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This work explores one centrosymmetric binuclear Cu(i)-Salen complex synthesis, characterization,
photosensitive Schottky barrier diode (PSBD) function, and DFT spectrum. The crystal growth involves
HoL%At and Cu(NOs)»-3H,O in CHsOH + ACN (acetonitrile) solvent medium. Herein, structural
characterization employs elemental, IR/Raman, NMR, UV-VIS, DRS, SEM-EDX, PXRD, SCXRD, and XPS
analyses. The complex crystal size is 0.2 x 0.2 x 0.2, showing monoclinic space group C2/c. The
dimeric unit contains two Cu(i) centres with distorted square pyramidal (SQP) geometries. The crystal
packing consists of weak C—H---O interactions. DFT and Hirshfeld surface (HS) further substantiated the
packing interactions, providing valuable insights into the underlying mechanisms. The 2-D fingerprint
plots showed the presence of N---H (3%) and O---H (8.2%) contacts in the molecular arrangement. NBO,
QTAIM, ELF-LOL, and energy frameworks are utilized to investigate the bonding features of the complex.
We extensively studied electrical conductivity and PSBD for H,L"" and the complex based on band gap
(3.09 and 3.07 eV). Like an SBD, the complex has better electrical conductivity, evidencing potentiality in
optoelectronic device applications. Optical response enhances conductivity, according to [-V
characteristics. Complex Schottky diode has lower barrier height, resistance, and higher conductivity
under light. The complex transports charge carriers through space and is rationalized by the 'hopping
process’ and ‘structure—activity-relationship’ (SAR). The charge transport mechanism was analysed by
estimating complex mobility (uef), lifetime (z), and diffusion length (Lp). The experimental and theoretical
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rsc.li/rsc-advances DOS/PDOS plots provide evidence for the Schottky diode function of the complex.

Introduction ubiquitous properties' and wide range of physicochemical
characteristics.>” The ligands' N/O-donor atom versatility makes

Salen ligands (H,L*")/(H,L**"Y), (SAL = salicylaldehyde, R = stabilizing components via complex formations across multiple

substituted group), which are well-received Schiff bases (SBs) oxidation states.*>® Furthermore, a recent eye-catching trend is
containing nitrogen (N) and oxygen (O) donor atoms, have been  investigating (H,L>*")/(H,L"*"}-metal complexes or coordination
extensively researched over the last few years due to their polymers (CPs) electrical conductivity and charge transport
properties®** (Scheme S17). Several reasons exist for selecting
) ) ) Salen-metal complexes or their CPs for photo-switching Schottky
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bandgap of Salen metal complexes/CPs can be adjusted by
controlling linker size. It generally expands the size or conjuga-
tion of organic linkers, effectively reducing the band gaps.*” Salen
ligands containing aromatic ring m-conjugated systems have also
enabled metal complexes to exhibit fascinating electrical con-
ducting properties.”*** Salen ligand's simplistic synthesis route
makes the development of metal complexes time-efficient and
less expensive. Incorporating different R-groups within ligand
molecules modulates significant characteristics of resulting
metal complexes. Therefore, Salen complexes or CPs are ideal for
photosensitive switching devices due to their electrical
conductivity.*>>** Furthermore, M(II)-Salen (M = versatile metal
ions) complexes are quickly produced, yields are satisfactory, and
they are in high demand in contemporary photo-switching
devices." However, due to the numerous limitations, preparing
successful semiconducting Salen complexes can be challenging.
Notably, binuclear complexes containing two M™" ions have
undoubtedly piqued the interest of researchers due to their
significant research areas, like electrical conductivity, catalytic
applications, and magnetism.***” It is well-established through
recent research that Cu(u) complexes possess fascinating elec-
trical and optoelectronic properties.*®**° An extensive literature
survey revealed that loosely bound d° electrons of Cu(n) centres
with square-pyramidal (SQP) shapes enhance conductivity.*"*
Cu(u) complexes are popular due to their structural versatility and
ion flexibility.**** Due to this incredible attraction of Cu(u) ions,
scientists successfully applied it to a metal-based Schottky diode
(MBSD) (Table S1t). Henceforth, the intention of novel copper
complex synthesis could create electronic materials for the
semiconductor industry. In addition, SBDF research is not
limited to copper complexes. It has been observed that only a few
Cu(u)-complexes exhibit SBDF (Table S1t).*”** Dinca et al. re-
ported 2-D nature Cu(u)-CP* with high electrical conductivity.
The SBD features under dark and illuminated current-voltage
conditions were analysed to provide evidence. Recently, Cd/Zn/Cu
complexes have received attention for their excellent electrical
and optoelectronic properties (Table S3).* Although the crystal
structure of the Cu(u)-Salen complex has been previously studied
in the literature, its properties remain undisclosed.”” We aim to
explore the copper complex unveiled PSBD function and analyse
electronic properties using DFT.>*>

This research study presents a sound report on the synthesis,
crystal structure, and characterizations, including SEM-EDX, DRS,
and XPS analysis of a Cu(u)-Salen complex. DFT analysis explores
novel bonding features in the complex. We will be discussing the
SBD function of H,L%*" compared to complex. The complex better
displays electrical conductivity comparable to an SBD, indicating
its potential as a semiconductor. The conductivity increased from
the dark (2.41 x 1077 S m™ ") to the light phase (4.27 x 107 S
m ™). The SD device increases the rectification ratio (Ion/I¢) from
32.59 in the dark phase to 55.17 in the light phase.

Experimental section
Materials and measurements

All the research chemicals utilized are reagent-grade and
purchased from Sigma Aldrich, TCI, and Hi Media. PerkinElmer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measures the elemental CHN, and the PerkinElmer Spectrum
RX 1 instrument analyses IR spectra. The Bruker RFS 27 model
is used to analyse the Raman spectra. NMR spectra were
collected using a Bruker FT-NMR spectrometer (400 MHz-75.45
MHz). The Oxford XMX N model was used to manage the EDX
data, while the JEOL JSM-6390LV and BRUKER AXS were used to
present the SEM figures and PXRD. U-3501 spectrophotometer
model is used for UV-visible spectra. The PerkinElmer Lambda
365 model (200-1000 nm) was utilized for the Diffuse reflec-
tance spectroscopic study (DRS). XPS spectra were recorded on
a model thermo-scientific NEXA Surface analyser.

DFT methodology

The stability of the copper complex was assessed using the DFT/
B3LYP-D3/lanL2DZ level of theory, which was implemented in
the Gaussian09 software.***® Electronic plots, including Density
of States (DOS), partial density of plots (PDOS), and Frontier
Molecular Orbitals (FMO), were calculated using TD-DFT
theory.>»*® Multiwfn package® generated LOL and ELF.
QTAIM topological analyses revealed that a series of electro-
static interactions stabilize the complex. Additionally, the
natural bond orbital (NBO) analysis highlighted hyper-
conjugation interactions that contribute to the stability of the
complex.®

X-Ray crystallography

We collected SCXRD data using a Bruker Smart CCD diffrac-
tometer (RT). The diffractometer used Mo Ko radiation with
a wavelength (1) of 0.71073 A. We utilized multiple crystallo-
graphic programs to decipher the intricate crystal structure.
SMART was used to perform information frames, index reflec-
tions, and collect scale and lattice parameters.®® We used the
SAINT** software to reduce the crystal data. The multi-scan
technique SADABS® was utilized to apply scaling and absorp-
tion corrections. We solved and refined the structure using the
direct > method with SHELXS and SHELXL-2014 programs.®®
We used the latest Mercury software to represent the crystal
structures visually. We refined the first non-H atoms iso-
tropically. For the 2nd step, anisotropic refinement was per-
formed using SHELXL's full-matrix least-square method®” based
on F°. The crystal structure in the checkeif report shows no A-
level alert (R = 0.03), indicating high-quality crystal data. The
CCDC number 2329455 is linked to the complex. The crystal-
lographic information and structure refinement parameters are
presented in Table 1.

Optical characterization

The UV-vis absorption spectrum of the synthesized ligand
(H,L5*") and the complex characterized the optical properties.
The absorption spectra of H,L%*" and the copper complex were
collected in the 270-700 nm (Fig. S1A,T inset). Applying Tauc's
equation on the obtained absorbance spectra, the optical direct
band gap (E,) was computed as 3.09 eV and 3.07 eV for H,L*""
and the complex, respectively (Fig. S1At) (eqn (S1)T)*® (ESI,
Section 1.11). The values mentioned are like those of copper
complexes characterized by X-ray and published in the
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Table 1 Crystal data and full structure refinement

Empirical formula C3,H,3Cu,N,O,
Formula weight 659.68
Temperature/K 293(2)

Crystal system Monoclinic
Space group C2/c

al/A 26.628(3)

b/A 6.9771(7)

c/A 14.7128(15)

al° 90

Bl° 97.479(2)

v/ 90

Volume/A? 2710.2(5)

zZ 4

Peale € CM ™ 1.617

w/mm™* 1.617

F(000) 1352.0

Crystal size/mm’ 0.2 x 0.2 x 0.2
Radiation MoKa (A = 0.71073)

20 range for 5.586 to 49.362
data collection/°

Index ranges -31=h=30,-8=k=38,

-17=[=17
Reflections collected 39865
Independent reflections 2295 [Rin¢ = 0.0549, Rgigma = 0.0196]
Data/restraints/parameters 2295/0/190
Goodness-of-fit on F* 1.181

Final R indexes [I = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A~

Ry = 0.0307, WR, = 0.0799
Ry = 0.0346, WR, = 0.0822
0.34/—0.54

literature. Also, ligand (H,L°*") optical bandgap values are
comparable to the bandgap of the published Schiff base (Table
S1t). The copper complex shows a better semiconductor-like
band gap. Therefore, we intend to investigate its electrical
conductivity accordingly.

Device fabrication

The synthesized ligand (H,L**") and copper complex will be
semiconducting, as the calculated optical band gap (Eg) indi-
cates. A thin film metal-semiconductor junction device,
abbreviated as LTFD and CTFD, is developed following a previ-
ously reported procedure (ESI, Section 1.21).

Electrical characterization

The E, that was just calculated makes sense of specific semi-
conducting properties of the synthesized ligand (H,L%*") and
the copper complex. Therefore, we needed to perform some
electrical tests to analyse their characteristics. Two thin-film
metal-semiconductor junction devices were created using the
previously reported procedure® (ESI, Section 1.37). In this
regard, CTFD is the thin film device made from the complex,
and LTFD is the thin film device made from the H,L5*". The
active devices were fabricated on an ITO-coated glass substrate
of size 2 cm X 2 cm, with a circular Al electrode of diameter
1.5 cm. The I-V properties of the thin film devices were analysed
under dark and illumination conditions while applying +2 V

bias voltage. The illuminator had an intensity of 100 mW cm ™2,
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and the temperature was 300 K. The charge transport
phenomenon was explored by collecting current-voltage (I-V)
data using Keithley Model No: 2400 source.

Synthesis of H,L5"

The ligand was prepared using the commonly published
method.*® Yield: (92%), Anal. Calc. for C;6H16N,0,: C, 71.62; H,
6.01; N, 10.44. Found: C, 71.95; H, 6.50; N, 10.36%. IR
(KBr cm ') selected bands: »(C=N), 1642, #(C-Ophenotic) 1280,
»(C=C), 1587, »(C-H), 2900, »(0O-H), 3660, 'H NMR (DMSO-d,
400 MHz): 6 (ppm): 13.25 (1H, OH), 8.34 (1H, N=CH), 6.84-7.30
(8H, Ar-H), 3.92 (2H, N-CH,), ">C NMR (DMSO-dg, 75.45 MHz):
6 (ppm): 116.97-132.43 (Arom-C), 161.01 (C-OH), 166.53 (CH=
N), UV-Vis Ayax (CH3OH): 278, and 368 nm.

Synthesis and crystal growth of [Cu,(L5*"),]

The complex was synthesized in situ using a mixed solvent
mixture of methanol (CH;OH) and acetonitrile (ACN). After being
gently boiled, ligand H,L%*" (0.269 g, 1 mmol) was dissolved in
a methanol solvent (15 mL). After that, Cu(NO;),-3H,0 in 10 mL
ACN (0.242 g, 1 mmol) was charged into the ligand solution.
Immediately, a green solution was the result. The solution
mixture was refluxed for about one hour. Then, the solution is
cooled and stirred with a magnetic stirrer for 30 minutes. The
solution is kept at room temperature for 25 minutes and then
filtered. Under this condition, the green solution crystallization
began under freezing conditions. The plate-shaped green single-
crystals suitable for SCXRD were obtained after 25 days. The
crystals were delicately stored and dried in the air using a desic-
cator. Yield: 70%, Anal. Calc. for C;,H,5Cu,N,O4: C, 58.26; H,
4.28; N, 8.49, Cu, 19.27. Found: C, 57.99; H, 4.09; N, 8.52, Cu,
20.03%. FT-IR (KBr cm ") selected bands: »(C=N), 1638, »(Cu-
N), 425, »(Cu-0), 452-510, »(C=C), 1590, »(Ar-O), 1275, Raman
spectra (cm ') selected bands: »(C=N), 1642, »(Cu-N), 512, »(C=
C), 1605, ¥(Ar-0), 1298, *H NMR (DMSO-dg, 400 MHz): é (ppm):
6.57-7.03 (Arom-H), 8.33 (<HC=N), UV-Vi$ A (DMF): 291, 349,
and 705 nm. DRS: 279, 387, and 774 nm.

Results and discussion
Research overview

The H,L*" was expertly synthesized using the well-established
method described in the previous literature.” The H,L**" and
Cu(NO3),-3H,0 in CH30H + ACN (1 : 1 M) self-assembled at room
temperature to yield a water-insoluble green binuclear copper
complex in crystal form with a satisfactory yield (Scheme 1). The
compound has been structurally characterized using various
analytical techniques like IR/Raman/NMR spectroscopy, CHN,
SCXRD, PXRD, SEM/EDX, and XPS analysis. SCXRD ensures that
the asymmetric unit of the copper complex comprises two Cu(u)
metal ions and deprotonated [L5*"]*". The PXRD analysis has
confirmed the phase's purity and crystallinity. The XPS studies
supported complex formation between H,L**" and Cu(i) metal
ions. The literature contains limited information on the function
of photosensitive Schottky barrier diode (PSBD) in copper
complexes (Tables S1 & S31).>* In contrast, the copper complex's

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic routes for H and the copper complex.

crystal structure has already been explored.” Herein, we divulge
the PSBD function of Cu(u)-Salen complex entirely in a new
dimension. We implemented DFT to characterize the complex
bonding features, including NBO, QTAIM, ELF-LOL, and inter-
action energy (IE) and energy frameworks (EF).

Structural characterization

FT-IR/Raman spectroscopy. IR and Raman spectroscopic
studies accomplished the structural characterizations of the
ligand (H,L%*") and the copper complex (Fig. $1-S31). Accord-
ingly, the significant IR/Raman bands in the complex are
identified »(CH=N), »(C-0), »(M'-0)/»(M'-N) (M'=Cu), and
»(C=C). The complex spectra showed a significant shift in
connection of »(CH=N) compared to the free H,L5*". The peak
H,L5*" was observed at 1642 cm ™', while changes were observed
at 1638 cm™ ' in the complex. The modification above explores
that the azomethine N-atom participates in the complexa-
tion.”””* This IR shift value may be caused by the »(CH=N)
bond weakening following complexation.”” The above behav-
iour is explained by donating imine N-atom e — Cu(n) ion
partially vacant d orbital.””* The complex's »(C-O) stretching
bands shifted significantly to 1275 cm ™~ compared to H,L%*. In
the complex, the vibrational bands of the aromatic ring's »(C=
C) appeared at 1590 cm™'. The bands nearer 452-510 and
425 cm ! correspond to the »(M"'-0)/y(M'-N). The coordination
between the deprotonated form of H,LS*" and Cu(u) ions is
facilitated by the N-atom of (CH=N), as confirmed by the
SCXRD structure. Additionally, Raman spectra of the complex
were characterized, and the following Raman stretching bands
in em ™! were identified: »(CH=N), »(C-0), »(M'-N), and »(C=

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C), at 1642, 1298, 512, 1605, cm ', respectively. Therefore, IR

and Raman spectra are an excellent choice for characterizing
H,L5*" and copper complex structural frameworks.

UV-visible and DRS spectrum. The H,L*" and copper
complexes were investigated using UV-visible absorption and
diffuse reflectance spectra (DRS) to identify possible optical
transitions (Fig. S4-S61). Generally, the UV region shows tran-
sition due to the ligand (H,L5*"), while the visible domain
shows d-d transition.”>”® The UV spectra of the H,LS*" and
complex were analysed in methanol and DMF solvents. The
H,L%*" absorption bands indicate @ — w* and n — 7* tran-
sitions near 278 and 368 nm. The UV spectrum of the complex
in DMF exhibits bands at 291, 349, and 705 nm, respectively.
The first UV bands arise from the w — =* intra-ligand charge
transfer (IL — CT) transition.””””® The band at 349 nm is due to
the CT from the ligand H,L%*" — M, known as L — M charge
transfer (L — MCT). Notably, ligand (H,L5*") chelation by N
and O-donor atoms with Cu(u) ions causes a shift towards
longer wavelengths than the free ligand.*® A broad weak peak is
identified at 705 nm for the complex. It was assigned due to d-
d transitions (*Eg — >T,,) for the Cu(u) complex.**** The
absorption bands of these copper complexes are like those
characterized by X-ray.*»** The copper complex diffuse reflec-
tance spectroscopy (DRS) further checks for any shoulder peaks.
Two slightly shifted bands are observed here, along with
a shoulder. The absorption bands observed at 279 nm and
387 nm result from intra-ligand transitions of the T — m* or n
— ¥ type. A complete broad shoulder peak is also identified at
774 nm due to d-d transitions (Cu(u) 3d° system). Henceforth,
the nature of the DRS spectrum ensures the coordination mode
of the ligand using N/O-donor centres with Cu(ir) metal ions.

RSC Adv, 2024, 14, 14992-15007 | 14995
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'H/*C ~ NMR spectra. An NMR spectroscopic study was
conducted separately to characterize the H,L*" structural
frameworks and copper complex (Fig. S7-S97). In the case of the
H,L%*", we utilized a combined approach using 'H/**C-NMR
spectroscopy, whereas, for the complex, we only conducted
a proton NMR study. We began by examining the '"H NMR
spectra of both compounds to establish their characteristics.
The absence of the -NH, group in the H,L%*" formation is
confirmed by the lack of peak values between 6 5.0 to 8.1 ppm.
The ¢ 13.25 ppm value is evidence of unbound O-H in the
ligand (H,L%*"). Again, § 6.84-7.30 ppm indicates the presence
of aromatic hydrogens in the ligand. The azomethine proton
peak is observed in the H,L%*" at a value of 8.34 ppm. We
further characterized the H,L**" using ">*C NMR spectral data.
The "*C NMR spectra of the H,L**" showed peaks at (CH=N)-C
166.53 ppm, Aro-C 116.97-132.43 ppm, and C-OH 161.01 ppm.
Concerning the complex, "H NMR peaks for aromatic and azo-
methine protons are 6 6.57-7.03 ppm and 8.33 ppm, respec-
tively. Furthermore, the proton peak at O-H vanished in the 'H
NMR spectra of the complex, indicating coordination between
the O-atom and Cu(u) metal ions after deprotonation of the
ligand (H,L5A").848

SEM-EDX. In principle, the elemental composition in the
complex is characterized using an EDX profile. According to the
EDX analysis (Fig. S107), the compound comprises carbon (C),
oxygen (O), nitrogen (N), and Cu metal ions. The EDX spec-
trum's highest peak is C, followed by O and Cu. The weight
percentage contribution of carbon (C), oxygen (O), and copper
(Cu) metal reflect the energy-dispersive X-ray (EDX) profiles. The
elements C, O and N come from the ligand H,L5*". Therefore,
the EDX profile confirms the interaction between Cu(u) ions
with H,L%*". The SEM micrograph of the ligand (H,L°*") and
the copper complex (Fig. S11 and S127) has tested the surface
morphology and the sample's homogeneity.* The SEM image of
H,L%*" shows irregular ice-like morphology (Fig. S121) with
a distributed structure. In contrast, the surface of the complex is
smooth and continuous, with a well-organized ice morphology.

PXRD. The powder X-ray diffraction (PXRD) study verified
the phase purity and crystallinity of the copper complex
(Fig. S1371). In our complex, the experimental XRD pattern of our
bulk product, both before and after deposition, matches the
simulated XRD pattern very closely. It indicates that they are in
excellent agreement with each other. The CCDC Mercury soft-
ware generated the simulated pattern from single-crystal X-ray
diffraction (SCXRD) data (CIF). Therefore, proceeding accord-
ing to the PXRD, it has been found that the bulk material is
a single crystal.

X-Ray photoelectron spectroscopy. X-Ray photoelectron
spectroscopy (XPS) studies strongly support the formation of
the Cu(u) complex between H,L%*" and Cu(n) metal ions (Table
S4/Fig. S147). This information is informative and thoughtfully
presented. The structure H,L**" demonstrates the formation of
a primary coordination core with N,O, to Cu(u) ions. The XPS
scan is conducted for the synthesized complex, which includes
C 1s, O 1s, N 1s, and Cu 2p.”” We have compared the free
ligand's XPS binding energy data (eV) with that of the Cu(u)-

SAL
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complex. The ligand is a standard Salen ligand, and its usual
XPS binding energy (eV) will be considered. Our study reveals
Cu(n) peak shifts in the complex compared to the free ligand for
Cu, N, and O XPS peaks.*” The peak position in the C 1s spec-
trum of ligand shifted to 285.74 eV upon complexation with
Cu(n) ions.*”*® The N 1s spectra peak shifts from 399.64-402.01
when the ligand coordinates with copper metal ions. The XPS
N1is peak in the complex has been separated into two distinct
peak components through deconvolution. The imine and
amine correspond to peak components at 399.2 and 400.2 eV,
respectively.®* The binding energy of the amine remained
almost unchanged. The imine binding energy shifted slightly,
representing only the ligand N-atom of the imine group coor-
dinated with copper metal ions.” The outcome was in line with
the UV and IR spectral information. Similarly to the O 1s
spectra, the peak of the ligand was shifted to 532.16 eV in its
complex.”® Copper was detected via a Cu 2p XPS image, with
a binding energy range of 935.31 and 954.80 eV.*®**° In the
complex, the divalent state of copper metal ions ensures this BE
value.®® No Cu(i) is present in the complex as the Cu 2p XPS
image didn't find the applicable BE value 931.8 eV.” Therefore,
during XPS analysis, the complex does not undergo a reduction
of Cu(u) to Cu() caused by X-ray irradiation.®® The Cu 2p satellite
peak has broadened, possibly due to a distortion in planar
geometry.®® Thus, XPS reveals the binding of H,L%*" through N/
O-donor centers by Cu(u) ions.

X-ray crystal structure. The copper complex exhibits mono-
clinic space group C2/c. According to the SCXRD, the complex
has a centrosymmetric binuclear structure [Cu,L,**"] with
a double phenoxide bridge. The copper complex cell parameters
were determined through crystallography as: a = 26.628 (3) A,
b =6.9771 (7) A, c = 14.7128 (15) A, and @ = y = 90° and § =
97.479 (2), Z = 4, and volume = 2710.2 (5). Table S2f contains
important crystallographic parameters that have been collected
for the complex. Fig. 1 explores the complex perspective view
with thermal ellipsoid probability 50%. ORTEP view of the
complex is shown in Fig. S15T (atoms are shown as 50% thermal
ellipsoids). Both copper(u) centres have distorted square pyra-
midal (SQP) geometries in the dimeric unit. The central metal
atom, Cu(u), is surrounded by two imines (CH=N) N-atoms
[N(1), N(2)] and two phenoxide (Ar-O~) O-atoms [O(1) and
0(2)]. All come after the [LS*"]>~, constituting the basal plane.
For the complex, the coordinating atoms in their respective
basal plane deviate only slightly from the mean plane: just
0.030(2), 0.024(2), 0.0274(19), and 0.0318(17) A for N(1), N(2),
0(1) and O(2). The Cu(1) deviated value is —0.1138(3) A away
from its average position. Each copper(i) centre is connected to
a phenoxide (Ar-O~) O-atoms [O(2)] of the H,L%*" ligand fro-
m another unit, which is symmetry-related (1.5 — x, 1/2 + y,
1.5 — 2). Doing so fulfils the penta-coordinate geometry of each
copper(n) centre, and the H,L%*" ligand bridges the two cop-
per(u) centres. The Addison parameter (7) = 0.128 (t = (8 — )/
60) indicates a distorted-square-pyramidal geometry.**-* In the
basal plane, M-O and M-N distances are 1.908(2) and 1.941(2)
A, and 1.948(2) and 1.953(2) A, whereas the axial bond length
M(1)-0(2)* [* = 1.5 — x, 1/2 + y, 1.5 — 2] is 2.4122) A (M = Cu).
Two copper(u) atoms with a penta-coordinated geometry are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Perspective view of (a) asymmetric unit with selective atom numbering scheme, (b) complex, (c) square pyramidal geometry around Cu(i)

(thermal ellipsoid probability 50%).

connected by two phenoxide O-atoms, which bridge the copper
atoms together to form a Cu,O, core. Two copper(u) centres in
the Cu,0, core are separated by 3.1950(6) A. The bridging angle
is 93.83(6), with the formula [M(1)-O(1)-M(1)*, ¥ =1.5 — x, 1/2 +
¥, 1.5 — z]. Cu,0, core is symmetric, a standard feature for
similar dimer complexes, as bridging angles and bond lengths
are equal.”™ The bond distances and angles of the synthesized
copper complex are comparable to those of the published
analogous complexes (Tables S1 & S37).

Supramolecular interactions. In the copper complex, the
crystal packing consists of weak C-H---O interactions. The
hydrogen atom, H(8A), attached to the carbon atom, C(8), forms
C-H---O interaction with an oxygen atom, O(2). These

interactions create a 1-D structure (Fig. 2). The details of the
geometric features are explored in Table 2.

DFT investigations

Hirshfeld surface. Hirshfeld surface analysis is theoretically
utilized to study different forms of supramolecular contacts. HS
has been expertly mapped using dporm (—0.5 — 1.5 A), shape
index (SI) (—1.0 — 1.0 A), curvedness (C) (—4.0 — 0.4 A), and
fragment patch (FP) (0 — 15 A) (Fig. 3). HS are colour-coded
system representing the distances between atoms in the
crystal lattice. Specifically, the blue circular zones indicate
shorter interatomic distances, while the red circular zones
represent longer interatomic distances. The white zone that
appears on surfaces is a representation of the van der Waals

Fig. 2 Perspective view of C—H---O interactions in the complex (selective atom numbering scheme).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrogen bond distances (A) and angles (°) of the complex”

D-H-A D-H H-A DA /ZD-H A

C(8)-H(8)-0(2)* 0.97(3) 2.71(2) 3.61(3) 155.6(2)

“ D = donor; H = hydrogen; A = acceptor. * = 1.5 — x, 1/2 +y, 1.5 — z.

radii contacts. The Hirshfeld surface plots show significant red
regions due to N---H (3%) and O---H (8.2%) contacts. The 2-D
fingerprint plots were generated to effectively represent the
intermolecular contacts/interactions based on d. and d;.
Interaction energy and energy frameworks. We propose an
energy framework and interaction approach to comprehend the
copper complex's crystal packing. The Crystal Explorer 17 soft-
ware offers the HF/3-21G energy calculation method, which is
utilized to compute intermolecular interaction energies (IMIE).
It is done by generating a cluster of molecules using crystallo-
graphic symmetry operations (CSP) centred around a chosen
compound within a 3.8 A radius by default.”® The complete
intermolecular energy (Ey.) is the additive of electrostatic (E),
polarization (P), dispersion (D), and exchange-repulsion ener-
gies (R) scaled by standard factors.”” Here are the calculated IE
in KJ mol ": Egje = —140.6, Epo = —91, Eqis = —266.1, Eyep =
195.6, and E;,; = —283.8. The energy frameworks' magnitude
pictorially represents the intermolecular interaction energies

View Article Online
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(IMIE).*® Energies between pairs of molecules are represented as
cylinders that join their centroids. The IE strength is propor-
tional to the radius of the cylinder.”® Energy frameworks were
created for the copper complex in terms of the standard colour
code protocol of the cylinders (Fig. 4 and Table S57).

LOL-ELF. The LOL and ELF are highly effective methods for
comprehending chemical bonding. They enable the identifica-
tion of key locations in molecular space where electrons are
concentrated, including bonding, nonbonding, and lone pair
regions.'® LOL uses 7(r), and ELF uses (r) to quantify excess
kinetic energy density due to Pauli repulsion.'”* ELF is based on
electron pair density, while LOL recognizes that localized
orbital gradients are maximized when they overlap.'® Contour
maps and shaded surfaces illustrating the ELF and LOL for the
studied complex are carried out using the Multiwfn_3.7
program® and presented in Fig. 5(a)-(c). Our ELF values, 1(r),
range from 0.0 to 1.0, with higher values (0.5 to 1.0) indicating
the presence of bonding and nonbonding localized electrons.
Lower values (<0.5) suggest that electrons may be delocalized.
Meanwhile, LOL, n(r), achieves significant values (>0.5) in areas
dominated by electron localization.'”* Excitingly, the ELF maps
reveal the high regions around H15, H33, and H50, indicating
the existence of both bonding and nonbonding electrons. A
faint red spot surrounding these selected H atoms suggests the
presence of an excess of delocalized electrons, which are
blocked in their regions by O-Cu groups. This finding indicates

curvedness

0.8 08

0.6 06
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N..H3% 06
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(A) 0608 101214161820 22 24

(A 06 08 1.0 12 14 16 1.8 20 22 24

(A 06 0810121416 1820 22 24

Fig. 3 HS mapped with dnorm. Shape index, curvedness (top) and 2-D fingerprint plot for the corresponding interactions (bottom).
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(d)

Fig. 4 Perspective views of electrostatic energy (a), dispersion energy (b), total energy diagrams (c), and different interaction energies of the
molecular pairs (d) energy framework for a cluster of molecules in the complex. The cylindrical radius is proportional to the relative strength of
the corresponding energies. The scale factor used is 50 with cut-off values of 10 kJ mol™2.

that a high charge transfer occurs on the surface and between
ligands (H,L%*"), as confirmed by the localization of molecular
orbitals. Furthermore, blue areas surrounding specific C atoms
suggest the existence of a delocalized electron cloud. It indi-
cates that O-Cu groups may have a tunnelling effect that causes
the electrons to localize in these active regions, thereby
enhancing the accumulation of electrons in all the rings. Upon
examination of the LOL maps, it's clear that the central region
of the H atom (H15) is incredibly dense with electrons, as shown
by the pure white colour. This density exceeds the maximum
value on the colour scale (0.80). C atoms exhibit covalent
regions readily identifiable through their high LOL value,
highlighted in red. Excitingly, we can observe electron depletion
regions, represented by blue circles around C and O nuclei,
which show the distance between the valence shell and the
inner shell.

QTAIM. The QTAIM theory, created by Bader'®'** is
a dependable approach for examining interactions within and
between molecules, especially hydrogen bonding. Recent
research suggests that within each molecule lies a crucial point
called the bond critical point (BCP). This point is vital in
determining the unique nature of chemical interactions within
the molecular structure.'*>'*® At this point, various topological
parameters can be computed, including the electronic density
(p(r)) and its Laplacian (V?p(r)), the kinetic energy density (KED)
(G(7)), the potential energy density (PED) (V(r)), the total energy
density (TED) (H(r)) where H = G(r) + V(r), ellipticity (¢), Hessian
eigenvalues (1, A5, and 13), and the interaction energy (Ei,. =
V(r)/2). The AIM graph and the calculated topological parame-
ters are shown in Fig. S161 and summarized in Table 3. Based
on the symmetrical inversion among identical molecules, we

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

chose the seven BCPs, as shown in the graph. Atomic interac-
tions are classified as shared (covalent and polar bonds) with
charge density contracting between nuclei (V?p(r) < 0) and
closed shell (H-bonds, ionic bonds, and van der Waals forces)
with charge density contracting towards each nucleus (V?p(r) >
0).*” Various types of interactions were observed within the
copper complex, including Cu:--Cu, N---O, O---H, and C---H
interactions. The values for p(r) and Vp(r) range from 0.005 to
0.014 (a.u.) and 0.015 to 0.65 (a.u.), respectively. Importantly, all
V?p(r) values are positive, indicating the presence of closed-shell
interactions. Furthermore, all H(r) values, as per the criteria
proposed by Rozas et al.,'”® are positive, indicating weak and
electrostatic interactions, except for BCP1, which shows
medium and partially covalent characteristics. The energy of
interactions is also employed to assess bond strength at the
BCPs, with Ej values below 50 k] mol~" (12 kcal mol™"), indi-
cating weak interactions within the studied complex. The most
substantial interaction occurs when bonding the two metal
atoms (Cu). Ellipticity (¢) is a key metric reflecting the stability of
a bond, where a decrease in its value correlates with an increase
in bond stability.'® This parameter is characterized by low
values ranging from 0.076 a.u. to 0.826 a.u. for 2/2’, 4/4’, and 6/6'
BCPs, indicating the excellent stability of these bindings. In
conclusion, the two symmetrical ligands in the complex are
stabilized by a total of fourteen van der Waals interactions,
which significantly contribute to the overall stability of the
complex. This level of stabilization is not frequently reported in
the literature for complexes stabilized by such a specific
number of electrostatic interactions. The high stability of our
newly synthesized compound makes it promising for a wide
range of applications, including electronic and optical devices.

RSC Adv, 2024, 14, 14992-15007 | 14999
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Fig. 5 ELF-LOL contour maps and shade surfaces of copper complex.

Table 3 Selected QTAIM topological parameters of the copper complex

BCPs (1) Vo) 6 V) H() i J s ) Fine (K mol ™)
1 0.008 0.015 0.005 —0.006 —0.001 —0.0018 0.022 —0.004 1.409 —7.876
2/2' 0.014 0.65 0.013 —0.010 0.0027 —0.016 —0.015 0.096 0.076 —13.127
3/3’ 0.006 0.024 0.004 —0.003 0.0012 —0.0009 0.028 —0.003 2.262 —3.938
4/4 0.005 0.019 0.003 —0.003 0.0008 —0.0016 0.023 —0.0023 0.826 —3.938
5/5' 0.005 0.019 0.003 —0.002 0.001 —0.0008 —0.0025 0.023 2.034 —2.625
6/6' 0.006 0.021 0.004 —0.003 0.001 —0.002 0.02 —0.003 0.461 —3.938
717 0.005 0.019 0.003 —0.002 0.001 —0.0004 0.02 —0.003 6.005 —2.625

Furthermore, the numerous interactions between the ligands
facilitate a substantial charge transfer, as evidenced by both
Frontier Molecular Orbital (FMO) and Electron Localization
Function (ELF) analyses.

Natural bond orbital (NBO). Implementing natural bond
orbital (NBO) analysis''® can explore the hyperconjugation
interactions within a molecule. These interactions stabilize the
system by transferring electron density from a donor to an
acceptor orbital.’* The strength of these interactions is directly
proportional to the level of stabilization energy: stronger
molecular interactions correspond to higher associated energy.
To explore intermolecular delocalization, a comprehensive
analysis utilizing NBO and second order Fock matrix pertur-
bation theory was conducted for the studied complex.'** The
crucial hyper conjugative interactions in our complex are

15000 | RSC Adv, 2024, 14, 14992-15007

outlined in Table S6.7 We estimate the SE (stabilization energy)
E(2), an essential parameter linked to delocalization from D
(donor) (i) — A (acceptor) (j), using the method.

.

E® — q.F(’J)

! & — &

(1)

According to eqn (1), each term has its usual significance.
The E® value indicates the strength and extent of conjugation
within the system; however, only interactions with E® values
exceeding 10 kcal mol " are considered in our discussion. The
NBO results indicate the presence of six types of interactions: LP
— RY*, LP — LP*, ®* —» &, ™ — 7% © — m, and LP — ¥,
which collectively contribute to the stabilization of the analyzed
complex. The notable hyper conjugative interactions identified

© 2024 The Author(s). Published by the Royal Society of Chemistry
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include mw*(C8-C9) — w*(C26-C27)/(C10-C12)/(C14-C16),
m*(C43-C44) — m*(C45-C47)/(C49-C51), and m*(C61-C62) —
T*(C67-C69). These interactions exhibit high perturbation
energies, specifically 287.72, 260.58, and 262.99 kcal mol ",
respectively, highlighting the robust conjugative nature of the
C=C bonds involved.

Schottky device and photo-sensing function

Ligand (H,L5*") vs. complex. Fig. 6(A) shows the I-V curves of
a ligand-based (H,L**") thin film device (LTFD) and a copper
complex-based thin film device (CTFD) in both light and dark
conditions. The I-V characteristic of the thin film complex-based
device is shown in Fig. 6(B) with a logarithmic scale. The elec-
trical conductivity values were computed as 2.79 x 107 °S m ™" and
2.37 x 1077 Sm™" for CTFD and LTFD under without illumination
conditions, respectively. At illumination conditions, the electrical
conductivity seems to be improved for CTFD as 4.27 x 10 >Sm ™,
but for LTFD, it remains the same as 2.41 x 10”7 S m ™. This thin
film device shows improved electrical conductivity under illumi-
nation, indicating photo-induced charge generation. It is note-
worthy that the I-V graphs obtained from the bare ligand-based
(H,L%*") device (LTFD) exhibits no Schottky behaviour and lacks
photo-sensing characteristics under both dark and illuminated
conditions (Fig. 6(A). Therefore, concerning to the H,LS*", our
copper-complex-made devices (CTFD) exhibit both Schottky and
photo-sensing characteristics. As shown in Fig. 6(B), the device
exhibits nonlinear rectifying characteristics, indicating that it is
a Schottky Barrier Diode (SBD). We have measured specific device
parameters to compare the performance of CTFD and LTFD.
Without light irradiation at the bias voltage +2 V, the on/off ratio
(Ion/Iogr) has been calculated as 32.39 and 1.02 for CTFD and LTFD.
Meanwhile, under irradiation conditions, it has been computed as
55.17 and 1.03 for CTFD and LTFD, respectively. The CTFD devices
have a photo-responsivity of 3.59, while LTFD devices have
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a photo-responsivity of 1.07. Table 4 compares the conductivity
and photosensitivity of the bare ligand systems CTFD and LTFD.

Schottky barrier diode activities. All the I-V characteristics of
CTFD were analysed using the thermionic emission theory (TET)-
Cheung's method utilized"***® (ESI, Section 1.3) to calculate
some major diode parameters. The ideality factor (n) for the
CTFD is 2.05. Table S77 lists the intercept of the dv/dIn I vs. I plot
(Fig. S177), calculated under low light (dark) conditions. The 7
value has been accurately calculated under irradiation condi-
tions using the same reliable and proven method as 1.43. The
series resistances (RS) were calculated by determining the precise
slope of the graph depicted in Fig. S17(A).f Table 4 shows
a deviation in the calculated ideality factor. Due to the inhomo-
geneity of Schottky barrier height (SBH), interface states, and
series resistance near the junction, the device's performance may
be affected.””"*®* When there is enough illumination, the ideality
factor approaches the ideal value of 1, which is a remarkable
discovery. Due to less recombination of interfacial charge
carriers, better homogeneity is observed at the junctions of the
Schottky device.”® The CTFD barrier height (Jg) can be
computed from the intercept of the H(I) vs. I plot (Fig. S17(B)7)
[eqn (S6)1]. The reduction of the height of the barrier at the
junction in the presence of light conditions is a significant
observation. This phenomenon directly results from generating
and assembling PICC (photo-induced charge carriers) near the
conduction band. The series resistance (RS) of the device is again
computed from the slope of the H(I) vs. I plot (Fig. S17(B)T). All
the calculated values of barrier height (Jg), ideality factor (n),
and series resistance (RS) for the CTFD are presented in Table
S7t for all conditions. The results from both processes demon-
strate outstanding consistency. Light's presence decreased RS's
calculated values, indicating its significance in optoelectronics
device fabrication (Table S7}). A complete study of CTFD I-V
graphs understanding the charge transport at MS junction. The

I
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Fig. 6 (A) =V graph (under light and dark conditions) of our fabricated thin film devices made from the ligand (H,L%"1), and (B) the complex, and

the corresponding characteristic in log value (inset of (B)).
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Table 4 Calculated device parameters for CTFD and LTFD
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Series resistance (Rg)

Rectification Conductivity Ideality Barrier height From From
Device Condition ratios (Ion/Iofr) (Sem™) Photosensitivity factor () (Tg) (eV) dv/dInI (KQ) H (KQ)
LTFD Dark 1.02 2.37 x 1077 1.07 — — — -
Light 1.03 2.79 x 10~° — — — —
CTFD Dark 32.59 2.41 x 1077 3.59 2.05 0.68 64.26 64.78
Light 55.17 4.27 x 107° 1.43 0.45 9.44 9.55

I-V graphs under combined environments show two distinct
slopes in the logarithmic scale (Fig. 7). The 1st region (region-I)
(Fig. 7(A)) represents the ohmic regime, and it possesses
a slope value of ~1. In region-I, the produced current obeys the
ohmic law of I « V. The slope value of the 2nd region, also known
as region-II, is approximately 2. In this regime, the current
generated is proportional to the voltage square (I vs. V*) (Fig. 7(A).
In simple terms, it refers to a condition where the flow of electric
current is limited by the amount of charge present in a space
without any hindrance or obstruction. It is commonly known as
the space charge limited current (SCLC) regime.'**'** Here, the
inserted carriers circulated in the whole device as the number of
inserted carriers is more significant than the background
carriers. It produces a SCF (space charge field). The newly
established field effectively monitors the currents in this context
and is commonly called SCLC.""*"** We used SCLC theory to
investigate device performance. Adequate carrier mobility was
calculated using the Mott-Gurney equation from the higher
voltage region of the I vs. V* plot (Fig. 7(B)).1**1

2
7— 9Heff§08rA (%) )

where, I = the current, ¢, = permittivity of free space, ¢ =
relative dielectric constant of the synthesized material, and ues
stand for the effective mobility.
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The capacitance versus frequency graph at constant bias
potential was used to evaluate the relative dielectric constant of
CTFD, which was found to be 5.35 x 10" (Fig. $1Ct) (ESI,
Section 1.3%). CTFD's transit time (t) and diffusion coefficient (D)
were calculated to estimate charge transport near the metal-
semiconductor junction. The value of 7 is calculated from eqn (3)
using the slope of the SCLC region (region II) in the logarithmic
representation of the forward I-V curve shown in Fig. 7(A)."*?

_ 9ege A (V
T T8 (7) )
_ b
Metr = kT (4)

where, D is the diffusion coefficient, and it is determined by
Einstein-Smoluchowski equation (eqn (4))."** All parameters
calculated in the SCLC region show an enhancement in charge
transport properties of CTFD in the presence of light, as pre-
sented in Table S7.7

Charge-carrier transport: a fruitful mechanism. The copper
complex's higher mobility indicated a greater transport rate
during photo-irradiation, which suggests an increase in charge
carrier generation under similar conditions. The complex
device exhibits a photosensitivity of 3.59, which is appreciable.
Light exposure improved the ideality factor ~1 of complex-
based devices (CTFD), resulting in an ideal device with better

~9-Durk cn‘n‘ ®

yax10°] | —9-Light CTFD
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Current (A)
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Fig. 7 (A) Ln/vs. InV, and (B) / vs. V2 curves for CTFD under dark and irradiation conditions.
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Schottky junction homogeneity and reduced charge recombi-
nation.” Therefore, discussing charge-carrier transport con-
cerning our Salen metal complex is vital. The charge-carrier
transport in hybrid organic-inorganic complex (OIC) structures
has been successfully operated through the following mecha-
nisms:*** (a) through-bond conduction, (b) guest molecules,
and (c) space conduction. Notably, the transportation of charge
carriers induced by light occurs through a through-bond
conduction mechanism. Through-bond conduction involves
charges moving through covalent and coordination bonds in
a complex material (CTFD), allowing the transmission of elec-
trical signals. The process usually involves a ‘hopping trans-
port'.** Light absorption excites electrons, creating
a photocurrent as they move from H — L (HOMO — LUMO).
This photocurrent response reveals the semiconductor's
conductance and free carrier count during light exposure.'*?
Besides, the complex materials’ (CTFD) secondary metal-ligand
interaction and structural features are crucial elements that
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significantly determine electrical conductivity. In some cases,
exposure to light can cause slight changes in molecular struc-
ture and bond angles, affecting the material's ability to conduct
charge.™ In a true sense, extensive research is needed to
understand the complete phase of the charge transportation
mechanism. The improved photo-irradiation performance of
CTFD over LTFD suggests a more efficient charge transfer,
making it an attractive option for semiconductor devices.
Structure-activity-relationship. The copper complex exhibits
higher conductivity in the presence of light compared to that in
the dark, indicating light sensitivity. The conductivity is
compared concerning the ligand (H,L5*") and can be explained
based on structure-activity-relationship (SAR).'*® The copper
complex is a hybrid composite material that combines organic
and inorganic components. It is often referred to as an Organic-
Inorganic Composite Material (OICM). The complex's potential
dual donor-acceptor properties (D-A) can explain photosensi-
tivity behaviour. Upon photoexcitation, the organic ligand
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(H,L%*") generously donates electrons (ED) while the inorganic
Cu-OH-Cu moiety eagerly accepts (EA) them. Moreover,
supramolecular frameworks of copper complexes aid in facili-
tating the photosensitivity process. It can also function as an
optoelectronic material, specifically a Schottky barrier diode
(SBD). Fig. S181 provides a brief explanation of the photosen-
sitivity mechanism of the complex.

Theoretical rationalization: DOS and PDOS approach. Ana-
lysing the density of states (DOS) and partial density of states
(PDOS) is a powerful tool for gaining insights into the intricate
interactions and charge transfer processes between mole-
cules.”* By revealing the diverse states that electrons can
occupy at various energy levels, DOS plays a pivotal role in
understanding the electronic structure of materials. This
understanding extends to the HOMO and LUMO regions,
where significant alterations occur, providing crucial infor-
mation about the sensing abilities of conducting materials.**®
The DOS and PDOS spectra were generated using the Gauss
Sum program™® and are depicted in Fig. 8(a) and 8(b). An
analysis of the DOS/PDOS spectra of the compound under
study reveals the HOMO and LUMO energy levels at —4.4 eV
and —3.7 eV, respectively, indicating a gap energy of 0.7 eV. A
material's high conductivity arises due to its small band gap
energy, which enables easy flow of electrons from the valence
band to the conduction band of complex materials. The char-
acteristic is extremely advantageous for the performance of
Schottky diodes. Additionally, this result suggests a significant
intra-charge/energy transfer (ICT) occurring between the
ligands. The presence of oxygen acceptor atoms around the
copper metal ensures the availability of free electrons, which
are crucial for facilitating the movement of electrons back and
forth. This phenomenon indicates the high charge density
coexisting on the surface of the ligand. Such specificity is
advantageous for the development of new Schottky diode
devices. Furthermore, this analysis illuminates the intricate
interplay between the individual molecular orbitals of each
molecule, culminating in the formation of new electronic states
within the combined system.

Conclusion

In summary, a centrosymmetric binuclear Cu(u)-Salen complex
was synthesized by self-assembly method with ligand (H,L%*")
and Cu(NOj3),-3H,0 in the CH;0H + ACN solvent mixture. The
complex is structurally characterized using various analytical
techniques, including DRS, SEM-EDX, PXRD, and XPS analyses.
The dimeric unit in SCXRD has two Cu(u) centres with distorted
square pyramidal geometries (SQP) supported by the tau value
(r = 0.128). The XPS analysis supports the Salen ligand N/O-
donor centres' binding with Cu(u) metal ions. HS and 2-D
fingerprint plots authenticate the crystal structure supramo-
lecular contacts. The interaction energy and energy frameworks
are utilized to investigate the complex crystal packing. NBO,
QTAIM, and ELF-LOL are employed to analyse complex bonding
features. The PSBD complex was tested for its potential use in
optoelectronic devices. The results showed that it had a signifi-
cantly higher level of electrical conductivity (4.27 x 107> Sm™")
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in light conditions compared to dark conditions (2.41 x 107 S
m™"). The findings are comparable to the literature published
by Schottky behaved X-characterized complexes. Additionally, it
was found to be approximately two times more photosensitive
during the light phase than the dark phase. Theoretical DOS/
PDOS investigations substantiate the experimental Schottky
diode behaviour. Therefore, the copper complex exhibits
promising potential in optoelectronic device applications.
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