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A R T I C L E  I N F O   

Keywords: 
Ni and Cu(II) schiff base complexes 
X-ray structure 
Mesomorphism 
Cyclic voltammograms 
DFT/TD-DFT calculations 

A B S T R A C T   

Reaction of the Schiff base ligand (E)-1-((p-tolylimino)methyl)naphthalen-2-ol (HL) with nickel(II) and copper 
(II) acetate provides the bis[1-((p-tolylimino)methyl)naphthalen-2-olato-κ2N,O]Ni and Cu(II) complexes (1 and 
2), respectively. X-ray structure determinations reveal coordination of two N,O-chelate Schiff base ligands to the 
metal ion in a square-planar geometry for both the complexes. The phase purity of bulk microcrystalline samples 
is confirmed by Powder XRD patterns. The solid-state magnetic moment (µeff = 2.73 (1) and 2.06 µB (2)) indicates 
paramagnetic nature of the complexes. Thermal analyses by differential scanning calorimetry (DSC) and 
polarizing light microscopic (PLM) observations suggest mesomorphic property for 2. Cyclic voltammograms 
recommend a quasi-reversible two one electron charge transfer processes for 2 in dimethylformamide. Geometry 
optimization and excited state properties by DFT/TD-DFT calculations reproduce the experimental bond dis-
tances and angles as well as the experimental electronic spectra.   

1. Introduction 

Transition metal-Schiff base complexes exhibiting mesomorphic 
properties are extensively investigated because of their unusual physi-
cochemical properties including color, texture, magnetism, birefrin-
gence, polarizability, coordination geometry and reactivity [1–10]. 
Syntheses, characterizations and molecular structures of these metal-
lomesogens (i.e., metal-containing liquid-crystalline compounds) 
showed continued interests and are used in optical and electrical 
switching, high-density optical data storage and optical computing 
system [4,11,12]. Of particular interest are thermotropic mesogenic 
properties of square-planar metal(II)-salicylaldiminates and its 
azo-derivatives [4,10,12–14], alkyl [15–18] and alkoxy substituted 
compounds [8,19–21] which were investigated using differential scan-
ning calorimetry (DSC) and polarizing light microscopic (PLM) obser-
vations. The bidentate and tetradentate Schiff bases of salicylaldimine 
and its derivatives were used for the syntheses of metallomesogens 
mostly incorporating Cu [4,9,10,12–23], Ni [11,15–18,21,23] and VO 
(IV) [9,16,21,23] as a central metal ions. Indeed, some Schiff bases 

compounds also showed liquid crystalline properties [3,4,9,12]. 
Our recent studies described the synthesis, spectroscopy, chiroptical 

property, stereochemistry, thermal and electrochemical analyses for a 
series of four-coordinated transition metal(II) complexes wiht chiral- 
salicylaldiminates/naphthaldiminates having pseudotetrahedral or 
square-planar geometry [24–30]. X-ray molecular structures of pseu-
dotetrahedral C2-symmetrical complexes explored diastereoselection 
and Δ vs. Λ-chirality induction at-metal upon coordination of the (R or 
S)-ligands and provided the two oppositely configured diastereomers of 
Λ-M-R and Δ-M-R (or Δ-M-S and Λ-M-S) with one being thermody-
namically favoured. The diastereoselection is significantly influenced by 
the ligand chirality and the inter-/intra-molecular interactions in the 
solid state, solute-solvent interactions in solution, solvent polarity, time 
and temperature, metal ion selection, the crystallization process, etc. 
[24–30]. The Zn(II) complex with achiral (pyridyl)naphthaldiminates 
provided a racemic mixture of the two stereoisomers Δ-Zn(N,O)2 and 
Λ-Zn(N,O)2 with pseudotetrahedral C2-symmetry [31]. Thermal ana-
lyses of these complexes by DSC demonstrated a simple phase trans-
formation from a crystalline solid to the molten isotropic liquid (m. p.) 
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and no mesomorphic properties were reported so far. 
We reported, in continuation, the syntheses and molecular structures 

of (η4-cod)Rh(I) complexes with the achiral Schiff bases (E)-1-((Ar- 
imino)methyl)naphthalen-2-ol (Ar = o-tolyl [32] and phenyl [33]). The 
deprotonated Schiff base ligand coordinates to the Rh(η4-cod)-fragment 
as a six-membered N,O-chelate in a distorted square-planar geometry at 
the rhodium atom. The similar Schiff base with Ar = p-tolyl and its 
Mn/Zn(II) complexes with proposed octahedral geometry around the 
metal ion were also reported [34]. This Schiff base and its derivatives 
showed interesting feature along the photochemical reaction [35]. 

We report, herein, the syntheses, mesomorphism, molecular struc-
tures and computations of the two new square-planar nickel(II) and 
copper(II) (1 and 2) complexes with the (E)-1-((Ar-imino)methyl) 
naphthalen-2-ol (Ar = p-tolyl: HL). 

2. Experimental 

2.1. Materials and measurements 

IR spectra were recorded on a Nicolet iS10 (Thermo Scientific) 
spectrometer at ambient temperature. UV–vis. spectra were obtained 
with a Shimadzu UV 1800 spectrophotometer in chloroform at 25(1) ◦C. 
1H NMR spectra were recorded on a Bruker Avance DPX 400 spec-
trometer in DMSO‑d6 at 20 ◦C. Differential scanning calorimetry (DSC) 
was performed on a Shimadzu DSC-60 at 30–300 ◦C (ca. 5 ◦C above the 
melting temperature) with a heating rate of 10 K min–1. Solid-state 
magnetic measurements (µeff) were carried out with the magnetic sus-
ceptibility balance MSB Mk1 (Sherwood Scientific Ltd.) at 25 ◦C. The 
molar conductance (Λm) was measured with a Mettler Toledo Fivego 
(Model F3) conductivity meter in dimethylformamide (DMF) at 25 ◦C. 
Electron impact (EI) mass spectra were recorded with a Thermo- 
Finnigan TSQ 700 mass spectrometer. The spectra clearly show the 
isotopic distributions patterns for the 63/65Cu containing ions. Powder X- 
ray diffraction (PXRD) data were collected on a GNR Explorer powder X- 
ray diffractometer operating in the Bragg-Brentano geometry with Cu-Kα 
radiation (λ = 1.5406 Å) at 40 kV and 30 mA using a zero-background 
silicon sample holder. Data were collected at 25 ◦C with a 2θ step size 
of 0.02 ◦ and an integration time of 3.0 s over an angular range of 5–45 ◦

(2θ). 

2.2. Synthesis of the Schiff base ligand (HL) 

2-Hydroxy-1-naphthaldehyde (1.72 g, 10.0 mmol) was dissolved in 
20 mL of methanol with 3-4 drops of concentrated H2SO4 added into the 
solution, which was then stirred for ca. 10 min at room temperature. An 
equimolar amount of p-toluidine (1.07 g, 10.0 mmol) dissolved in 5 mL 
of methanol was added slowly into this solution. The reaction mixture 
was then refluxed for ca. 4-5 h. Thin-layer chromatography (TLC) was 
run to monitor the progress of the reaction. After ca. 40 min, a precip-
itate was formed upon completion of the reaction and the volume of the 
solution was reduced to about 50% by a rotary evaporator. The pre-
cipitate was filtered off and washed three times with methanol (2 mL 
each). The product was dried in open air to obtain light-yellow micro-
crystals of (E)-1-((p-tolylimino)methyl)naphthalen-2-ol (HL). 

Yield: 2.23 g (80%, based on 2-Hydroxy-1-naphthaldehyde). IR 
(KBr): ν = 3057, 3022, 2972 w (H-Ar), 1618 vs (C=N) and 1581 vs 
(C=C) cm–1. UV–vis. (0.108 mM, MeOH): λmax/nm (εmax/L mol− 1 

cm− 1) = 320.5 (12,444), 386 (9777) and 445 (8768). 1HNMR (400 MHz, 
DMSO-d6): δ/ppm = 2.35 (s, 3H, CH3), 6.98 (d, JHH = 9.2 Hz, 1H, H17), 
7.30− 7.36 (m, 3H, H13,14,16), 7.52–7.56 (m, 3H, H2,6,7), 7.77 (d, 
JHH = 8.0 Hz, 1H, H8), 7.91 (d, JHH = 9.2 Hz, 1H, H5), 8.44 (d, 
JHH = 8.4 Hz, 1H, H3), 9.61 (s, 1H, CHN) and 15.90 (br, 1H, OH) (for 
hydrogen atom numbering see Fig. 1). 

2.3. Synthesis of the complexes 1 and 2 

(E)-1-((p-tolylimino)methyl)naphthalen-2-ol (HL, 478 mg, 
2.0 mmol), dissolved in 10 mL of methanol and 2 mL of dichloro-
methane, was added into 10 mL of a hot methanol solution of Ni(II) or 
Cu(II) acetate (249 mg or 200 mg, 1.0 mmol) and stirred for 4-5 h at 
room temperature. The color changed to green (for Ni) or light-brown 
(for Cu). After 3-4 h, green (Ni) or brown (Cu) microcrystals of bis[1- 
((p-tolylimino)methyl)naphthalen-2-olato-κ2 N,O]Ni(II) or Cu(II) (1 or 
2) were precipitated. The precipitate was separated by filtration, washed 
three times with methanol (2 mL each) and dried in ambient air for 
several days. Suitable crystals for X-ray measurements were grown by 
slow diffusion of n-hexane into concentrated solutions of the complexes 
in dichloromethane at room temperature after 3-4 days. 

2.3.1. Bis[1-((p-tolylimino)methyl)naphthalen-2-olato-κ2N,O]Ni(II) (1) 
Yield 0.436 g (60%). – IR (KBr, cm–1): 3053, 3020, 2970, 2945 w (H- 

Ar), 1616, 1598 vs (C=N) and 1575 vs (C = C). Conductance: Λm = 0.61 
S m2 mol–1 in DMF at 25 ◦C. Solid-state magnetic moment: µeff. = 2.73 µB 
at 25 ◦C. 

2.3.2. Bis[1-((p-tolylimino)methyl)naphthalen-2-olato-κ2N,O]Cu(II), (2) 
Yield 0.474 g (70%). – IR (KBr, cm–1): 3053, 3018, 2941, 2916 w (H- 

Ar), 1616 vs (C=N) and 1575 vs. EI-MS: m/z (%) = 583 (3) [M = Cu 
(L)2]+, 322 (2) [M-HL]+, 260 (100) [HL-H]+, 244 (12) [HL-OH]+ and 91 
(12) [C6H5(CH3)-H]+{M = [Cu(L)2] = C36H28CuN2O2 and 
HL = C18H15NO}. Conductance: Λm = 0.41 S m2 mol–1 in DMF at 25 ◦C. 
Solid-state magnetic moment: µeff. = 2.06 µB at 25 ◦C. 

2.4. Computational method 

A thorough computational procedure was employed with Gaussian 
09 [36]. The initial geometries for the computations were generated 
from the X-ray structures of 1 and 2, which were optimized by DFT at the 
B3LYP/6–31G(d) level (Fig. S4). For the Ni(II) complex (1), optimiza-
tions were performed for the paramagnetic high-spin (HS) (S = 1, m = 3) 
and diamagnetic low-spin (LS) (S = 0, m = 1) species, respectively. 
Excited-state properties (UV–vis. spectra) by time-dependent density 
functional theory (TD-DFT) were calculated at several levels of theory 
using the functionals B3LYP and M06 and the basis sets 6–31G(d), SDD, 
SVP and TZVP, respectively. The simulated spectra are almost identical 
with little shifting of band maxima, and are also similar with the 
experimental spectra (Figs. S4a, S4b). Further, spectra for both the HS (S 
= 1, m = 3) and LS (S = 0, m = 1) square-planar Ni-complex (1) were 
calculated at the B3LYP/6–31G(d) level. The polarization continuum 
model (PCM) in chloroform and 72 excited states were considered for 
the calculations (Tables S2-S3). Assessments on excited state properties 
and molecular orbital (MO) calculations were performed at the same 
level of theory. The calculated spectra were produced with SpecDis 
(version 1.71) [37] applying the Gaussian band shape with an expo-
nential half-width of σ = 0.16 eV. 

2.5. X-ray structure determinations 

Suitable crystals were carefully selected under a polarized-light mi-
croscope, covered in protective oil and mounted on a cryo-loop. The 
single-crystal diffraction data were collected using a Rigaku XtaLAB 
Synergy S four circle diffractometer with a hybrid pixel array detector 
and a PhotonJet X-ray source for Cu-Kα radiation (λ = 1.54184 Å) with a 
multilayer mirror monochromator. Data collection was done at 100 
(2).0 K using ω-scans. Data reduction and absorption correction were 
performed with CrysAlisPro 1.171.41.105a [38]. Structure analysis and 
refinement: The structures were solved by direct methods 
(SHELXT-2015), Full-matrix least-square refinements on F2 were carried 
out using the SHELXL-2017/1 program package in OLEX 2.1.3 [39–41]. 
All hydrogen atoms on C were positioned geometrically (with 
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C–H=0.95 Å for aromatic and aliphatic CH, C–H=0.99 Å for CH2 and 
C–H=0.98 Å for CH3) and refined using riding models (AFIX 43, 23 and 
137 with Uiso(H) = 1.2 Ueq (CH, CH2) and 1.5 Ueq (CH3). Crystal data and 
details on the structure refinement are given in Table 1. Graphics were 
drawn with the program DIAMOND [42]. The CCDC numbers are 2,249, 
766 and 2,249,767 for 1 and 2, respectively, and contain the supple-
mentary crystallographic data reported in this paper. These data can be 
obtained free of charge from the Cambridge Crystallographic Data 
centre via www.ccdc.cam.ac.uk/data_request/cif. 

3. Results and discussion 

Reaction of (E)-1-((p-tolylimino)methyl)naphthalen-2-ol (HL) with 
nickel(II) and copper(II) acetate provides the square-planar bis[1-((p- 
tolylimino)methyl)naphthalen-2-olato-κ2N,O)]Ni and Cu(II) complexes 
(1 and 2, respectively) (Scheme 1). Vibrational spectra feature very 
strong bands at 1616, 1598 cm− 1 for νC=N and at 1575 cm− 1 for νC=C 
(Fig. S1). An electron impact (EI) mass spectrum shows the parent ion 
peak at m/z = 583 for complex 2 along with several ion peaks for the 
fragmented species (Fig. S2). The very low molar conductance values Λm 
= 0.61 S m2 mol–1 (1) and Λm = 0.41 S m2 mol–1 (2) indicate a non- 
electrolyte nature of the complexes in DMF at 25 ◦C. 

3.1. 1H NMR spectra 

The 1H NMR spectrum for HL (Fig. 1) shows the signals for the 
methyl protons (CH3) and the imine proton (CH––N) as a singlet at δ   
= 2.35 and 9.61 ppm, respectively [32–34]. The imine proton peak is 
observed at relative downfield due to deshielding by the imine N atom 
and the benzene ring adjacent to the carbon atom. The phenolic proton 
gives a broad peak at δ  = 15.90 ppm, while the aromatic protons (Ar-H) 
appear as several peaks in the range of δ  = 6.98-8.44 ppm (see experi-
mental section for detailed peak assignments). 

3.2. Experimental and simulated electronic spectra (UV–vis.) 

Electronic spectra for HL, 1 and 2 in chloroform (Figs. 2, 3, S4a and 
Table 2) feature several bands/shoulders below 500 nm due to ligand- 
centered n→π*/π→π* transitions (LL). The spectra for the complexes 
further exhibit a weak broad band in the visible region (500-1000 nm) 
with absorption maxima (λmax) at 610 (1) and 660 nm (2) due to su-
perposition of several metal-centered d-d (MM) transitions for Ni(II) (d8) 
and Cu(II) (d9) (inset in Figs. 2, 3 and S4a) [24,28–30,43–46]. The 

Table 1 
Crystal data and structure refinement for compounds 1 and 2.  

Complexes 1 2 

Empirical formula C36H28N2NiO2 C36H28N2CuO2 

M (g mol− 1) 579.31 584.15 
Crystal size (mm) 0.13 × 0.07 × 0.06 0.07 × 0.04 × 0.04 
Temperature (K) 

θ range (◦) 
100(2) 
4.38 - 79.63 

100(2) 
4.45 – 79.82 

h; k; l range ±9; +10, – 12; ±12 +8, –9; ±12; +9 – 13 
Crystal system triclinic triclinic 
Space group P-1 P-1 
a (Å) 7.15140(10) 7.1095(4) 
b (Å) 9.7271(2) 9.9960(7) 
c (Å) 10.50320(10) 10.5004(5) 
α (o) 102.3960(10) 103.736(5) 
β (o) 96.1870(10) 99.023(5) 
γ (o) 104.7580(10) 103.832(5) 
V (Å3) 679.768(19) 685.58(7) 
Z 1 1 
Dcalc (g cm− 3) 1.415 1.415 
F(000) 302 303 
µ (mm− 1) 1.319 1.412 
Max/min transmission 1.0000 / 0.9487 1.0000 / 0.8307 
Refl. measured 19,778 6629 
Refl. unique 2693 2570 
Rint 0.0334 0.0334 
Parameters/restraints 188 / 0 188 / 0 
Completeness 1.000 1.000 
Largest diff. peak & hole (Δρ/e Å− 3) 0.448 / − 0.580 1.078 / − 1.269 
R1/wR2 [I > 2σ(I)] a 0.0359 / 0.1303 0.0540 / 0.1583 
R1/wR2 (all reflect.) a 0.0377 / 0.1326 0.0593 / 0.1619 
Goodness-of-fit on F2 b 1.192 1.291 
CCDC number 2,249,766 2,249,767 

a R1 = [Σ(‖Fo|− |Fc‖)/Σ|Fo|]; wR2 = [Σ[w(Fo
2− Fc

2)2]/Σ[w(Fo
2)2]]1/2. b Goodness- 

of-fit, S = [Σ[w(Fo
2− Fc

2)2]/(n − p)]1/2. 

Scheme 1. Synthetic route to the formation of bis[1-((p-tolylimino)methyl) 
naphthalen-2-olato-κ2N,O]M(II) {M =Ni (1) and Cu (2)}. 

Fig. 2. Experimental spectrum for 1 (concentration ca. 0.04 mM) in chloroform 
at 25(1) ◦C. Simulated spectra for HS and LS species at B3LYP/6–31G(d) with 
PCM in chloroform. Spectra in the visible range are shown in the inset 
(Gaussian band shape with exponential half-width of σ = 0.16 eV). 

Fig. 1. 1H NMR spectrum for HL in DMSO‑d6 at 20 ◦C.  
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excited state properties, that is, the UV–vis. spectra were calculated by 
TD-DFT for both the high-spin (HS, S = 1, m = 3) and low-spin (LS, S =
0, m = 1) square-planar Ni(II) complex (1) and for the Cu(II) complex 
(2) at the B3LYP/6–31G(d) level (Figs. 2 and 3). For comparison, the 
experimental and simulated spectra for 1 and 2 are shown in Figs. 2 and 
3. The simulated spectrum for the HS Ni(II) complex shows a fair match 
to the experimental one, in particular, to the d-d band in the visible 
region at 500-700 nm (Fig. 2, inset). The simulated HS spectrum con-
tains two weak bands with λmax at 619 and 531 nm, very close to a weak 
broad band centered at 604 nm in the experimental spectrum (Fig. 2 and 
Table 2), in parallel to the analogous square-planar Ni(II)-N,O-chelate 
Schiff bases complexes [28]. The LS Ni(II) complex shows the simulated 
d-d band at 450-580 nm with λmax = 510 nm. The blue shift of the d-d 
band for the LS complex in comparison to the HS one corresponds well to 
the relatively higher CFSE for the LS state (i.e., ΔLS > ΔHS). The HS Ni(II) 
complex with square-planar geometry is paramagnetic, which is 
confirmed by a solid-state magnetic measurement and the 1H NMR 
spectrum in solution (discussed under Section 3.6). Further, the analo-
gous pseudotetrahedral paramagnetic HS Ni(II)-N,O-chelate Schiff bases 
complexes [27] showed the d-d band at lower energy with 
λmax = 630 nm (or 666 nm for the simulated spectrum), in accordance 
with ΔSq. > ΔTet.. These results rule out any possibility of structural 
change from square-planar to tetrahedral in solution and hence, suggest 
additional stability and integrity of the observed square-planar Ni(II) 
complex in the solid state (see below). For the Cu(II) complex (2), the 
experimental spectrum is very similar to the simulated spectrum (Fig. 3). 
The simulated spectrum shows a weak broad band in the visible region 

with λmax = 653 nm, very close to a broad band at 600-850 nm (with 
λmax at ca. 660 nm) for the experimental spectrum (Fig. 3 and Table 2). 
Some selected and simplified assignments were made based on the 
molecular orbital (MOs) and population analyses for β-spin electron 
excitations and the data are listed in Table 2. A combined band 
comprised of MM and ML transitions is found at ca. 619 nm for the 
HOMO-4 to the LUMO+3 excitation for complex 1 (HS) and at ca. 
653 nm for the HOMO-12 to LUMO excitation for complex 2. The 
HOMO-4 and HOMO-12 orbitals are mainly localized at ligand moieties 
with a little bit of metal-dxy contribution, while the LUMO+3 and LUMO 
orbitals are mainly localized at the metal-dz

2 orbital with relatively little 
ligand contribution (Fig. 4). 

3.3. X-ray crystal and optimized structures 

The molecular structure determinations of 1 and 2 by single-crystal 
X-ray analysis disclose formation of a N2O2-coordination sphere around 
the metal ion in square-planar geometries via coordination of two N,O- 
chelate Schiff base ligands (Fig. 5). In contrast, the reported analogous 
Ni/Cu(II)-N,O-chelate Schiff base complexes showed a pseudotetrahe-
dral geometry around the metal ion [24,27,29,30]. Both compounds 1 
and 2 crystallize isostructurally in the triclinic space group P-1. One half 
of the molecule is present in the asymmetric unit of each crystal struc-
ture. The bond lengths and angles are listed in Table 3, comparable to 
the analogous Ni/Cu(II)-N,O-chelate Schiff base complexes [24,27,29, 
30]. A comparison of the metal–ligand bond distances in Table 3 shows 
that the Ni/Cu–O bond (1.831–1.888 Å) is shorter than the Ni/Cu–N 
bond (1.892-1.987 Å), which indicates stronger bonding interactions 
between the charged O− and M2+ atoms (Table 3). The imine bond 
(C11–N1) length (1.305-1.310 Å) is shorter than the C12–N1 bond 
(1.429-1.440Å), due to a double-bond character of the former. The 
gas-phase optimized structures for 1 (HS- and LS-species) and 2 are 
shown in Fig. S5, and the calculated bond lengths and angles are com-
parable to the experimental results (Table 3). The gas phase optimized 
structure for the HS Ni(II) complex (S = 1) is of lower energy than the LS 
one (S = 0) by 3.85 kcal/mol. However, solid-state X-ray data (Table 3) 
are relatively close to the LS optimized structure due to the fact that the 
experimental data were collected at low temperature (100 K), where the 
LS state may be the ground state. 

3.4. Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) patterns for microcrystals of 1 and 
2 were measured over the 2θ range of 5 − 45◦ at 293 K (Fig. 6). The 
diffractograms are identical in view of the isostructural nature of 1 and 
2. A very good match of the experimental (measured at 293 K) and 
simulated patterns from the 100 K single crystal X-ray structures 

Fig. 3. Experimental spectrum for 2 (concentration ca. 0.05 mM) in chloroform 
at 25(1) ◦C. Simulated spectrum at B3LYP/6–31G(d) with PCM in chloroform. 
Spectra in the visible range are shown in the inset (Gaussian band shape with 
exponential half-width of σ = 0.16 eV). 

Table 2 
Selected excited state properties for 1 (HS, S = 1) and 2 at B3LYP/6–31G(d) level with PCM in chloroform.  

Wavelength (λ/nm) Excited states Oscillator strength (f) MOs contribution (%)1 Assignmentsa    

Compound 1  
619 (604) 5 0.0015 H-10→L+2 (39), H-4→L+3 (18) MM, LM 
531 8 0.0021 H-1→L+1 (22), H→L (24) MM, LM/ML, LL 
394 (475, 442) 16 0.3098 H-1→L (52), H→L (34) MM, LM/ML, LL 
329 (360, 324) 29 0.3460 H-3→L+1 (17), H-2→L+1 (62) MM, LM, LL 
290 (280) 50 0.1216 H-1→L+4 (56), H→L+4 (26) MM, LM, LL    

Compound 2  
653 (660) 2 0.0041 H-12→L (48), H-11→L (14) MM, LM 
471 (430) 8 0.0758 H→L (48) MM, LM, LL 
414 (410) 11 0.1347 H→L+1 (100) MM, LM/ML, LL 
371 18 0.0713 H-1→L+2 (53) MM, LM/ML, LL 
325 (320) 27 0.3978 H-3→L+1 (46), H-2→L+1 (36) MM, ML/LM, LL 
294 (270) 45 0.2632 H→L+3 (61), H→L+4 (27) MM, LM, LL 
269 66 0.0458 H-7→L+1 (30), H→L+5 (51) MM, LM, LL  

1 β-spin electron excitations and corresponding MOs are considered. 
a H/L= HOMO/LUMO; b MM =metal-metal, ML/LM = metal-ligand and LL = intra-ligand transitions. 
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confirms the phase purity of the bulk microcrystalline samples [27,29, 
43,44]. A slight peak shift to higher 2θ angles in the simulated dif-
fractograms is due to the lower temperature in the underlying crystal 
structure data with a concurrent contraction of the bond lengths and 
unit cell parameters. 

3.5. Thermal analysis and mesomorphic property 

Thermal analyses for HL, 1 and 2 were carried out by differential 
scanning calorimetry (DSC) following the phase transformation tem-
perature and enthalpy changes (ΔH) [24–29]. The DSC heating curve for 
HL shows an endothermic peak at ca. 138 ◦C (ΔH = − 25.4 kJ mol− 1), 
which corresponds to a transformation from crystalline-solid (Cr) to 
isotropic-liquid phase (I or m.p., Cr ⇆ I) (Fig. 7a and Table 4). The 
cooling curve shows no corresponding peak in the reverse direction, 
suggesting an irreversible phase transformation. The heating curve for 
the Ni(II) complex (1) exhibits an endothermic peak at ca. 286 ◦C 
(ΔH = − 47.3 kJ mol− 1) for a crystalline-solid (Cr) to isotropic-liquid 
phase (Cr ⇆ I) (Fig. 7b and Table 4). The cooling curve features an 
exothermic peak in the reverse direction at ca. 204 ◦C (ΔH =+35.3 kJ 
mol− 1) for an isotropic-liquid to solid-crystal phase transformation (I ⇆ 
SCr), i.e., solidification of the isotropic-liquid, corresponding to a 
reversible phase transformation. The repeated heating curve in the 
second cycle for the same probe of HL and 1 reproduce similar results, 
suggesting their thermal stability and integrity (Fig. 7a,b and Table 4). 
For the Cu(II) complex (2), the heating curve displays two endothermic 
peaks at ca. 216 ◦C (ΔH = − 31.2 (kJ mol− 1) and 224 ◦C (ΔH = − 0.9 kJ 
mol− 1) for phase transformations from crystalline-solid to liquid-crystals 
(Cr ⇆ Lc) and to isotropic-liquid (Lc ⇆ I), respectively (Fig. 7c and 
Table 4). The cooling curve shows two exothermic peaks at ca. 175 and 
166 ◦C (ΔH =+4.7 kJ mol− 1) for I ⇆ Lc and Lc ⇆ SCr phase trans-
formations, respectively. The repeated heating curve in the second cycle 
for the same probe gives a single endothermic peak at ca. 223 ◦C 
(ΔH = − 28.3 kJ mol− 1), which corresponds to a single-phase trans-
formation from crystalline-solid to isotropic-liquid (Cr ⇆ I) with no 
liquid-crystalline phase. However, the cooling curve reproduces similar 
results as in the first cooling cycle (Fig. 7c and Table 4). 

The mesomorphic property for 1 and 2 was examined by polarizing 
light microscopic (PLM) observations using a heating-cooling stage [4, 
10,12–23]. The optical texture for the Cu(II) complex (2) during the first 

Fig. 4. HOMO-4/LUMO+3 for 1 (HS) (left) and HOMO-12/LUMO for 2 (right) for β-spin electron transitions.  

Fig. 5. Molecular structures in the crystal of 1 (a) and 2 (b). Symmetry label 
i = 1–x, 1–y, –z in 1, i = 1–x, 1–y, 2–z in 2. 
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heating cycle showed a crystalline solid phase (Cr) at 40-210 ◦C 
(Fig. 8a), which subsequently melted at 212-217 ◦C (Fig. 8b). A 
liquid-crystalline phase (Lc) was observed on further heating at 
219-222 ◦C (Fig. 8c), followed by a phase transformation to 
isotropic-liquid (I or m. p.) at 223–225 ◦C (Fig. 8d). On cooling, the 
isotropic-liquid (I) transformed to liquid-crystals (Lc) phase at 
180-175 ◦C (Fig. 8e) and then to a solid crystal phase (SCr, i.e., solidi-
fication of liquid-crystals) at 160-165 ◦C (Fig. 8f). These results of op-
tical observations are in parallel to the thermal (DSC) analysis (Fig. 7c 
and Table 4) and strongly suggest a mesomorphic property (liquid--
crystals) for the Cu(II) complex (2). Optical observations for the Ni(II) 
complex (1) during the first heating cycle displayed a crystalline solid 
phase (Cr) in the range of 40-210 ◦C (Fig. S6a), which subsequently 
melted to an isotropic-liquid (I or m. p.) at 286-290 ◦C (Fig. S6b). The 
cooling cycle showed a solid crystal phase (SCr, i.e., solidification of the 
isotropic-liquid) at 200-205 ◦C (Fig. S6c). Thus, the thermal analysis and 
optical observations displayed no mesomorphic properties for complex 
1. 

3.6. Paramagnetism of the complexes 

The solid-state magnetic moments µeff. = 2.73 µB for 1 and 2.06 µB for 
2 at 25 ◦C (without diamagnetic corrections) indicate a paramagnetic 
nature of the complexes [43,45,47–49]. The difference to the theoretical 
spin-only magnetic moment for Ni (total spin S = 1, µeff. = 2.83 µB) and 
Cu (S = 1/2, µeff.  = 1.73 µB) is due to contributions from the orbital 
angular magnetic momentum and/or diamagnetic contributions from 
the ligands [50,51]. The square-planar Ni(II) complex may have para-
magnetic high-spin (S = 1) or a diamagnetic low-spin (S = 0) configu-
ration depending on the metal-ligand interactions [28,43,52]. To check 
this, we measured a 1H NMR spectrum for 1 in CDCl3 (Fig. S3a), which 
shows peak broadening and shifting effects, in parallel to the para-
magnetic nature of the Ni(II)-Schiff base complexes [28,43], alike the 

Table 3 
Selected bond lengths (Å) and angles (◦) in 1 and 2.  

Bond lengths (Å) and angles (◦) X-ray structure for 1 (M = Ni) Optimized structures for 1a X-ray structure for 2 (M = Cu) Optimized structure for 2a   

LS (S = 0) HS (S = 1)   

M-O1/O1i 1.831 1.8213 1.8954/1.8925 1.888 1.8907/1.8879 
M-N1/N1i 1.892 1.8953 1.9621/1.9630 1.987 1.9582/1.9685 
C1-O1/O1i 1.302(2) 1.2962 1.2964/1.2929 1.293(3) 1.2957/1.2928 
C12-N1/N1i 1.440(2) 1.4334 1.4208/1.4234 1.429(4) 1.4232/1.4274 
C11-N1/N1i 1.310(2) 1.3133 1.3135/1.3160 1.305(4) 1.3126/1.3136 
O1-M-N1/O1i-M-N1i 92.20 91.50 92.10/92.27 90.38 93.05/92.98 
O1-M-O1i/N1-M-N1i 180.00 180.0 120.62/142.16 180.00 141.84/146.89 
O1i-M-N1/O1-M-N1i 87.80 88.50 104.52/108.30 89.62 95.10/100.16  

a Optimized structure at B3LYP/6–31G(d). 

Fig. 6. Experimental (at 293 K) and simulated (from 100 K X-ray data set) 
PXRD patterns for 1 and 2. 

Fig. 7. Differential scanning calorimetry (DSC) curves for HL (a), 1 (b) and 
2 (c). 

A. Mim et al.                                                                                                                                                                                                                                     



Journal of Molecular Structure 1291 (2023) 135669

7

paramagnetic spectrum for the Cu(II) complex (2) (Fig. S3b). These re-
sults are in good accord to the solid-state magnetic moments, and a 
preferred HS optimized structure for the simulated UV–vis. absorption 
spectra (see above). 

3.7. Cyclic voltammetry 

Cyclic voltammograms for 2 were recorded from − 1.20 to 1.00 V 
versus Ag/AgCl at varying scan rates in N,N-dimethylformamide (DMF) 
at 25 ◦C (Fig. 9). The reductive scan shows two cathodic peaks at ca. 
− 0.62 V (Ic1 =+7.22 µA) and − 1.02 V (Ic2 =+7.21 µA), corresponding 
to two one electron charge transfer processes of the [CuL2]/[CuL2]− and 
[CuL2]− /[CuL2]2− couples (L = deprotonated Schiff base ligand), 
respectively at a scan rate of 0.10 V s− 1. The oxidative scan shows cor-
responding anodic peaks at ca. − 0.27 V (Ia2 = − 0.31 µA) and +0.67 V 
(Ia1 = − 2.88 µA) for [CuL2]2− /[CuL2]− and [CuL2]− /[CuL2] couples, 
respectively [44,45,53,54]. The anodic peak at ca. − 0.27 V is very weak 
due to the instability and/or rapid chemical transformation of the 
[CuL2]− (Cu+) species. Analyses of voltammograms at varying scan rates 
resulted in both the cathodic and anodic peaks becoming increasingly 
populated and a shift of the peaks to lower and higher potential, 
respectively (Fig. 9). The plot of peak current versus square root of the 
scan rate (i.e., Ic or Ia or Ia/Ic vs. ν1/2) exposed an increase of cathodic 
peak current (Ic) or a decrease of anodic peak current (Ia) at a constant 
ratio of Ia/Ic with faster scan rates (Fig. 9, inset). The straight line indicates a diffusion-controlled electrochemical process in solution. The 

overall results suggest a quasi-reversible two one electron charge 
transfer processes as reported for the analogous Cu(II)-N,O-chelate 
Schiff base complexes [44,45,53,54]. 

4. Conclusions 

The bis[1-((p-tolylimino)methyl)naphthalen-2-olato-κ2N,O]Ni and 
Cu(II) (1 and 2) complexes were synthesized from the Schiff base ligand 
(E)-1-((p-tolylimino)methyl)naphthalen-2-ol. Molecular structures de-
terminations reveal a coordination of two molecules of the naph-
thaldiminato ligands to the metal(II) ions, having both complexes a 
square-planar geometry. Powder XRD patterns support the phase pu-
rity of the bulk microcrystalline samples. Both complexes are para-
magnetic in nature. While this could be expected for the Cu(II) complex, 
it is unexpected for the square-planar Ni(II) complex and this observa-
tion will be the subject of further investigations. Thermal analysis by 
DSC and polarized light microscopic observations reveal a mesogenic 
property for 2. Cyclic voltammograms demonstrate a quasi-reversible 
two one electron charge transfer processes for 2 in 
dimethylformamide. DFT/TD-DFT calculations support the experi-
mental results of UV–vis. spectra and molecular structures. In subse-
quent studies we will now address the analogous metal(II) complexes in 
view of mesomorphism and molecular structures. 
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Table 4 
Phase transformation temperatures and enthalpy changes for HL, 1 and 2.  

Compounds Peak temperature ( ◦C)/ΔH (kJ mol–1)* 
(1st cycle) 

Peak temperature ( ◦C)/ΔH (kJ mol–1)* 
(2nd cycle) 

HL ca. 139/− 25.4 (Cr ⇆ I) (heat) 
No peak (cool) 

ca. 134/− 24.1 (Cr ⇆ I) (heat) 
No peak (cool) 

1 ca. 286/− 47.3 (Cr ⇆ I) (heat) 
ca. 204/+35.3 (I ⇆ SCr) (cool) 

ca. 286/− 45.3 (Cr ⇆ I) (heat) 
ca. 205/+34.3 (I ⇆ SCr) (cool) 

2 ca. 216/− 31.2 (Cr ⇆ Lc), 224/− 0.9 (Lc ⇆ I) (heat) 
ca. 175 (I ⇆ Lc), 166/+4.7 (Lc ⇆ SCr) (cool) 

ca. 223/− 28.3 (Cr ⇆ I) (heat) 
ca. 187 (I ⇆ Lc), 181 (Lc ⇆ SCr)/+7.5 (cool)  

* ΔH = Enthalpy changes. 

Fig. 8. Optical texture observations through polarizing light microscope (PLM) 
during the first heating and cooling cycle for 2. 

Fig. 9. Cyclic voltammograms for 2 (concentration ca. 0.5 mM) at different 
scan rates (ν/Vs− 1) using tetra-N‑butyl‑ammonium hexafluorophosphate 
(TBAP) as supporting electrolyte (concentration ca. 0.1 mM) in DMF at 25 ◦C 
(inset: plot of Ic or Ia or Ia/Ic vs. ν1/2). 
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C. Janiak, G. Pescitelli, Synthesis and characterization of bis[(R or S)-N-1-(X-C6H4) 
ethyl-2-oxo-1-naphthaldiminato-κ2N,O]-Λ/Δ-cobalt(II) (X = H, p-CH3O, p-Br) with 
symmetry- and distance-dependent vibrational circular dichroism enhancement 
and sign inversion, Inorg. Chem. 60 (2021) 14116–14131. 

[26] M. Enamullah, G. Makhloufi, R. Ahmed, B.A. Joy, M.A. Islam, D. Padula, 
H. Hunter, G. Pescitelli, C. Janiak, Synthesis, X-ray and spectroscopic study of 
dissymmetric tetrahedral zinc(II) complexes from chiral Schiff base 
naphthaldiminate ligands with apparent exception to the ECD exciton chirality, 
Inorg. Chem. 55 (2016) 6449–6464. 

[27] A. Saadati, H.A. Rudbari, M. Aryaeifar, O. Blacque, I. Correia, M.K. Islam, 
D. Woschko, T.H.H. Sohi, C. Janiak, M. Enamullah, Experimental and 
computational studies on pseudotetrahedral nickel(II)-(R or S)-dihalogen- 
salicylaldiminates with Δ- or Λ-chirality induction at-metal, CrystEngComm 25 
(2023) 365–377. 

[28] M. Enamullah, M.A. Quddus, M.R. Hasan, G. Pescitelli, R. Berardozzi, 
G. Makhloufi, V. Vasylyeva, C. Janiak, Chirality at metal and helical ligand folding 
in optical isomers of chiral bis(naphthaldiminato)nickel(II) complexes, Dalton 
Trans. 45 (2016) 667–680. 

[29] N. Kordestani, H.A. Rudbaria, G. Bruno, S. Rosario, J.D. Braun, D.E. Herbert, 
O. Blacque, I. Correia, M. Al-M. Zaman, M. Mamun Bindu, C. Janiak, 
M. Enamullah, Solid-state to solution helicity inversion of pseudotetrahedral chiral 
copper(II) complexes with 2,4-dihalo-salicylaldiminate ligands, Dalton Trans. 49 
(2020) 8247–8264. 

[30] A.C. Chamayou, G. Makhloufi, L.A. Nafie, C. Janiak, S. Lüdeke, Solvation-induced 
helicity inversion of pseudotetrahedral chiral copper(II) complexes, Inorg. Chem. 
54 (2015) 2193–2203. 

[31] M. Enamullah, M.A. Islam, B.A. Joy, B. Dittrich, G. Reiss, C. Janiak, π–π interaction 
leading to an inversion-symmetric complex pair of Λ- and Δ-bis[N-2-(R-pyridyl)-2- 
oxo-1-naphthaldiminato-κ2N,O]zinc(II), Inorg. Chim. Acta 482 (2018) 935–942. 

[32] C. Janiak, A.C. Chamayou, A.K.M. Royhan Uddin, M. Uddin, K.S. Hagen, 
M. Enamullah, Polymorphs, enantiomorphs, chirality and helicity in [Rh{N,O}(η4- 
cod)] complexes with {N,O} = salicylaldiminato Schiff base or aminocarboxylato 
ligands, Dalton Trans. 19 (2009) 3698–3709. 

[33] M. Enamullah, M.A. Islam, C. Janiak, Rh{(η4-cod) or (PPh3)2}-Schiff base 
complexes with a Z’ = 2 structure: syntheses, spectroscopy, thermalanalyses and 
DFT/TDDFT, J. Mol. Struct. 1122 (2016) 331–340. 

[34] V. Gomathi, R. Selvameena, R. Subbalakshmi, G. Valarmathy, Synthesis, spectral 
characterization and antimicrobial screening of Mn(ll) and Zn(ll) complexes 
derived from (E)-1-((p-tolylimino)methyl)naphthalene-2-ol, Orient. J. Chem. 29 
(2) (2013) 533–538. 

[35] P.P. Levin, A.S. Tatikolov, N.L. Zaichenko, A.I. Shienok, L.S. Koltsova, I. 
M. Sherbakova, I.R. Mardaleishvili, A.A. Berlin, Kinetics of photochemical 
reactions of biphotochromic compounds based on spironaphthopyran and enamine 
– conjugation effect, Photochem. Photobiol. Sci. 15 (2016) 382–388. 

[36] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, 
G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. 
V. Marenich, J. Bloino, B.G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J. 

A. Mim et al.                                                                                                                                                                                                                                     

https://ccdb.computecanada.ca
https://doi.org/10.1016/j.molstruc.2023.135669
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0001
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0001
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0002
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0002
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0002
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0003
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0003
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0004
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0004
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0004
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0005
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0005
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0006
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0006
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0007
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0007
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0007
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0008
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0008
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0009
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0009
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0009
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0010
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0010
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0010
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0011
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0011
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0011
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0011
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0012
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0012
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0013
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0013
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0013
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0014
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0014
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0014
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0015
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0016
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0016
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0016
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0016
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0017
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0017
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0018
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0018
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0018
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0018
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0019
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0019
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0019
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0020
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0020
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0020
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0021
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0021
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0021
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0022
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0022
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0023
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0023
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0023
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0024
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0024
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0024
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0024
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0024
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0025
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0025
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0025
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0025
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0025
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0026
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0026
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0026
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0026
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0026
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0027
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0027
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0027
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0027
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0027
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0028
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0028
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0028
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0028
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0029
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0029
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0029
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0029
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0029
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0030
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0030
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0030
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0031
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0031
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0031
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0032
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0032
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0032
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0032
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0033
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0033
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0033
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0034
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0034
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0034
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0034
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0035
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0035
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0035
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0035
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0036
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0036
http://refhub.elsevier.com/S0022-2860(23)00765-2/sbref0036


Journal of Molecular Structure 1291 (2023) 135669

9

V. Ortiz, A.F. Izmaylov, J.L. Sonnemberg, D. Williams-Young, F. Ding, F. LIpparini, 
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. 
G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, 
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
T. Vreven, K. Throssell, J.J.A. Montgomery, J.E. Peralta, F. Ogliaro, M. Bearpark, J. 
J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, T.A. Keith, R. Kobayashi, 
J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, 
M. Cossi, J.M. llam, M. Klene, C. Adamo, R. Cammi, J.W. Ochterski, R.L. Martin, 
K. Morokuma, O. Farkas, J.B. Foresman, D.J. Fox, Gaussian 16, Revision A.03, 
Gaussian, Inc., Wallingford CT, 2016. GaussView 5.0. Wallingford, E.U.A. 
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