in the
electron transition; for example, the HOMO, HOMO—1, LUMO,
and LUMO+1 energy levels are greatly involved in the process
given that the position of the LUMO level of the sensitizer must
be above the conduction band (CB) of the semiconductor (TiO,,
—4.0 eV) and its HOMO level should be below the redox
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Fig. 13 Frontier molecular orbital energy level diagram: (a) in the ground
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HOMO

Fig. 14 Electron density isosurface (contour 0.05 e A~%), HOMO, and
LUMO derived at the B3LYP/DGDZVP level. HOMO and LUMO contour plots
(isosurface value = 0.05 a.u) of the complexes: (a) [Fe(SALPHEN)CI(H,O)],
(b) [Co(SALPHEN)(H,O)], and (c) [CUu(SALPHEN)] in the gaseous state. Color
code used for the structure of molecules: C (grey), H (white), N (blue), O (red)
and metal ions (turquoise/blue for Fe(i) and Col(i); turquoise/red for Cul(i),
respectively).

potential of the electrolyte used (I"/I*~, —4.8 eV). The above-
mentioned levels allow charge injection from the sensitizer to
conduction band of TiO, and the regeneration of the sensitizer
occurs by electrons from the electrolyte.®’ According to the
results obtained from the excited energy level calculations of
these metal complexes, it was observed that these complexes
are suitable candidates for application as the photosensitizer in
the fabrication of DSSCs.
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Therefore, to determine the energy conversion efficiency of
each solar cell device fabricated using SALPHEN and its metal
complex sensitizers, the following equations were applied from
the literature.®® For example, to determine theoretical open
circuit voltage, the energy of each sensitizer molecule (Eyymo),
which requires electron injection from the LUMO to the con-
duction band energy of TiO,, was used, as shown in the
following equation:

Voec = ELumo — Ecs (3)

where V,. is the theoretical open circuit voltage and E¢g is the
conduction band edge of the semiconductor substrate, (TiO,,
—4.00 eV).

Similarly, the short circuit current (I.) for the DSSCs was
determined theoretically using the following equation:*°

I = ‘[LHE(A)dSinject"Icollectdi (4]

where LHE (4) is the light-harvesting efficiency at a specific
wavelength (1), @injecc is the electron injection efficiency, and
Neollect 1S the charge collection efficiency. The LHE can be
calculated using the oscillator strength ( f) of each sensitizer,
as follows (eqn (5)):"

LHE=1 - 107 (5)

Pinjece is related to the driving force (AGipjec) of electrons
injected from the excited states of dye molecules to the con-
duction band of each DSSC. It can be determined using the
following equation:®*

iti TiO
AGinject _ Eg;rm izer)x Ecig )
G o Tio
— ESOS)I'ésl 1zer + E(S)?ISI 1zer EC;B 2 (6)
Thus, the theoretical power conversion efficiency of each of
the synthesized complex-based DSSCs was calculated using the
eqn (3)-(6) and summarized in Table 6.

Table 6 Comparison of theoretically calculated photovoltaic parameters for SALPHEN and its metal complexes using different functionals and basis sets

EHOMO ELUMO

*
ESensitizer Esensitizer

AG, g Voe Oscillator Half-life

Compound Spin (eV) (ev) E® (eV) (eV) AGipject (€V) (V) LHE  (eV)  strength (f) (ns)
Functional/double-zeta basis set
SALPHEN B3LYP/DGDZVP GS —6.154 —2.134 4.02 6.154 2.134 1.866 1.354 0.95984 1.866 0.4016 0.09855824
B3LYP/6-31G** GS —5.826 —1.83 3.996 5.826 1.83 2.17 1.026 0.97155 2.17 0.2845 0.15523098
Fe-SALPHEN B3LYP/DGDZVP GS —6.02 —2.764 3.256 6.02 2.764 1.236 1.22 0.99349 1.236 0.0651 0.6353714
ES —6.217 —3.372 2.844 6.217 3.373 0.627 1.417 0.99435 0.628 0.0565 0.6864224
Co-SALPHEN GS —5.476 —2.375 3.101 5.476 2.375 1.625 0.676 0.9805 1.625 0.195 0.25635403
ES —5.498 —2.29 3.208 5.498 2.29 1.71 0.698 0.98259 1.71 0.1741 0.28483502
Cu-SALPHEN GS —5.742 —2.98 2.762 5.742 2.98 1.02 0.942 0.9368 1.02 0.632 0.07193797
ES —5.683 —4.499 1.184 5.683 4.499 —0.499 0.883 0.97066 —0.499 0.2934 0.15819262
Functional/triple-zeta basis set
SALPHEN B3PW91/6- GS —6.305 —2.307 3.998 6.305 2.307 1.693 1.505 0.97059 1.693 0.2941 0.12821429
Fe-SALPHEN 311++G(d,p) GS —6.066 —2.739 3.327 6.066 2.739 1.261 1.266 0.99078 1.261 0.0922 0.44184088
ES —6.314 —3.198 3.116 6.314 3.198 0.802 1.514 0.99393 0.802 0.0607 0.61944648
Co-SALPHEN GS —5.482 —2.441 3.041 5.482 2.441 1.559 0.682 0.98548 1.559 0.1452 0.3435239
ES —5.606 —2.339 3.267 5.606 2.339 1.661 0.806 0.98635 1.661 0.1365 0.3494321
[Cu(SALPHEN)]% GS —5.787 —2.529 3.258 5.787 2.529 1.471 0.987 0.96657 1.471 0.3343 0.13389313
ES —5.558 —4.872 0.686 5.558 4.872 —0.872 0.758 0.96887 —0.872 0.3113 0.15587822

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The calculated photovoltaic parameters of the metal
complex photosensitizers show that their metal ions and
corresponding electronic properties have a significant influ-
ence on the power conversion efficiency of the DSSCs. For
example, AGipject, AGreg, LHE, and the excited-state lifetime
(), which were used to determine the open circuit voltage (Vo)
and short circuit current (I.), have a direct influence on the
effectiveness of the DSSC, showing a significant change upon
metal coordination. As shown in Table 6, the metal ion gen-
erally increased the LHE and half-life time compared to SAL-
PHEN alone, revealing the higher absorption ability of the
photons by the metal complexes in the UV-visible region, which
can assist in the higher injection of photo-excited electrons into
the CB of TiO,. This observation is consistent with the experi-
mental results (Table 5), where the metal complexes showed a
higher power conversion efficiency than SALPHEN alone.
Furthermore, the decrease in the AGijpjcc value after the metal
ion coordination suggests the easier injection of electrons into
the CB of TiO,. Among the studied complexes, Cu(u)-SALPHEN
showed the lowest AGjyjece due to its multi-valence response
behavior, which supports its strongest metal to ligand electron
transfer. In addition, the greater value of AG., for Co(u)-
SALPHEN and Fe(m)-SALPHEN indicates the longer life time
of excited electrons in their CB, which can enhance the overall
luminescence quantum yield of the DSSC.

In addition, the reactivity parameters such as chemical
potential (u), chemical hardness (i), softness (S), and electro-
negativity () of the sensitizers (metal complexes) were calcu-
lated using Exomo and Epumo, Which were used to explain the
influence of the physicochemical properties on the electronic
structure and PCE. The following equations (eqn (7)—(9)) were
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used and the data are shown in Table 7.

_ Erumo + Enomo

Chemical potential(u) = — 5 (7)
Electronegativity (y) = —u (8)

. E — E
Chemical hardness(iy) = ——m0 —_ “HOMO 9)

2

The chemical reactivity parameters (Table 7) such as the
chemical potential (u) of the metal complex sensitizers have
higher values than that of the TiO, semiconductor (—4.66 eV),”?
suggesting that the electron transfer from the sensitizer to the
CB of TiO, would be relatively straightforward. The chemical
hardness (1) of all the compounds was lower than that of TiO,
(3.78 eV),°* indicating that all the sensitizers can release
electrons compared to TiO,. Also, the electronegativity () of
the metal complexes is lower than that of TiO, (—4.66 eV),
illustrating that TiO, may easily accept electrons from these
sensitizers.

The influence of the excited-state electron lifetime for each
sensitizer was determined using eqn (10), as follows:**

1499
t Cfx E?

(10)

where E denotes the transition energy between the various
excited states and f indicates the oscillator strength. According
to the results in Table 6, it can be observed that the metal ion
coordination improved the excited-state electron lifetime,
which indicates that the metal complexes show improved
charge transport ability to avoid the loss of energy during the
DSSC operation.

Table 7 Calculated chemical reactivity parameters (eV) for the metal complexes of SALPHEN using B3LYP, CAM-B3LYP with the DGDZVP double-zeta

basis set and B3LYP, B3PW91, and B3P86/6-311++(d,p) triple-zeta basis set

Hardness (1)

Softness (o) Chemical potential (x) Electronegativity (y)

Compounds Eur HOMO LUMO AE
B3LYP/dgdzvp (double-zeta basis set)
SALPHEN

—1031.81 —6.154 —2.134 4.020 2.010
[Fe(SALPHEN)CI(H,0)]
GS —2830.85 —6.020 —3.256 3.256 1.628
ES —2830.87 —6.217 —3.372 2.844 1.422
[Co(SALPHEN)(H,0)]
GS —2489.72 —5.476 —2.375 3.101 1.551
ES —2489.61 —5.498 —2.290 3.208 1.604
[Cu(SALPHEN)]
GS —2670.90 —5.742 —2.890 2.762 1.381
ES —2670.54 —5.683 —4.499 1.184 0.592
B3LYP/6-311++G(d,p) (triple-zeta basis set)
SALPHEN

—1031.28 —6.305 —2.307 3.998 1.999
[Fe(SALPHEN)CI(H,0)]
GS —2830.44 —6.066 —2.739 3.327 1.664
ES —2830.46 —6.314 —3.198 3.116 1.558
[Co(SALPHEN)(H,O)]
GS —2489.62 —5.482 —2.441 3.041 1.521
ES —2489.61 —5.606 —2.339 3.267 1.633
[CU(SALPHEN)]
GS —2670.62 —5.787 —2.529 3.258 1.629
ES —2670.54 —5.558 —4.872 0.686 0.343
3274 | Mater. Adv,, 2024, 5, 3257-3280

0.467 4.14

0.614 —4.390 4.390
0.703 —4.795 4.795
0.645 —4.360 4.360
0.624 —3.894 3.894
0.724 —3.930 3.930
1.689 —5.091 5.091
0.500 —4.306 4.306
0.601 —4.403 4.403
0.642 —4.756 4.756
0.658 —3.962 3.962
0.612 —3.973 3.973
0.614 —4.158 4.158
2.914 —5.215 5.215

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

SALPHEN-based Schiff base metal complexes with Co(u), Cu(1r),
and Fe(m) ions were synthesized and characterized and the
structural and electronic properties of the synthesized com-
plexes were analyzed through experimental results and theore-
tical calculations using DFT. All the metal complexes presented
high thermal stability, indicating their possible application as
photosensitizers in solar cell devices. Further, dye-sensitized
solar cells (DSSCs) were fabricated using the synthesized SAL-
PHEN and its metal complexes, and their photovoltaic para-
meters such as short circuit current (I.), open circuit voltage
(Voc), and fill factor (FF) were recorded, and the I-V curves of
each DSSC were used to determine its power conversion effi-
ciencies (). The results show that metal ion coordination
generally enhanced the power conversion efficiency of SAL-
PHEN due to the increased m-character by metal chelation.
According to the results, co-sensitization with Co(u)-SALPHEN
was beneficial for a higher power conversion efficiency com-
pared to the other complexes. In the metal complexes, the
amino group from the ligand acts as an anchoring group and
facilitates the easy transfer of electrons from the LUMO of
SALPHEN to the conduction band of the TiO, layer, and thus
the metal complexes showed an increase in efficiency of 13.3%,
42.2%, and 15%, respectively, compared to SALPHEN (12%).
Among the metal complexes, Co(u)-SALPHEN showed the great-
est improvement in power conversion efficiency due to the
increased photo-induced electron transfer. In addition, accord-
ing to the DFT calculations, it was observed that the metal
complexes showed a greater d orbital overlapping through the
LUMO of the amino group from the ligand, which acts as an
anchoring group, facilitating the easy transfer of electrons to
the conduction band of the TiO, layer. The obtained HOMO-
LUMO gap for the complexes using the B3LYP, CAM-B3LYP
functionals with the DGDZVP double-zeta basis set and B3LYP,
B3PW91, and B3P86/6-311++(d,p) triple-zeta basis set showed a
decrease, following the order of Co(u) > Fe(u) > Cu(u) in the
excited state, suggesting that the Co(u)-complex is a potential
sensitizer for DSSCs.

Abbreviations

SALPHEN N,N-Bis(salicylimine)-o-phenyldiammine
DSSC Dye-sensitized solar cell
n Power conversion efficiency

MLCT Metal-to-ligand charge transfer
LMCT Ligand-to-metal charge transfer
MC Metal-centered

TGA Thermogravimetric analysis

FF Fill factor

DFT Density functional theory

TD-DFT Time-dependent density functional theory
D Electron donor

A Electron acceptor

NIR Near-infrared region

PCE Power conversion efficiency
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ICT Intramolecular charge transfer

LHE Light-harvesting efficiency

Voe Open circuit voltage

AGipject Driving force

HOMO Highly occupied molecular orbital

LUMO Low unoccupied molecular orbital

Heff Effective magnetic moments

DSC Differential scanning calorimetry

FTO Fluorine-doped tin oxide

CB Conduction band

B3LYP Hybrid functionals Becke, 3-parameter, Lee—
Yang-Parr.

CAM-B3LYP  Coulomb attenuating method-hybrid func-
tionals Becke, 3-parameter, Lee-Yang-Parr

B3PW91 Exchange component of Perdew and Wang’s
1991 functional

B3P86 Hybrid functionals Becke, 3-parameter Perdew
86.

FF Fill factor

Dinject Electron injection efficiency

Neollect Charge collection efficiency

AGipject Driving force

RMSD Root-mean square of deviation

NBO Natural bond orbital

NTO Natural transition orbitals

f Oscillator strength

T Electron lifetime

GS Ground state

ES Excited state

u Dipole moment

Ao Polarizability anisotropy

PCE Power conversion efficiency

NIR Near-infrared region

ICT Intramolecular charge transfer

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry

& Molar extinction coefficient

A Wavelength (nm)

ns Half life

u Chemical potential

b4 Electronegativity

n Chemical hardness

Cz-D2 dyes 4,4’-(9-Octyl-9H-carbazole-3,6-diyl)bis(2,3-

difluoro benzaldehyde) [Cz-2PhF2-CHO]
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