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ARTICLE INFO ABSTRACT

Keywords: This study delves into the synthesis, crystal structure, structural topology, photodynamic antifungal therapy
Antif‘{ngal (PACT), and DFT-based investigations of one [Cd(TCM);], coordination polymer (TCM = tricyanomethanide).
Cadmium The complex was structurally characterized using elemental, IR/Raman, UV-Visible spectroscopy, PXRD, EDX-
?g; SEM, and X-ray diffraction. X-ray structure divulges that the complex crystallizes in the orthorhombic space

Molecular docking group Pmna where Cd(II) centres assume octahedral geometry and are coordinated by six N atoms from six TCM.

PLIP The topology analysis reveals an sqc8 topology with Cd(II) occupying the nodes, whereothe TCM connectors form

PACT edges. The crystal packing consists of unique nitrile---nitrile interactions at 3.276 A. The crystal packing is
confirmed by Hirshfeld surface (HS) and 2D fingerprint plots. The Cd---N contact makes up 35.1% of the packing,
while the C---C and N---N contacts contribute 21.2% and 20.6%, respectively. The complex DFT optimization was
contrived in B3LYP, HF, and M06-2x methods employing the 3-21 g, lanl2dz, and sto-3 g level of basis sets. Here
chemical reactivity is supported by the HOMO-LUMO energy gap and ESP. The electrophilic (E + ) and nucle-
ophilic (Nu) sites were examined by Fukui function values (fy, fx and f %). The NLO parameters support the
complex optical properties. The molecular docking simulation (MD) and protein-ligand interactions profiler
(PLIP) has shown promising results in studying the relationship between complex and cancer proteins at a
biological level. The article vivdly discusses the photodynamic antifungal therapy’s effectiveness using MIC value
against antibiotic-resistant strains when used with complex, TCM, and metal salts. The most effective mecha-
nisms include membrane disruption, ROS, and cell cycle arrest.

1. Introduction

The trending pseudohalides chemistry in coordination chemistry
gains constant importance, especially for synthetic inorganic chemists
[1,2]. Researchers worldwide are involved in their research effort to
explore new avenue in crystal engineering to develop novel properties of
crystal complexes beneficial to the human being or industry as coordi-
nation complexes crystal engineering is a rapidly expanding research
field [3]. Based on this, one exciting pseudohalide, potassium tricya-
nomethanide [KC(CN)3] (TCM), was first discovered in 1896 by
Schmidtmann [4] to expand crystal engineering. Consistent with the
previous pseudohalide concept [4,5], several research works explore
that [NCO]-, [C(CN)3] and [N(CN).]" are very similar species possessing
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an ambident binding ability that a rarely observed Group IV/V pairs of
donor atoms (Scheme S1) [5]. Scheme S1 divulges the TCM electronic
arrangement and bridging actions that are parallelism with [N(CN),]
[4]. Notably, examples of C/N bonding, ionic bonding, and bridging
have been reported vividly [5]. Riveting the systematic exploration of
TCM as a ligand in coordination chemistry only began 30 years ago.
Kohler et al. published remarkable works on transition metal com-
pounds with these pseudohalides [6]. Moreover, TCM is a versatile
three-connecting building block employed for universal coordination
networks in self-assembly [7-11]. They often behave like pl or p3-
bridges connecting two or three M—centres to create extended 1D/2D/
3D aggregates [9]. The bridging assembly M—N=C—N=N—M,
M—N=C—C(CN)— C=N—M! is nonlinear due to sp2 hybridization of
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the central N/C atom with an M...M" separation of more than 7.5 A [9].
Under this circumstance, the coordination complexes building blocks
constructed from TCM have sparked significant interest due to their
fabulous structural motifs and novel properties belonging to their opti-
cal, magnetic, and electronic [12]. Besides, the quasi-pi conjugated TCM
is an effective mediator for transmitting magnetic and electronic in-
teractions [12]. Further, scientists have perceived that coordination
chemistry research has been expanded by utilizing DFT-based studies
like HSA, MEP, Fukui function, NLO, and HOMO-LUMO. Meanwhile,
HSA thoroughly analyzed the crystal structure supramolecular in-
teractions of various cadmium complexes and coordination polymers
[13,14]. DFT also explains metal complexes’ chemical reactivity
[15,16], topology, optical, and selectivity in the local hard-soft acid-
base (HSAB) theory. Because of this, numerous studies [17-19]
demonstrate that the HSAB principle is frequently applied to examine
the site selectivity in a molecule. Concerning DFT computations,
soft-soft interactions are preferred at the maximum. Fukui function
zone, whereas hard-hard interactions are selected in the minimum Fukui
function region [20,21]. Electrophile and nucleophile regions were
determined by calculating the Fukui function of the metal complex.
Herein, the DFT calculations of the metal complex were made in B3LYP,
HF, and M06-2x [22-24] methods with the 3-21 g, lanl2dz, and sto-3 g
basis sets. Meanwhile, the quantum chemical studies concerning the
antimicrobial potency of the complex were conducted using MD and
PLIP experiments. The studies are becoming more attractive because
various cadmium complexes and coordination polymers have shown the
potential to address antimicrobial issues [14,25,26]. These studied
against cancer proteins that are breast cancer protein (PDB ID: 1JNX)
[271, lung cancer protein (PDB ID: 2H80) [28], liver cancer protein (PDB
ID: 3WZE) [29], and colon cancer protein (PDB ID: 4UYA) [30]. Inter-
estingly, the research of photodynamic antifungal therapy (PACT) has
drawn tremendous interest from the scientific society since it is a special
treatment that uses light-sensitive drugs. It is for its practical potential
function to kill multidrug-resistant pathogenic bacteria. Also, here a
light source is used in this treatment to destroy abnormal cells. It can be
used in various medical fields, including antimicrobial therapy, cancer
treatment [31-34], ophthalmology, and even acne. PACT can effectively
destroy microbes like bacteria, fungi, and viruses [35-38]. The heavy
burden of fungal infections, and the increase in fungal strains resistant to
the current antifungals globally, have rendered the development of new
therapeutic strategies, such as antifungal photodynamic therapy, an
urgent requirement.

In this context, our research focuses on the synthesis, characteriza-
tion, structural topology, and crystal structure of one new Cd(II)-based
coordination polymer featuring TCM connecting building blocks. In
the meantime, DFT-based studies of the Fukui function, HOMO-LUMO,
ESP, NLO parameters, and HSA provide evidence for complex areas of
electrophilicity/nucleophilicity, reactivity, optical activities, and su-
pramolecular interactions. We conducted MD and PLIP experiments to
understand better the biological relationship between metal complexes
and cancer proteins. Ultimately, we paid close attention to the mecha-
nistic details of photodynamic antifungal therapy against antibiotic-
resistant strains using MIC values to compare the effectiveness of the
complex, TCM, and metal salts.

2. Experimental
2.1. Materials and instrumentation

All the research chemicals and solvents were purchased from
Aldrich, Sigma, USA, Company and used as received without further
purification. The purity of Cd(OAc),-2H20 is (99%), Sodium tricyano-
methanide (TCM) (Na ™ "C(CN)3) (98%), Methanol (99.9%), and
Dichloromethane (DCM) (99.9%). The standard C and N elements were
analyzed using a PerkinElmer 2400 (CHN Elemental) Analyzer. FT-IR
spectra were recorded in solid KBr pellets (4000-400 cm™%). It
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employed the 16 scans at a wavenumber resolution of 4 cm™! on a
PerkinElmer spectrum RX 1 and the DTGS (deuterated triglycine sulfate)
detector. Raman spectra were recorded using the BRUKER RFS 27 model
(4000-50 cm’l). PXRD measurements were successfully conducted
using the BRUKER AXS model with Cu K radiation from the GERMANY
X-ray diffractometer D8 FOCUS.SEM micrographs were analyzed using
the JEOL model JSM6390LV, and the EDX was performed on the EDX
OXFORD XMX N with a W filament. UV-Visible spectra (200-1100 nm)
in DCM solvent were determined with the Hitachi model U-3501
spectrophotometer.

2.2. Synthesis and crystallization of [Cd(TCM)2],

Cd(OAc)2-2H20 (0.267 g, 1 mmol) and the Sodium tricyanometha-
nide (TCM) (0.113 g, 1 mmol) were dissolved in a hot 35 mL methanol
with continuous stirring under a magnetic stirrer for about 1 h. The
temperature of the reaction mixture was adjusted to 75 °C. In the
meantime, we added ten drops of hot dichloromethane (DCM). The
resultant mixture was further refluxed at room temperature for 2 h. The
light-yellow solution was filtered and refrigerated for crystallization at
room temperature by slow evaporation. After 15 days of spending, plate-
sized, light, yellow-coloured single crystals were obtained, suitable for
SCXRD. Crystals were isolated by filtration, washed with dry ether, and
air-dried. Yield: 0.421 g, (51%), Anal. Calc. for CgCdNg: C, 32.85; N,
28.73. Found: C, 32.79; N, 28.68 %. IR (KBr) (em 1) selected bands: free
TCM, v(CN) 2179 cm ™}, TCM in complex, v(CN) 2204 cm ™}, 2277 em ™},
Raman (cm 1) selected band for complex: v(CN) 2202 cm L, 2270 em ™Y,
Complex, UV-Vis Apax (DMF): 280 nm, free TCM, UV-Vis Ayax (CH3OH):
234, and 270 nm.

2.3. X-ray crystallography

Light-yellow cadmium crystal complex was developed after several
days of evaporating methanol and DCM medium’s mixed solvent. To
process crystal data, we carefully selected 3 to 5 high-quality crystals
and observed them microscopically. Crystals were collected on a Bruker
CCD [39] diffractometer using Mo Ka radiation at room temperature
(=0.71073 A). When collecting crystal data, we utilized multiple crys-
tallographic programs that are commonly used. For example, SMART is
used for accumulating frames of information, indexing reflections, and
determining lattice parameters, SAINT [40] for combining the intensity
of reflections and scaling, SADAB [41] for absorption correction, and
SHELXTL for determining space groups and structures, as well as least
squares refinements on F2. The crystal structure was entirely solved by
full-matrix least-squares methods against F> using SHELXL-2014 [42]
and Olex-2 software [43]. A summary of the crystallographic informa-
tion and structure refinement parameters is shown in Table 1.

2.4. Computational methodology

Theoretical DFT calculations provide essential information about
molecules’ chemical and biological properties [44]. Therefore, many
quanta chemical parameters are obtained from theoretical calculations.
The calculated parameters are used to explain the vital chemical activ-
ities of the molecules. Many programs are used to calculate molecules.
These programs are Gaussian09 RevD.01 and Gauss View 6.0 [45,46].
These programs considered calculations in B3LYP, HF, and M06-2x
[22-24] methods with the 3-21 g, lanl2dz, and sto-3 g basis sets. As a
result of these calculations, many quanta chemical parameters have
been found. Each parameter describes a different chemical property of
molecules. The calculated parameters are calculated as follows [47].

oN
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Table 1
Crystal data and full structure refinement parameters.
Empirical formula CsCdNg
Formula weight 292.55
Temperature/K 293(2)
Crystal system orthorhombic
Space group Pmna
a/A 7.802(3)
b/A 5.467(2)
c/A 10.726(4)
o/° 920
pre 90
v/° 90
Volume/A® 457.5(3)
z 2
Pealcg/cm’ 2.124
p/mm~? 2.356
F(000) 276.0
Crystal size/mm?® 0.300 x 0.200 x 0.100
Radiation MoK (A = 0.71073)

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters

6.458 to 56.694
—10<h<10,-7<k<7,-14<1<14
9216

618 [Rint = 0.0345, Ryigma = 0.0129]
618/0/42

Goodness-of-fit on F2 1.341

Final R indexes [[>=2c (I)] R; = 0.0197, wRy = 0.0497
Final R indexes [all data] R; = 0.0208, wR, = 0.0508
Largest diff. peak/hole / e A~3 0.42/-1.36

0’E 1 1
n= - <6N2>U(r) = E(I_A) = —E(EHOMO*ELUMO)

o= 1/nw=y"/2ne=1/w

Fukui functions can be expressed using the difference approxima-
tion, as follows:

£ =aw) —aw
fo =aqw) —qw-

where qv+1), qv), and qqn.1) are Mullikan charge of the atom with N + 1,
N, and N-1 electrons.

A technique exists for contrasting the metal complexes’ biological
actions with protein ones. Molecular docking is one of the most typical
of them. Metal complexes can be compared using a few of these mo-
lecular docking techniques. The HEX software is employed in this
investigation. These enzyme proteins interact with the ligand and its
metal complexes to boost their biological activity [48]. Molecules’
biological activities were compared to those of enzymes using molecular
docking calculations. At HEX 8.0.0, the enzyme and molecule files were
examined [49]. For docking, the following variables are used: Correla-
tion type shape only, 3D FFT mode, 0.6-dimensional grid, 180-degree
receptor, ligand ranges, 360-degree twist range, and 40-degree dis-
tance range. The interaction between the compounds and the proteins
was also thoroughly examined using the Protein-Ligand Interaction
Profiler (PLIP) service [50,51]. Hirshfeld surfaces [52-54] and two-
dimensional fingerprint plots [55,56] have been calculated using Crys-
tal Explorer [57] software. d. and d; are defined for each point on the
Hirshfeld surface to calculate the normalized contact distance (dyorm)
using the appropriate formula. The dporm, value depends on the relative
importance of intermolecular contacts and van der Waals separations.
The Hirshfeld surface with a red-white-blue colour scheme is displayed
with the dporm parameter. The bright red spots indicate shorter con-
nections. White areas represent contacts around the van der Waals
separation, and blue regions, conversely, signify the absence of any close
contacts.
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2.5. Agar well diffusion method

Petri plates containing 20 mL Mueller Hinton medium were seeded
with a 24 h culture of fungal strains. Wells of diameter 6-8 mm were cut
aseptically with a sterile cork borer into which 20 pL of the sample
dispersion of desired concentration was introduced. The plates were
then successfully incubated at 37 °C for 24 h. The antifungal function
was then evaluated by measuring the diameter of the inhibition zone
developed around the well. Minimum inhibitory concentration (MIC):
broth microdilution method: An antimicrobial agent’s MIC is defined as
its lowest concentration that can result in visible inhibition of microbial
growth. It also establishes the level of microbial resistance to an anti-
microbial agent. The broth microdilution method determined the min-
imum inhibitory concentration (MIC). 50 pg/mL of the sample solution
in twofold dilutions (2 pg/mL, 4 pg/mL, 8 pg/mL, 16 ng/mL, and 32 pg
/mL) were prepared in broth medium using a 96-well microtitration
plate. Each well is then inoculated with 50 uL of the microbial inoculum
prepared in the same growth medium after dilution to 0.5 McFarland
scale. After well-mixing, the inoculated wells were incubated for 18 h at
37 °C. MIC was taken as the lowest concentration that causes a visible
inhibition of fungal growth which is indicated by the absence of
turbidity with the addition of the antimicrobial solution. CLSI (Clinical
and Laboratory Standards Institute) has standardized the broth dilution
protocol for fungi.

2.6. Time-kill kinetics

Time-kill kinetic study of compounds was investigated to determine
the antifungal efficiency. After being incubated in 4 mL TSB medium
overnight at 37 °C while shaking, 100 pL fungal solution was transferred
into 4 mL fresh medium to incubate for 6 h at the same condition to
obtain the mid-log phase fungal. Fungal suspensions (106 CFU/mL)
were made and then incubated with different concentrations of samples
at 37 °C for 10 min, 30 min, 60 min, and 120 min, respectively. The
fungal suspensions and sample mixture were diluted 102 -fold and then
spread on the TSB agar plates then diluted 104-fold. These plates were
incubated preferentially at 37 °C for 20 h [58]. The number of colonies
on each plate was counted and plotted against the incubation time, and
the experiment was repeated three times.

3. Results and discussion
3.1. Synthetic perspective

The cadmium complex was synthesized in a 1:1 M ratio using in
situ self-assembly method (Scheme 1). The complex obtained a moder-
ately good yield from cadmium acetate dihydrate and TCM linker in
methanol and DCM mixed solvent medium. The complex is insoluble in
water and soluble in most common organic solvents like DMSO, Ether,
DMF, etc. The complex was characterized using IR, Raman, UV-Visible
spectra, PXRD, SEM-EDX, and single-crystal X-ray diffraction study.
Moreover, the elemental composition was supported by the EDX anal-
ysis separately for TCM and the complex. The EDX profiles show that
TCM acts as a ligand with cadmium metal, revealing distinct compo-
nents. The different SEM morphology of TCM and the complex further
justified the complexing nature of TCM [59]. Notably, TCM is a versatile
three-connecting building block employed for universal coordination
networks in self-assembly. It thus synthesizes various metal complexes
[7-11]. We ensure in the current research that HSA/MD/PLIP/time-kill
kinetics-like experiments, topological analysis, the Fukui function
values, and the NLO parameters support the electrophilic/nucleophilic
regions, and the optical modulation all are positively unveiled in the
literature. In addition, the investigation of photodynamic antifungal
therapy against antibiotic-resistant strains creates a new opportunity,
especially for researchers in the crystal engineering field. Therefore,
today the coordination chemistry branch of TCM has become an
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Scheme 1. Synthetic outline for the cadmium complex.

intriguing research interest to synthetic chemists.

3.2. Characterization

3.2.1. FT-IR

Structural characterization of newly synthesized compounds is
becoming increasingly crucial for all synthetic chemists. Therefore, we
priority basis characterized the synthesized complex by IR analysis.
Herein we discuss the IR spectral feature for free TCM ligands and the
coordinated TCM comparatively. The coordination binding modes of [C
(CN)3]" are frequently determined using IR spectral analysis where the v
(CN) vibration is of prime importance (Scheme S1) [4]. Notably, the
spectra of the free ions show strong v(CN) bands at 2179 em ™! for free [C
(CN)3T cm ! [4].Inthe IR spectra of tricyanomethanide complexes with
N-coordinated [C(CN)3]” two or three v(CN) bands around 2230 and
2175 ecm~ ! are frequently observed (Scheme S1) [4]. In the case of C-
coordination, two v(CN) bands should appear in the same range [4].
Therefore, we have observed a different category of strong IR band when
co-ligand TCM is joined with Cd(II) metal ions near 2204 cm! (Fig.S1).
Besides, the distinct IR band’s shift value of 2277 cm™* supports the
tridentate bonding feature of [C(CN)3]™ with cadmium metal ions
(Scheme S1 VII) [4,11,12]. Hence, the comparative IR spectral
approach (TCM vs. complex) ensures that the TCM is a potential linker
towards cadmium metal ions.

3.2.2. Raman spectra

We have also characterized the complex using Raman spectra. The
Raman peak 2202 cm™! in the complex further confirms the TCM is
linked with the cadmium metal ions (Fig.S2). Besides, the significant
Raman’s band’s shift value of 2270 cm™! ensures the tridentate binding
of [C(CN)3]” with cadmium metal ions (Scheme S1 VIII) [4].

3.2.3. UV-Visible spectra

We have also characterized the complex employing the UV-Visible
spectral study. We have taken UV-Visible spectra in methanol for TCM
and the complex for DMF solvent (Fig.S3). The spectral ranges show that
TCM prominent peaks arise at 234 nm and 270 nm, respectively,
whereas complex UV spectral major peaks observe at 280 nm. The result
indicates that this type of electronic transition is due to M — LCT (Metal
to Ligand) charge transfer. The enhancement of spectra is due to when
TCM has coordinated with cadmium metal ions and thereby increased
the M — LCT process. The z-accepting ligand, tricyanomethanide, can
raise the emission energy. Several TCM complexes exhibit similar
UV-Visible spectral behaviour [12].

3.2.4. EDX-SEM

EDX is a popular X-ray technique used to identify the elemental
composition of synthesized complex materials. The EDX-generated data
consists of several spectra divulging peaks corresponding to the ele-
ments, and the analysis is made up of the accurate composition of the
analyzed sample. By using the EDX technique on both TCM and complex

separately, we could distinguish the chemical composition of Cd as
metal ions. It is because the EDX profiles differ between the two. The
study further ensures the interaction between TCM and cadmium metal
salts [59]. Aside from that, C and N are the only elemental compositions
from the TCM linker (Table S2 and Fig.54). Again, a scanning electron
microscope (SEM) is used to study the morphology of as-synthesized
materials. It generates different images of a ready mix employing
scanning the surface with a focused beam of electrons. The electrons
interact with the sample atom and generate various signals containing
information about the surface topography, size, and morphological
structure. We performed an SEM experiment with TCM and the complex
separately to determine the changes in morphology, primarily when
TCM acts as a potential linker. The SEM images of the TCM and complex
are shown in ESI-2 and ESI-3. The SEM profiles of TCM are flower-type
plate shape, but when it is linked with cadmium metal ions, morphology
changes as ice types. The SEM figures compare the linking behaviour of
TCM and cadmium metal ions [59].

3.2.5. Powder X-ray diffraction

We further characterized the prepared complex phase purity and
crystallinity by the PXRD analysis. Here the PXRD experiment recorded
diffraction patterns at room temperature. Experimentally the compound
scanning in the range (20 = 40-50°) and thus recorded the PXRD pat-
terns. The complex, well-defined individual sharp PXRD peaks support
the crystalline nature (Fig.S5). Herein the complex’s experimental and
simulated PXRD patterns (obtained from the cif file from Mercury
Software) match well, indicating the consistency of the bulk sample i.e.
cadmium complex.

4. Crystal structure description

The X-ray crystal structure determination revealed that complex
crystallizes in the orthorhombic space group Pmna with cell parame-
ters a = 7.802(3), b = 5.467(2), ¢ = 10.726(4)A, V = 457.5(3) A%, and Z
= 2. The complex is a coordination polymer composed of infinite two-
dimensional sheets forming a rutile-like framework where the cad-
mium centres are linked by bridging TCM anions. The distance between
the 3- and 6-connecting nodes in the rutile prototype (TiO3) is the same
as the Ti-O distance, which is 1.946(3) and 1.984(4) A. On the other
hand, in the complex, the separation between these nodes is more
extensive, which is around 4.5-5.0 A and is determined by the
C—C—N—Cd distance. The outcome is a spacious structure that permits
a second framework to interweave with the first, as illustrated in Fig. 2.
It is worth noting that the M(dca)2 compounds possess a single rutile-like
network. Within this network, connections between 3- and 6-connecting
nodes resemble the C—C—N—M connections found in the M(TCM),
derivatives, as they share a similar length and belong to the N-C-N-M
type [60]. Details of the crystallographic data are given in Table 1. The
perspective view of the complex is shown in Fig. 1. The TCM ligand is
bridging with three cadmium (II) centres. In contrast, the cadmium (II)
centres are coordinated by six nitrogen atoms from six tricyanomethane
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-1-Cd1
Cd/l Nz/‘)/"] N N2t
SN2 < e —
N1 “ /
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Fig.1. Perspective view of complex (b), and asymmetric unit (a). *~1-x,2-y,1-
z;°71x, v, z; ©°x,2-y,1-z; =172 +x,1 + v,3/2-z; ©1/2-x,1-y, —=1/2 + z.

Fig.2. Crystal packing of complex (along the b axis).

ligands. Among them five are symmetry-related [N(1)%, N(2)?, NP, N
(l)d, N(2)T a = 1-x,2-y,1-z; b = 1-x,y,2; ¢ = X,2-y,1-z;d = 1/2 + x,1 +
y,3/2-z; e =1/2-x,1-y,-1/2 + z, resulting in an octahedral geometry. The
Cd-N bond distances in the axial sites are longer (2.355 f\) compared to
the Cd—N bond distances (2.308 A) in the equatorial sites. The N-Cd-N
angles vary from 88.87° to 180°. The N—Cd—N angles vary from 88.87°
to 180°. The bond distances and angles are closely connected to the
published analogous complexes [7-11].

4.1. Supramolecular interactions

We have explored in detail the crystal supramolecular interactions. A
perspective view of the crystal packing is shown in Fig. 2. The crystal
packing mainly consists of unique nitrile---nitrile interactions at 3.276 A
(Fig. 3), which is very uncommon in the literature published analogous
complexes [7-11]. But recently, comparable interactions have been
vividly observed in a few complexes [59].

Fig.3. Nitrile---nitrile interactions in complex.
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4.2. Topological approach

This complex, interesting topology analysis reveals an sqc8 topology
(Fig. 4) with Cd(II) occupying the nodes, where the tricyanomethanide
connectors form edges. Such topological feature is absent in the litera-
ture published analogous complexes [7-11].

5. Density functional theory
5.1. Hirshfeld surface

Analysis from the mercury software reveals that the complex has
several contacts and supramolecular interactions, which are further
studied by Hirshfeld surface analysis (HSA). HSA provides an overall
understanding of the electronic distribution over the complex. HS of the
complex have been mapped over dpom (—0.5 to 1.5 A), shape index
(-1.0to 1.0 10\), and curvedness (—4.0 to 0.4 1°\) as shown in Fig. 5. The
red patches observed in dyo, represent interactions or contacts. M---N,
N--N, and C---C interactions/contacts are largely detected. 2D finger-
print plots recognized from d, and d;, explain the contribution of the
observed contacts/interactions in the complex (Fig. 5). The Cd---N
contact is found to be 35.1% while the C---C and N---N contacts are
contributing 21.2% and 20.6% respectively to the overall contacts
established in the complex. The C---N contact is found to be 23% which
also supports the nitrile---nitrile contact observed in the crystal packing.
This C---N/N---C interaction also appears as distinct spikes in the 2D
fingerprint plots (Fig. 5). The lower spike corresponding to the donor
spike represents the C---N interactions (d; = 1.8, de = 1.6 i\) and the
upper spike being an acceptor spike represents the N---C interactions (d;
=1.6,d.=1.8 f\) in the fingerprint plot (Fig. 5). The Cd---N interaction
also appears as two distinct spikes in the 2D fingerprint plots (Fig. 5).
The lower spike corresponding to the donor spike represents the Cd---N
interactions (d; = 1.3, de = 1.1 A) and the upper spike being an acceptor
spike represents the N---Cd interactions (d; = 1.1, de = 1.3 A) in the
fingerprint plot (Fig. 5). The N---N interaction appears as two distinct
spikes in the 2D fingerprint plots (Fig. 5). The lower spike corresponding
to the donor spike represents the N---N interactions (d; = 1.7, d. = 1.3 A
and the upper spike being an acceptor spike represents the N---N in-
teractions (dj = 1.3, de = 1.7 A) in the fingerprint plot (Fig. 5). Unlike
other interactions, C---C interactions show only one spike with (d; = 0.7,
de = 0.7 A).

5.2. HOMO-LUMO

Theoretical calculations are an essential method used quickly and
efficiently when comparing the activities of molecules. First, many
quanta chemical parameters are calculated due to Gaussian calculations
(Table 2). Each of these estimated parameters explains many different
properties of molecules and provides information about molecules with
these properties. Among these parameters, two essential parameters
allow the activities of molecules to be compared: the HOMO and LUMO
parameters of the molecules. The first of these parameters, the HOMO
parameter of molecules, shows the ability of molecules to donate elec-
trons. The molecule with the most positive numerical value of this
parameter has the highest activity [61]. The other parameter, which is
the second of these parameters, is the molecules’ LUMO. This parame-
ter’s numerical value indicates the electron-accepting ability of the
molecules, and the numerical value of the molecule with the most
negative value has the higher activity [62].

Apart from these parameters, another calculated parameter is the AE
parameter, which is known to have high activity if the numerical value
of this parameter is low [61]. The low value of this value facilitates
electron transfer. Another parameter is electronegativity, which is the
power of each of the atoms forming a bond to attract bond electrons; the
numerical value of this parameter is known to have the highest activity
of the smallest molecule [62]. Many properties of molecules are
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Fig.4. A perspective view of sqc8 topology in different planes of complex.
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Fig.5. A-b Hirshfeld surfaces and different contacts in the complex.

examined with the calculations made. Another calculated parameter is
chemical hardness and softness, which are essential parameters that
express the measure of reactivity and stability [62]. Softness, which is
the opposite of chemical hardness (1/n), describes the polarization
property of molecules. Soft molecules are more reactive than hard
molecules as they readily offer electrons to an acceptor molecule.
Although many parameters have been obtained from the calcula-
tions, few of the obtained parameters have visual representations. The
parameters obtained from the visuals are given in Fig. 6. Here, the
optimized structures of molecules are given in the first image. The sec-
ond and third images show the locations of the HOMO and LUMO or-
bitals of the molecules. The last image is the molecular electrostatic
potential map (ESP) of the molecule. In this image, the red-coloured

regions are the regions with the highest electron density [63]. Howev-
er, the blue-coloured areas have the lowest electron density [61].

5.3. Fukui function

Typically, the greatest f_ or f;” value will indicate the favoured
location for assault by electrophilic (E™) and nucleophilic (Nu") agents.
From the perspective of the e-simple molecular orbital theory model, all
known theories suggest that more electrons are added to the lowest
unoccupied molecular orbital (LUMO). In contrast, electrons are
removed from the highest occupied molecular orbital (HOMO) during
ionization [64,65]. In the Fukui function technique and are therefore
anticipated to be related to LUMO and HOMO, respectively (Table 3).
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Table 2

The calculated quantum chemical parameters of complex.
Enomo ELumo I A AE n n A Pi ® € Dipole Energy
B3LYP/3-21 g LEVEL
—5.0641 —0.6808 5.0641 0.6808 4.3832 2.1916 0.4563 2.872 —2.8725 1.8824 0.5312 5.1394 —154193.538
B3LYP/6-31 g LEVEL
—5.5395 —0.8738 5.5395 0.8738 4.6657 2.3329 0.4287 3.206 —3.2066 2.2038 0.4538 4.3294 —7428.851
B3LYP/SDD LEVEL
—2.0972 1.7709 2.0972 -1.7709 3.8681 1.9341 0.5170 0.163 —0.1631 0.0069 145.34 1.0700 —153353.854
HF/3-21 g LEVEL
—6.6565 14.4031 6.6565 —14.403 21.0596 10.529 0.0950 —3.873 3.8733 0.7124 1.4037 4.5056 —154087.668
HF/6-31 g LEVEL
—7.3379 1.5331 7.3379 —1.5331 8.8710 4.4355 0.2255 2.902 —2.9024 0.9496 1.0531 4.4121 —7350.386
HF/SDD LEVEL
—2.6752 8.0650 2.6752 —8.0650 10.7401 5.3701 0.1862 —2.694 2.6949 0.6762 1.4789 3.4542 —153264.624
MO062X/3-21 g LEVEL
—5.7661 0.0476 5.7661 —0.0476 5.8138 2.9069 0.3440 2.859 —2.8593 1.4062 0.7111 3.8614 —154198.850
MO062X/6-31 g LEVEL
—5.9014 0.2283 5.9014 —0.2283 6.1297 3.0648 0.3263 2.836 —2.8365 1.3126 0.7618 3.9808 —7422.930
MO062X/SDD LEVEL
—2.6379 2.9846 2.6379 —2.9846 5.6225 2.8112 0.3557 —0.173 0.1733 0.0053 187.12 1.1156 —153357.778

[

Complexe HOMO

LUMO

ESP

Fig.6. Optimize complex structure, HOMO, LUMO, and ESP.

Table 3

Fukui Functions value for a Nucleophilic and Electrophilic location.
Atoms fr £ I
1C -0.01 —-0.01 —0.01
2C —0.01 —0.01 —0.01
3C 0.06 0.05 0.05
4N 0.03 0.02 0.03
5N —-0.09 -0.07 —0.08
6Cd 1.00 1.00 1.00
7H 0.01 0.01 0.01
8H 0.01 0.01 0.01

However, the Fukui function also incorporates data on orbital
relaxation or the alteration in orbital shape brought on by the addition
and removal of electrons from the system and information regarding
border molecular orbitals. The computations show that the 6Cd atom
has the highest value followed by lowest 3C atom. The labelling of atoms
in the metal complex is given in Fig.S6.

5.4. Nonlinear optical effects

To provide fundamental operations like optical modulation, fre-
quency shifting, optical logic, optical switching, and optical memory for

emerging technologies, NLO becomes essential. Such analyses are
necessary for telecommunications, signal processing, and optical in-
terconnects; many quanta chemical parameters are calculated when
molecules’ nonlinear optical effects (NLO) are examined [66]. Every
determined metric provides crucial details about the molecules. These
numerically measured characteristics, Polarizability (a) and hyper-
polarizability (f) are estimated to forecast the nonlinear optical prop-
erties of materials. Polarizability and hyperpolarizability make up the
two components of the dipole moment (p).

Parameters for molecules. The parameters listed below can be used
to compute the NLO characteristics of molecules:

Ho= (2 A p2 - p?) @

1/2

a =2 (@ —ay)’ + (ay — @)’ + (@ — an)’ + 602 (2)

o= (w) 3)

3

Bur = [(Bece + By + Bee)” + (Broy + B + Bre)” + Bz + P + Boy) 1
(C)]

The compounds’ Polarizability (ap) and hyperpolarizability (5,,,)
values were computed. When converting these estimated parameters
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into electrostatic units (o : la.u. = 0.148x10 **esu and f:lau. =
8.639x10733esu), the atomic unit (a.u.) is multiplied by constant values.
As the dipole moment, linear Polarizability, polarizability anisotropy,
and initial hyperpolarizability rise, so do the properties of NLOs. These
characteristics, listed in Table 4, were computed using the HF/lanl2dz
basis set for the metal complex.

5.5. Molecular docking

One of the standard methods used to compare the activities of metal
complexes is a computer-based molecular docking study. It analyzes the
interactions of molecules with various proteins in calculations. These
interactions are generally chemical interactions. As these interactions
increase, it is seen that the activities of metal complexes increase. Erota]
Energy value, one of the calculated parameters of the metal complex
studied because of the calculations, is an important parameter used to
compare the activities of the molecules. The molecular activity with the
most negative numerical value of this parameter is known to be the
highest. Erotal Energy Values of molecules calculated against various
proteins are given in Table 5 [48]. The pictures of the interactions that
occur due to the molecular docking calculations are presented in Fig.S7-
S10.

5.6. Protein-ligand interaction profiler

Further, high-level computer-assisted protein-ligand interaction
profiler (PLIP) analysis was performed to examine interactions in more
detail. The numerical values of the interactions between the metal
complex and the proteins were obtained in Table 6-7. As a result of the
PLIP analysis, the metal complexes are given in Figs. 7-10 with their
interaction with various proteins found in cancer proteins. In general,
the interactions of the cadmium metal complex between cancer proteins
are Hydrogen Bonds and Hydrophobic Interactions, shown in Figs. 7-10
and Tables 4-5. Concerning the subject line, a detailed discussion will be
analyzed below: In Fig. 7, it is seen that the interaction between the
metal complex and breast cancer protein creates Hydrophobic In-
teractions with the metal complex ILE, TRP, VAL, PRO, and ALA pro-
teins. Fig. 8 shows that the interaction between metal complex and lung
cancer protein creates Hydrophobic Interactions with metal complex
TYR, LEU, PHE, and LEU proteins. Fig. 9 shows that the metal complex
and liver cancer protein interaction creates Hydrophobic Interactions
with the metal complex LEU, VAL, ILE, PHE, and LEU proteins. Simi-
larly, Fig. 10 shows that the interaction between the metal complex and
the colon cancer protein creates Hydrophobic Interactions with the
metal complex LEU, VAL, ALA, and PHE proteins. In addition, in Fig. 7,
hydrogen bonding occurs between the metal complex and breast cancer
protein and between LYS and VAL proteins and the metal complex.

6. Photodynamic antifungal chemotherapy

Antifungal activity of the complex (C1), TCM, and Cd(OAc)y-2H20

Table 4
NLO parameters value.
a.u. esu a.u. esu

85.1287 1.2599 x 102 65.7270 5.679 x 1028
—4,9958 —7.3938 x 102 93.5166 8.081 x 1028
130.1136 1.92568 x 102 —~104.4546 —-9.026 x 102
0.0000 0.000 x 1079 1095.7993 9.469 x 10?7
0.0000 0.000 x 107 0.0000 0.000 x 107
92.9972 1.37636 x 102 0.0000 0.000 x 107
70.0822 1.03722 x 102 0.0000 0.000 x 107
—2.6694 ~1048.2271 -9.058 x 10
4.7573 69.6839 6.021 x 1028
0.0000 1503.9363 1.300 x 10°%¢

5.4551
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Table 5
Etotal energy Value of Molecular docking parameter for metal
complex.

Docking parameters Metal complex

Breast cancer —215.39
Lung cancer —242.95
Liver cancer —133.73
Prostate cancer —148.25

Table 6
Hydrophobic Interactions of protein and metal complex.

Index Residue AA Distance Ligand atom Protein atom
Breast cancer - metal complex

1 1707X ILE 3.25 1969 544
2 1712X TRP 2.76 1964 587
3 1713X VAL 3.05 1969 599
4 1749X PRO 3.26 1969 915
5 1752X ALA 3.99 1969 934
Lung cancer - metal complex

1 36A TYR 3.44 1286 539
2 39A LEU 2.83 1291 585
3 45A PHE 2.53 1291 682
4 71A LEU 3.08 1286 1117
Liver cancer - metal complex

1 924A LEU 3.21 3119 1061
2 1012A VAL 2.55 3119 1425
3 1034A ILE 3.22 3119 1654
4 1091A PHE 2.68 3124 2222
5 1094A LEU 3.56 3124 2244
6 1094A LEU 3.61 3119 2246
7 1095A LEU 2.90 3124 2255
Colon cancer - metal complex

1 237A LEU 2.57 2474 785
2 238A VAL 3.71 2479 795
3 241A ALA 2.85 2479 829
4 334A LEU 3.91 2479 1556
5 338A LEU 3.91 2474 1598
6 373A PHE 3.48 2479 1876
7 398A LEU 2.90 2479 2099

In Table 6: ALA: Alanine, ILE: Isolosine, LEU: Leucine, PRO: Proline, TRP:
Tryptophan, TYR: Tyrosine, Val: Valine.

against Aspergillus niger and Candida Albicans was studied by the well
diffusion method, and here photodynamic therapy (PDT) studies of the
samples were conducted after irradiating the sample for 2 h using a
Newport Xenon arc lamp of 300 W. The time for irradiation was opti-
mized to be 2 h as there was no observed increase in the antifungal
activity after 2 h. The sample after irradiation is marked as C1*, TCM*,
and Cd(OAc);-2H,0%, and DMSO is the negative control. The results are
shown in Fig.S11 and zones of inhibition are noted in Table 8. Again, the
micro broth dilution method determined the minimum inhibitory con-
centration (MIC) against each strain for the irradiated samples. MIC is
the minimum concentration of an antifungal that visibly inhibits the
growth of the microbe. The experiments were performed at five different
concentrations — 2 pg/mL, 4 ug/mL, 8 ug/mL, 16 ug/mL, and 32 ug/mL
to determine the MIC. All the measurements were done in six replicates,
and one-way ANOVA was carried out on all the results. Duncan’s mul-
tiple range test (DMRT) is used as the post hoc test at a significance level
of p B 0.05 using SPSS 16.0 software in the present statistics. All the
compounds were active against the two specified strains in this experi-
ment. C1 exhibited considerable activity against the two microbes, and
their inhibition zones were similar against each strain. Complex, TCM
and Cd(OAc),.2H,0 shows significant activity against both fungi. Based
on the experiment, it was observed that the activity increased when the
sample was irradiated. The irradiated samples, C1*, TCM*, and Cd
(OAc),-2H50%, have an increase in zone diameter of about 1-1.5 mm
against each strain. The result mentioned above indicates the success of
our presently modified system in photodynamic therapy (PDT) or, more
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Table 7
Hydrogen Bonds of protein and metal complex.

Inorganic Chemistry Communications 155 (2023) 111057

Index Residue AA Distance H-A Distance D-A Donor angel Protein donor? Side chain Donor Atom Acceptor Atom
Breast cancer -metal complex
1 1711X LYS 1.61 2.30 119.71 X X 1968 [N3] 567 [02]
2 1713X VAL 2.28 3.14 144.18 \/ X 593 [Nam] 1968 [N3]
In Table 7: LYS: Lizin, Val: Valine.
W Protein W Protein
Ligand Ligand
Water Water

Charge Center
Aromatic Ring Center
Metal lon

== Hydrophobic Interaction

Hydrogen Bond

Fig.7. Representation of the interaction of metal complex with staphylo-

coccus aureus.

Fig.8. Representation of the
ichia coli.

ILE1034A

Fig.9. Representation of the interaction of metal complex with

ichia coli.
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interaction of metal complex with Escher-

Protein

Ligand

Water

Charge Center
Aromatic Ring Center
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== Hydrophobic Interaction

Escher-

Charge Center
Aromatic Ring Center
Ietal lon

VAL238A

== Hydrophobic Interaction

Fig.10. Representation of the interaction of metal complex with Escher-
ichia coli.

specifically, photodynamic antifungal chemotherapy (PACT). The irra-
diated samples (C1*, TCM*, and Cd(OAc)-2H20*) showed remarkable
activity against A. niger (Table 8). The research of photodynamic anti-
fungal chemotherapy is a growing field that involves biological coor-
dination chemistry due to its significance in everyday life. Scientists
worldwide are dedicating their research efforts to PACT. We have
compared our findings on PACT in the coordination complex community
to previous studies. As reported in the literature, our synthesized com-
plex PACT results are comparable to those of Ru, Cu, Pd, Ni, and Zn
coordination complexes [67-71]. Indeed, we have first submitted a new
cadmium coordination polymer with TCM building blocks for PACT
investigation.

6.1. Mechanism of fungal inhibition

It is crucial to investigate the fundamental mechanism that promotes
PACT thoroughly. Two factors, membrane disruption and cell cycle ar-
rest, are the most proposed mechanisms of the antifungal activity of the
cadmium complex [72,73]. Reactive oxygen species (ROS) dependent
fungal cell death can also be a favourable reason [74]. ROS compounds
could be the predominant mechanism of fungal inhibition in PDT. The
use of PDT in medicine has opened new treatment options. It involves
using a photosensitizing drug (a photosensitizer or PS) to treat different
diseases. When exposed to a specific wavelength of light, these drugs
produce oxygen-free radicals that can harm nearby living cells. After
excitation, the PS electrons in the excited singlet state undergo inter-
system crossing (ISC) to the triplet state. This triplet state can react
differently with the biomolecules (Type I or II). The above discussion is
depicted in Fig.S12. According to Fig.S12, Type I reaction involves
electron transfer from triplet-state PS to an organic substrate within
cells, producing free radicals. These free radicals interact with oxygen at
the molecular level, producing reactive oxygen species (ROS) such as O3,
OH/, and H0, which can harm living cells. During the Type II reaction,
the excited PS transfers energy to the ground-state molecular oxygen. It
produces singlet oxygen, which can interact with various molecules
within the cell, forming oxidized products. MIC values for each strain are
determined and noted in Table 9. In our experiment, the MIC value
determined for each strain in PDT is 2 ug/mL.
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Table 8

Inorganic Chemistry Communications 155 (2023) 111057

Antifungal zones of inhibition in PACT (Photodynamic antimicrobial chemotherapy).

Fungal strain/sample Zone of inhibition + standard deviation (mm)

C1 C1* TCM TCM* Cd(OAc),-2H,0 Cd(OAc),-2H,0*
A. niger 3.00 + 1.67 4.02 £+ 1.07¢ 1.30 £+ 0.87 2.33 +2.817 5.00. £+ 1.72 6.00. + 0.75%
C. Albicans 3.00 + 0.98 4.31 +£0.19° 4.00 + 1.57 5.06 + 1.07% 3.90. + 0.82 5.00. + 1.127

PB 0.05F = 435.949

“** Irradiated sample. The significance level ‘a’ predicted by DMRT says that the two results are statistically equivalent.

Table 9
Antifungal zones of inhibition and MIC values C1*in PACT (Photodynamic
antimicrobial chemotherapy).

Fungal Zone of MIC determination MIC
trai inhibition +
strain inhibition 9 4 s 16 32 (ug/
standard mL)
deviation (mm) ug/ ug/ ug/ ug/ ug/
mL mL mL mL mL
A. niger 4.02 + 1.07% 2
C. Albicans ~ 4.31 £0.19° 2

The ‘-’ sign against each concentration in Table 8 denotes the inhibition of mi-
crobial growth at the particular concentration.

6.2. Fungal Time-kill kinetics study

Time-kill kinetic study exhibits basic pharmacodynamic information
on the relationship between the synthesized complex and the growth of
microorganisms. This test thereby contributes to a better understanding
of the current and future application of the compound against the dis-
eases caused by the respective fungal. Time-kill kinetics study for the
complex (C1) against A. niger and the complex against C. Albicans is
shown in Fig.S13. It offers the negative control represented by the
standard growth curve of A. niger and C. Albicans. We conducted time-
kill studies to explore the kinetics of the complex in killing A. niger
and C. Albicans at a range of concentrations. As shown in Fig.513, the
complex could thoroughly eliminate A. niger within 60 min at 48 pg/mL
concentrations. Only 30 min was required at the concentration of 48 pg/
mL to eradicate C. Albicans, which was faster than A. niger. This obser-
vation showed that the complex was effective in killing A. niger and C.
Albicans, where the lag period remained for 1 h. After that, the expo-
nential growth or the log phase occurred, followed by a stationary
phase. In the case of complex microorganisms, a very short exponential
growth phase was observed compared to the untreated control. For the
complex, 40th minutes of incubation, the bacterial CFU enters the
declining phase, i.e., the death phase. Thus, this observation revealed
that the complex showed promising fungal activities.

7. Conclusions

To summarize, this research focuses on photodynamic antifungal
chemotherapy and in-depth analysis of a Cd(II)-TCM coordination
polymer using DFT exploration. The article also outlines the complex’s
synthesis, structural characterization, and crystal structure validation.
X-ray structure explores Cd(II) centres that assume octahedral geometry
and are coordinated by six N atoms from six TCM. The topology analysis
shows an sqc8 topology with Cd(II) in the nodes where the TCM con-
nectors form edges. The crystal packing consists of unique nitrile---nitrile
interactions at 3.276 A. Remarkably, HSA delineated the supramolecu-
lar exchanges where the Cd---N contact (35.1%) is the prevailing crystal
packing and C---C and N---N contacts also contribute 21.2% and 20.6%,
respectively. The complex DFT optimization was made in B3LYP, HF,
and M06-2x methods using the 3-21 g, lanl2dz, and sto-3 g level of basis
sets. The concepts of the HOMO-LUMO energy gap and ESP are essential
in understanding chemical reactivity and electron density. The Fukui
function values (fy, f,, and f 9 help to identify the areas of electrophiles
(E+) and nucleophiles (Nu’). NLO parameters can provide insight into

10

optical properties. Here MD and PLIP result in an adequate under-
standing of complex biological interactions. This article focuses on
photodynamic antifungal therapy and its efficacy against antibiotic-
resistant strains. The results report compares complex, TCM, and
metal salts in this therapy with MIC values. The MIC for two strains was
found to be 2.5 pg/mL. The research outcome suggests the complex can
be developed as an antifungal agent. The perspective of MD and PLIP
experiments will be an essential reference for upcoming in vitro and in
vivo studies. Additionally, members of the computational chemistry
community have expressed interest in presenting DFT results in a way
that allows for further research with TCM building blocks.
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Appendix A. Supplementary material

CCDC 2195419 contains the supplementary crystallographic data for
the complex. These data can be obtained free of charge via http://www.
ccde.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Supplemen-
tary data to this article can be found online at https://doi.org/10.1016/j
.inoche.2023.111057.
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