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ABSTRACT

The molecular structure of phenyl-substituted cyclopropanecarboxylic acid (PSCCA, C,,H,,0,; 3-methyl-3-phenylcyclobutane-1-
carboxylic acid) was determined using nuclear magnetic resonance (NMR), infrared spectroscopy (IR), and X-ray crystallography
techniques. Following structural confirmation, its molecular geometry was optimized at the Density Functional Theory (DFT)
level. The van der Waals interactions were accurately accounted for using the DFT-D3 method in the CP2K program. Understand-
ing the adsorption behavior of organic molecules on metal surfaces is of great significance for applications in catalysis, sensor
design, surface functionalization, and corrosion prevention. In this context, the adsorption properties of the PSCCA molecule on
Al and Cu surfaces were investigated in detail using DFT-based CP2K calculations. By optimizing different adsorption configu-
rations, the binding energies of the most stable structures were calculated and compared. The obtained results indicate that the
PSCCA molecule strongly binds to both Al and Cu surfaces, with a higher adsorption energy on the Al surface compared to the Cu
surface. In addition, Mulliken population analysis revealed distinct electronic charge transfer characteristics upon adsorption, with
substantially stronger electron transfer observed on the Cu(111) surface due to enhanced d-band -ligand orbital hybridization. This
electronic behavior correlates with the adsorption strength and highlights the critical role of metal electronic structure in govern-
ing surface interactions. Electron density difference analyses suggest that PSCCA interacts with both surfaces via a physisorption
mechanism. Furthermore, assessments in the context of surface inhibitor efficiency reveal that PSCCA has the potential to pas-
sivate active surface regions and hinder surface reactions. Analyses conducted under different pH conditions indicate that the
inhibitory effect of PSCCA is particularly pronounced in acidic environments. These findings suggest that PSCCA, exhibiting
higher adsorption energy and stability on the Al surface, can be considered an effective protective agent and may play a crucial
role in the design of metal-organic interfaces.
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1 | Introduction

Cyclopropane derivatives have long attracted significant inter-
est in organic and medicinal chemistry due to their unique
structural features, ring strain, and reactivity profiles. Among
them, cyclopropanecarboxylic acids represent an important
class of compounds, often serving as versatile intermediates
in the synthesis of pharmaceuticals, agrochemicals, and func-
tional materials [1]. Incorporation of a phenyl group at the
cyclopropane ring further enhances the chemical and biolog-
ical properties of these molecules by introducing additional
conjugation and steric effects, making phenyl-substituted cyclo-
propanecarboxylic acids (PSCCA) valuable scaffolds for the
development of novel bioactive molecules [2]. The phenyl group
not only stabilizes the cyclopropane moiety but also modulates
the acidity of the carboxyl group and the molecule’s overall
lipophilicity, which plays a crucial role in drug design and
receptor binding interactions [3]. Furthermore, the strained
cyclopropane ring can undergo various ring-opening reactions
under appropriate conditions, providing access to diverse func-
tionalized compounds [4]. In recent years, significant progress
has been made in the synthesis and functionalization of PSCCAs
through methodologies such as metal-catalyzed cyclopropana-
tion, carbene transfer reactions, and asymmetric catalysis [5].
These advances not only expand the synthetic utility of these
compounds but also open new avenues for their application
in medicinal chemistry and material science. PSCCAs have
attracted considerable attention due to their diverse range of
applications in medicinal chemistry, asymmetric synthesis,
and materials science. In medicinal chemistry, the rigid and
strained cyclopropane ring imparts metabolic stability and
resistance to enzymatic degradation, making these compounds
valuable in drug design [1, 3]. The presence of the phenyl
group enhances lipophilicity and allows for favorable n-=
stacking interactions with biological targets, thereby improving
binding affinity and specificity. Several bioactive molecules
incorporating PSCCA frameworks have demonstrated promis-
ing pharmacological activities. For instance, derivatives of
2-phenylcyclopropanecarboxylic acid have shown inhibitory
effects on cyclooxygenase (COX) enzymes, indicating potential
anti-inflammatory properties [3]. Moreover, specific analogues
have been evaluated as GABA receptor modulators and antivi-
ral agents, further highlighting their versatility in therapeutic
applications [2, 4]. In addition to their medicinal relevance,
PSCCAs serve as important chiral building blocks in organic
synthesis. Their defined stereochemistry allows for the prepara-
tion of enantiomerically pure intermediates, which are crucial
in the synthesis of natural products, peptide mimetics, and
chiral ligands [2, 5]. The functionalizable carboxyl group and
phenyl ring further enable structural diversification, providing
access to a wide array of complex molecules. Beyond the field of
pharmaceuticals, these compounds also find utility in the devel-
opment of advanced materials and agrochemicals. Their rigid
three-membered ring structure contributes to the synthesis of
polymers with enhanced mechanical strength and thermal stabil-
ity [1]. Furthermore, certain derivatives exhibit biological activity
as herbicides and pesticides, offering practical applications in
the agricultural sector [4]. The structural elucidation of PSCCAs
is typically achieved through a combination of spectroscopic and
crystallographic techniques. Nuclear magnetic resonance (NMR)
spectroscopy provides detailed information about the molecular

framework and stereochemistry, while Infrared (IR) spectroscopy
aids in the identification of functional groups, particularly the
carboxyl moiety. Additionally, X-ray diffraction (XRD) analysis
plays a crucial role in determining the precise crystal structure,
confirming the arrangement of atoms within the molecule.
Beyond experimental characterization, understanding the inter-
action of these molecules with metal surfaces is of significant
interest, especially in catalysis and materials science. Investigat-
ing the adsorption behavior of PSCCAs on metallic substrates
provides insights into their surface chemistry and potential
applications. In this study, we explore the adsorption properties
of PSCCA on aluminum (Al) and copper (Cu) surfaces.

2 | Material and Methods

21 | X-Ray Measurements and Refinement
Single-crystal XRD data were collected using a Bruker AXS
APEX CCD diffractometer with MoK« radiation [6]. The ini-
tial crystal structure was determined via direct methods utiliz-
ing the SHELXT program [7]. Refinement of the positions of
non-hydrogen atoms was performed using the full-matrix least
squares method within the SHELXL software [8]. Both isotropic
and anisotropic refinements were applied to accurately model
these atomic positions. Hydrogen atoms bonded to carbon atoms
were placed in calculated positions based on standard geome-
tries, with C-H bond lengths set to 0.93 A for aromatic, 0.97 A
for methylene, and 0.96 A for methyl groups. The hydrogen atom
attached to the nitrogen atom was located from a difference
Fourier map and refined isotropically, with the O-H bond dis-
tance restrained to 0.84 A. It has been determined that one of
the oxygen atoms (O,) is located in two distinct positions within
the structure. From a crystallographic symmetry perspective, this
oxygen atom was modeled in two different positions, and the
site occupancy factors of these positions were freely refined. The
refined occupancy factors were found to be 0.483 (5) for atom
O2A and 0.517 (5) for atom O2B, indicating that the oxygen
atom is distributed approximately equally between the two posi-
tions, thereby confirming the presence of positional disorder in
the structure. An examination of the refined geometric param-
eters reveals that the bond lengths and bond angles associated
with the disordered fragments remain within chemically accept-
able limits. Additionally, the thermal parameters of the relevant
atoms exhibit physically meaningful values, ensuring that no
overparameterization issues arise in the structural model. Anal-
ysis of the final difference Fourier map indicates that no signifi-
cant residual electron density is observed around the disordered
oxygen atoms. The highest residual electron density peak in the
refined structure is +0.30 e A3, located approximately 0.97 A
from the regularly positioned O1 atom in the crystal. This value
falls within the acceptable range for crystal structure determina-
tion and does not suggest the necessity of an additional disorder
model or the presence of an unresolved solvent molecule. Fur-
ther structure refinement and analysis were carried out using the
Olex2 software package [9], while molecular illustrations were
prepared using Mercury.

2.2 | Synthesis and Crystallization

In a three-necked flask equipped with a thermometer, a dropping
funnel, and a magnetic stirrer was charged with 16 g NaOH and
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I
C—CH,—Cl
HsC

SCHEMEI | Reaction sequence for synthesis of the title compound.

8 mL water. The system was cooled to 0°C. A quantity of 20 g of Br,
solution dissolved in 40 mL of dioxane is added dropwise so that
the temperature does not exceed 10°C. Then the flask is cooled
back to 0°C, and 9 g of a-haloketone [10] dissolved in dioxane is
added in such a way that the temperature does not exceed 10°C.
The reaction mixture was stirred at 30°C-35°C for 3 h. The mix-
ture obtained is extracted three times with 150-200 mL of ether.
Ether was evaporated in a rotary evaporator. The obtained pre-
cipitate was triturated with water and acidified with 5% H,SO,,
filtered off, washed with plenty of water, and crystallized from
ethanol (Scheme I). Yield: 28%. M.p.: 390K. IR (KBr, v cm™):
3083 and 3031 (aromatics), 2962-2863 (aliphatics), 1698 (C=0).
'HNMR (CDCl;, TMS, § ppm): 1.53 (s, 3H, —-CHj; on cyclobutane
ring), 2.38-2.43 (m, 2H, —-CH, -, in cyclobutane ring), 2.66-2.71
(m, 2H, -CH,-, in cyclobutane ring), 3.35 (quint, j=9.2Hz,
1H, > CH- in cyclobutane ring), 7.17-7.21 (m, 3H, aromatics),
7.33-7.36 (m, 2H, aromatics), 10.07 (brs, 1H, —-OH). '*C NMR
(CDCL;, TMS, & ppm): 181.53, 151.04, 128.32, 125.64, 124.55,
38.81, 37.19, 32.29, and 29.95.

2.3 | Computational Details

The adsorption of PSCCA on aluminum (Al) and copper
(Cu) surfaces was investigated using density functional theory
(DFT)-based calculations performed with the CP2K software
package [11]. All calculations included dispersion corrections
using Grimme’s DFT-D3 [12] method, which enables a more
accurate treatment of van der Waals interactions often underesti-
mated in conventional DFT.

The metal surfaces were modeled as periodic slabs representing
the (111) facets of both Al and Cu, as these are the most ther-
modynamically stable and widely exposed low-index surfaces of
FCC metals, providing a realistic representation for adsorption
studies. Aluminum and copper were selected due to their indus-
trial relevance in corrosion inhibition, catalysis, and surface func-
tionalization applications. Each surface was constructed using a
four-layer slab model, with the bottom two layers fixed and the
top two layers relaxed. A vacuum spacing of 15 A was included
along the z-axis to prevent interactions between periodic images.

The PSCCA molecule was initially placed in multiple ori-
entations above each surface to identify the most favorable
adsorption configuration. Geometry optimizations were carried
out using the Gaussian and Plane Waves (GPW) method.
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [13] with GTH-PBE pseudopotentials and the
DZVP-MOLOPT-SR-GTH basis set [14] was employed for all
atoms. A plane-wave cutoff energy of 400 Ry was used.

The adsorption energy (E
lowing equation:

ds) Was calculated according to the fol-

1. NaOBr, H,0

_ >

2.H*

COOH
H4C

Eads = Etotal - (Esurface + Emolecule)

where E,, represents the total energy of the molecule-surface
system, E .. iS the energy of the clean metal surface, and
E_ oecule denotes the energy of the isolated molecule.

Solvent effects were modeled explicitly for both water and
hydrochloric acid. In the water-solvated systems, 150 H,O
molecules were introduced around the adsorbed PSCCA
molecule. In the hydrochloric acid-solvated systems, 130 HCI
molecules were used. These explicit solvent molecules were
placed to simulate localized solvation environments. All calcu-
lations were performed as static geometry optimizations, and no
molecular dynamics (MD) simulations were conducted.

All structures and outputs were visualized using VMD and CP2K
tools, and selected data were processed with in-house Python
scripts.

3 | Results and Discussion

3.1 | Geometrical Structure of Title Compound
The molecular formula of the compound is C,,H,,0,, with a
molecular weight of 190.23 g/mol. The crystal system of the
structure is monoclinic, and it is classified within the space
group P2,/n. The unit cell parameters were determined as fol-
lows: a=6.0510 (13) A, b=7.4428 (18) A, ¢=23.682 (6) A,
a=90°, #=97.078 (9)°, and y =90°. These parameters confirm
the distinctly monoclinic nature of the crystal. The unit cell
volume was calculated as 1058.4 (4) A3, with four molecules
per unit cell (Z=4). The calculated density of the structure is
1.194 g/cm3, and measurements were conducted using MoKa
radiation (A=0.71073 A). A total of 15557 reflections were col-
lected, of which 2588 were identified as independent reflections.
The R_int and R_sigma values were determined as 0.0398 and
0.0394, respectively. Structural solution and refinement were
performed using the Olex2 interface with the SHELXD and
SHELXL programs. The refinement process yielded a well-fitted
structure, with the highest peak and deepest hole in the resid-
ual electron density map at 0.30 and —0.24 eA~3, respec-
tively. The difference Fourier electron density map (Figure 1)
revealed no significant residual density, further confirming the
correctness of the obtained model and absence of unresolved
features.

The final R indices were found to be R; =0.0643 and wR, = 0.1472
for reflections with I >20(I), and R, =0.1136 and wR, =0.1749
for all data, indicating that the crystal structure is of suf-
ficient quality. The crystal dimensions were measured as
0.11x0.10x0.08 mm?, with an absorption coefficient of
0.080mm™'. Suitable crystal dimensions were selected to
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FIGURE1 | Difference Fourier electron density map of the refined
structure, showing no significant residual density.

ensure the acquisition of a high-quality dataset. During the
refinement process, a total of 2588 data points, 18 restraints, and
141 parameters were utilized, resulting in a final goodness-of-fit
(GooF) value of 1.049. These values confirm that the model is
consistent with experimental data and provides reliable struc-
tural parameters. The results obtained from the crystal structure
analysis accurately depict the three-dimensional arrangement
of the molecule, supporting a crystal organization stabilized by
hydrogen bonding and n-=n stacking interactions. The deter-
mined structural parameters establish a robust foundation for
further advanced analyses. In the crystal parameters of C,,H,,0,
crystals, data collection and the details of the refinement process
are given in Table 1.

A diagram of the molecule drawn, with experimental 20% proba-
bility ellipsoids, is given in Figure 2.

Crystal structure analysis has revealed that both hydrogen bond-
ing and n- stacking interactions significantly contribute to the
overall stability of the structure. Within the molecular arrange-
ment, the O2A hydroxyl group acts as a hydrogen bond donor,
while the O1 carbonyl oxygen serves as an acceptor. The anal-
ysis indicates that the O-H---O hydrogen bond features an
0---O distance of 2.679 A, an H---O distance of 1.86 A, and a
bond angle of 173° (Table 2). These values suggest a nearly lin-
ear and strong hydrogen bonding characteristic, which facil-
itates the tight association of molecules. Additionally, PLA-
TON analysis has identified a recurring bidirectional O1---O2A
contact at a distance of 2.679 A, supporting the formation of
a chain-like network structure. Furthermore, pronounced zn-x
stacking interactions involving aromatic ring systems have been
observed. The centroid-to-centroid distances between the Cg2
(C7-C12) ring centers were reported as 4.7678 (18) A and
4.8274 (19) A. The inter-ring angle was found to be 49.35,
while the Beta and Gamma values were approximately 14°-15°

TABLE1 | Data collection and refinement values of the title crystal.

Empirical formula C,H,,0,
Formula weight 190.23
Temperature/K 273.15
Crystal system Monoclinic
Space group P2,/n
a/A 6.0510 (13)
b/A 7.4428 (18)
c/A 23.682 (6)
al 90

pr 97.078 (9)
v 90
Volume/A3 1058.4 (4)
Z 4
Peatc/cm® 1.194
p/mm~! 0.080
F(000) 408.0

Crystal size/mm3 0.11x0.1x0.08

Radiation MoKa (A=0.71073)

20 range for data collection/* 3.466 to 56.504

Index ranges —-8<h<7,-9<k<9,-31<I[<31
Reflections collected 15557

Independent reflections 2588 [Rip =0.0398, R;gm, =0.0394]
Data/restraints/parameters 2588/18/140

Goodness-of-fit on F2 1.049

Final R indexes [I > =20 (I)] R, =0.0644, wR, =0.1475
Final R indexes [all data] R, =0.1138, wR, =0.1754
Largest diff. peak/hole/e A= 0.30/-0.24

CCDC 2433579

FIGURE2 | Experimental figure of C,,H,,0, crystal.

and 63°-64°, respectively. These angular values indicate that
the stacking interactions are not perfectly parallel but exhibit
an offset arrangement. Additionally, the perpendicular distances
between the rings were measured as 2.14 and 4.62 A, highlight-
ing a significant slippage distance between the aromatic systems.
The intramolecular hydrogen bonding of the crystal is shown in
Figure 3 and the representation of all interactions is shown in
Figure 4.

40f18

International Journal of Quantum Chemistry, 2025

95UB017 SUOWIWOD aAIe81D) 8|qeotjdde 8y} Aq pausenob ae ssppilke VO ‘8sn Jo Sa|n 10j AIqT8Ul|UO AB[IM UO (SUORIPUOD-PUE-SWLBIW00" A3 1M ATeIq 1[puluO//SANY) SUONIPUOD PUe SWiB | 8U1 89S *[6Z0Z/80/T0] U ARiqiTauliuO A8|IM ‘BS1SIBAIUN UeiAT 1YY Aq 08002 enb/z00T OT/I0p/W00 A8 | Aelq puljuo//sdny woiy papeojumod ‘vT ‘520z XT9v.60T



TABLE2 | Hydrogen Bonding and n-r Stacking Interactions in the Crystal Structure (A, °).

Donor-acceptor/

Distances (A)/centroid-

Interaction type rings centroid Angles (°) Contribution to structure
Hydrogen bonding O2A-H2A --- 01 0--:0:2.679 O-H---O Strong, directional hydrogen
H---0:1.86 angle: 173 bonding; stabilization of the
three-dimensional network
n—7 stacking Cg2 (C7-C12)---Cg2 Cg---Cg:4.768/4.827 :49.35 Offset stacking arrangement;
Cgll:2.14 p:14-15 formation of a compact
CglLl: 4.62 y:63-64 intermolecular structure

FIGURE 3 | A representation of the intermolecular O-H---O hydrogen bond.

Y

FIGURE4 | Packaging of the crystal with O-H---O and n—= interactions along the a-axis.

Hydrogen bonds form a regular three-dimensional network
between molecules through directional and strong interac-
tions, while n-= stacking interactions enhance the compact-
ness and stability of the structure due to the offset arrange-
ment of aromatic rings. The chain-like structures formed by
hydrogen bonds are supported by m-x stacking interactions,

providing both linear and surface connections within the crys-
tal lattice. These two types of interactions contribute synergis-
tically to the overall stabilization of the crystal. In the crys-
tal structure analysis conducted, the bond lengths (Table 3)
and bond angles (Table 4) of the compound were carefully
examined.
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TABLE 3 | Bond lengths between atoms in the crystal structure.

Length/A Length/A
Atom Atom X-ray diffraction DFT PBC Atom Atom X-ray diffraction DFT PBC
01 C1l 1.207 (3) 1.24571 C1 C2 1.491 (3) 1.497
02A c1 1.280 (1) 1.32840 C1 02B 1.346 (6) —
C12 C7 1.389 (3) 1.39726 C5 C3 1.552 (3) 1.571
C12 C11 1.386 (3) 1.39682 C5 Cé6 1.533 (3) 1.536
C4 C5 1.558 (3) 1.57143 Cc2 C3 1.547 (3) 1.556
C4 C2 1.535(3) 1.54817 C8 Cc9 1.376 (3) 1.398
Cc7 C5 1.511 (3) 1.51499 C11 C10 1.376 (4) 1.397
Cc7 C8 1.383 (3) 1.39726 C9 C10 1.376 (4) 1.397
TABLE 4 | Bond Angles between Atoms in the Crystal Structure.
Angle/* Angle/*

Atom Atom Atom  X-raydiffraction DFTPBC Atom Atom Atom  X-raydiffraction DFT PBC
C11 C12 Cc7 120.7 (2) 120.31 Cc7 C5 Cé6 109.70 (18) 110.31
C2 C4 Cs5 88.66 (16) 88.79 C3 C5 C4 87.66 (16) 88.72
C12 Cc7 C5 121.15(19) 119.99 Cé6 C5 C4 111.27 (19) 110.61
C8 C7 C12 117.8 (2) 118.54 Cé6 C5 C3 111.88 (19) 111.56
C8 C7 C5 120.99 (19) 121.38 C4 C2 C3 88.66 (16) 89.58
01 C1l 02A 120.6 (3) 121.53 C1 C2 C4 119.05 (18) 120.94
01 C1 C2 123.4(2) 123.60 C1 C2 C3 117.5(2) 116.06
01 C1 02B 121.0 (3) — Cc2 C3 Cs 88.46 (16) 87.98
02A C1 C2 114.0 (3) 112.65 C9 C8 Cc7 121.5(2) 121.28
02B C1 C2 114.3 (3) — C10 C11 C12 120.4 (2) 120.55
C7 C5 C4 117.67 (17) 116.30 C10 Cc9 C8 120.2 (2) 119.75
Cc7 Cs5 C3 117.16 (18) 117.72 C11 C10 C9 119.4 (2) 119.52

The O1-C1 bond length was measured to be 1.206 (3) A. This
value is very close to the standard value of approximately 1.20 A
reported in the literature for the C=0 double bond in a carbonyl
group [15]. This confirms the classical strong n—bond charac-
ter of the carbonyl function. The O2A-C1 bond was found to
be 1.280 (5) A, which, although shorter than the typical C-O
single15bond length of approximately 1.36 A, indicates the pres-
ence of resonance effects [16]. Similarly, the C1-02B bond was
measured to be 1.346 (6) A, pointing to partial double bond char-
acter. The C-C bond lengths in the aromatic ring system range
from 1.376 (3) A to 1.390 (3) A. These values are consistent with
the expected 1.38-1.40 A range for aromatic systems, supporting
the delocalization of —electrons [17, 18]. The C-C bond lengths
observed in the aliphatic regions range from 1.491 (3) to 1.558 (3)
A, which are in close agreement with the expected 1.53-1.55A
range for sp® hybridized carbons [19]. Regarding the bond angles,
the O1-C1-02A angle was found to be 120.6 (3)°, indicating the
planarity of the sp® hybridized carbon atom. This value is con-
sistent with the typical 120° values observed for carbonyl carbons
[20]. The O1-C1-C2 and O1-C1-02B angles were measured to
be 123.4 (2)" and 121.0 (3)", respectively, confirming the trigonal

planar geometry. The bond angles observed in the aromatic ring
ranged from 117° to 121°, aligning with values reported in the lit-
erature for aromatic systems [21]. The C-C-C bond angles in
the aliphatic chain varied from 109° to 112°, reflecting tetrahedral
geometry. Overall, the bond lengths and angles obtained from the
crystal structure show a high degree of agreement with the aver-
age values reported in the literature. This suggests that the crystal
lattice of the structure possesses stable geometry free from con-
formational strain.

3.2 | Periodic Boundary Calculations (PBC)

All geometry optimizations were performed under periodic
boundary conditions (PBC) using the CP2K program package.
The initial crystal structure was constructed based on experi-
mental XRD data and placed in a triclinic simulation cell. The
starting unit cell parameters were a=6.0510A, b=7.4428A,
c=23.6820A, «=90°, $=97.078°, and y=90°, which accu-
rately represent the experimental crystal environment. The peri-
odic simulation cell contains 112 atoms per unit cell, fully
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TABLE5 | Comparison of the X-ray and optimized unit-cell parame-
ters calculated by the cp2k-cell-opt method of the title crystal.

X-ray diffraction DFT PBC
a=6.0510 (13) A a=4.8078 A
b=17.4428 (18) A b=8.2032A
c=23.682(6) A c=22.5271A
B =97.078 (9)° B =92.095°
Z=4 Z=4

representing the asymmetric molecular packing observed
experimentally. The cell optimization was carried out using the
Quickstep module within CP2K, employing a mixed Gaussian
and plane-wave (GPW) approach. The exchange-correlation
energy was described by the PBE functional, combined
with DFT-D3 dispersion corrections to properly account for
long-range van der Waals interactions. A plane-wave cut-
off of 300 Ry and a tight electronic convergence threshold
(EPS_DEFAULT =1.0E—13) were applied to ensure accu-
rate energy and force evaluations. During the optimization,
both atomic positions and lattice parameters were allowed
to relax under an applied external pressure of 1atm using
the DIRECT_CELL_OPT algorithm. Symmetry constraints
were maintained (KEEP_SYMMETRY.TRUE.) to preserve the
crystallographic space group. As a result of the periodic cell opti-
mization, the unit cell parameters were refined to a =4.808 A,
b=8.203A,c=22.527 A, a=90.050", = 92.096°, and y = 89.974".
A detailed comparison between the optimized and experimen-
tal unit cell parameters is presented in Tables 3 and 4. The
optimized cell dimensions exhibited reasonable agreement
with the experimental values, reflecting minor anisotropic con-
tractions and slight angular deviations, which are commonly
attributed to functional-dependent systematic errors in DFT
calculations.

In addition to the unit cell parameters, the optimized molecu-
lar geometry within the periodic environment was analyzed in
detail. Bond lengths and bond angles obtained from the opti-
mized structure were directly compared with experimental XRD
data, and the comparative results are summarized in Table 5.
The calculated geometrical parameters showed good agreement
with the experimental measurements, confirming that the com-
putational protocol accurately describes both intra- and inter-
molecular interactions under periodic boundary conditions. Fur-
thermore, the experimental crystal structure (Figure 5a) and the
DFT-optimized structure (Figure 5b) are presented for visual

comparison. Both structures exhibit similar molecular conforma-
tions and packing motifs, further validating the reliability of the
applied computational approach.

3.3 | Adsorption Energies of the Compound
on Al (111) and Cu (111) Surfaces Under Different
Conditions

The adsorption energies (AE) of five different conformations
of the PSCCA molecule on the Al surface have been evaluated
(Table 6).

The initial and optimized energy values presented in Figure 6
were analyzed to evaluate the structural stability of the Al-ligand
complexes. The optimized energy values indicate that the sys-
tem reaches a lower energy level, forming a more stable struc-
ture. In general, the optimized energy is lower than the initial
energy, signifying that the complex becomes more stable. Among
these conformations, the second conformation exhibits the most
negative adsorption energy, with a value of —39.12kcal/mol.
This value represents the conformation in which the interaction
between the molecule and the surface is the strongest, making the
system the most stable. The first conformation, with an adsorp-
tion energy of —33.14 kcal/mol, demonstrates a stability close to
that of the second conformation. In contrast, the adsorption ener-
gies of the third, fourth, and fifth conformations were calculated
as —20.99, —25.42, and —17.90 kcal/mol, respectively, indicating
weaker interactions.

Literature studies on the adsorption energies of organic
molecules on aluminum surfaces have generally reported
values within similar energy ranges. For instance, the adsorp-
tion energies of various organic molecules on Pd surfaces have
been reported to range between —20 and —45kcal/mol [22].
These findings reveal that variations in the binding mode of the
molecule, particularly the positions of the carboxyl and phenyl
groups, significantly influence the adsorption strength. Lower
adsorption energies indicate that the molecule is positioned
closer to the surface and forms stronger bonds [23]. This binding
may primarily occur through electrostatic and potential covalent
interactions. Overall, molecular conformation appears to be
a key factor in determining surface adsorption behavior and
system stability.

The adsorption behavior of the PSCCA molecule on the Cu
surface was evaluated based on five different conformations
(Table 7).

FIGURE5 | Representation of atoms within the unit cell of the title crystal (a) X-Ray (b) DFT PBC.
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TABLE 6 | Adsorption and total energies of Al-ligand complexes.

Conformation Ep141ig Eq Ey;q AE (kcal/mol)
cl —505.3376142 —396.6554907 —108.6293176 —33.1362
c2 —505.3471186 —396.6555127 —108.6292601 —39.1227
c3 —505.3192263 —396.6555235 —108.6302597 —20.9859
c4 —505.3251291 —396.655524 —108.629101 —25.4167
c5 —505.3144977 —396.6554627 —108.6305115 —17.8988
Conf. initial optimized

Cl

C2

C3

C4

€5

FIGURE 6 | Initial and optimized structures of Al-ligand conformers.

The initial and optimized conformations presented in Figure 7
were analyzed to evaluate the structural stability of the com-
plexes. Calculations revealed that the lowest adsorption energy
was obtained for the second conformation, with a value of

—73.27 kcal/mol. This value indicates the conformation in which
the interaction between the molecule and the surface is the
strongest, making the system the most stable. The first confor-
mation also exhibits high stability, with an adsorption energy
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TABLE 7 | Adsorption and total energies of Cu-ligand complexes.

Conformation Ecy.ig Ec, Ejig AE (kcal/mol)
cl —9348.522828 —9239.792093 —108.6235986 —67.229
c2 —9348.533590 —9239.792107 —108.6247162 —73.2728
c3 —9348.487801 —9239.792096 —108.6256202 —43.9789
c4 —9348.500792 —9239.792123 —108.6275589 —50.8975
c5 —9348.496628 —9239.792092 —108.628828 —47.5076
Conf. initial optimized

Cl

C2

C3

C4

C5

FIGURE 7 | Initial and optimized structures of Cu-ligand conformers.

of —67.23 kcal/mol. The third, fourth, and fifth conformations
tend to bind more weakly, with adsorption energies of —43.98,
—50.90, and —47.51 kcal/mol, respectively. The obtained results
demonstrate that conformational changes play a crucial role in
the interaction of the molecule with the surface. In particular,

the proximity of the carboxyl group and the phenyl ring to the
surface atoms emerges as a key factor in determining adsorption
energy. More negative adsorption energy values indicate stronger
binding of the molecule to the surface and greater thermody-
namic stability of the system. Studies on the adsorption energies

90f18

95UB017 SUOWIWOD aAIe81D) 8|qeotjdde 8y} Aq pausenob ae ssppilke VO ‘8sn Jo Sa|n 10j AIqT8Ul|UO AB[IM UO (SUORIPUOD-PUE-SWLBIW00" A3 1M ATeIq 1[puluO//SANY) SUONIPUOD PUe SWiB | 8U1 89S *[6Z0Z/80/T0] U ARiqiTauliuO A8|IM ‘BS1SIBAIUN UeiAT 1YY Aq 08002 enb/z00T OT/I0p/W00 A8 | Aelq puljuo//sdny woiy papeojumod ‘vT ‘520z XT9v.60T



TABLE 8 | Distances of O and C atoms and molecular Z values for Al-ligand complexes.
Average Minimum Average Minimum
(0) atomo o atomo C atomo C atomo Minimum . Maximum .
Conformation height (A) height (A) height (A) height (A) molecular Z (A) molecular Z (A)
C1 8.06 7.16 9.28 7.99 7.16 11.64
C2 7.40 7.30 8.70 7.87 7.30 11.37
C3 8.92 8.14 9.89 8.30 7.28 13.26
C4 13.13 13.00 9.16 7.79 7.34 13.25
C5 10.37 10.36 9.91 8.09 7.38 12.42

Note: Z axis: This is the axis perpendicular to the surface, indicating the vertical positioning of the molecule relative to the surface, that is, how far the molecule is located
above or below the surface. Minimum Molecular Z (A): This refers to the z-coordinate of the atom in the molecule that is closest to the surface (the atom at the lowest
height). Maximum Molecular Z (A): This refers to the z-coordinate of the atom in the molecule that is farthest from the surface (the atom at the highest position).

of organic molecules on copper surfaces have reported a wide
range of values. For instance, the adsorption energy of benzene
on the Cu (111) surface has been reported to be approximately
—23.2kcal/mol in the literature [24].

3.4 | Atomic Distance and Adsorption Behavior
of the PSCCA Molecule on the Al(111) Surface

The adsorption behavior of five different conformations of the
PSCCA molecule on the Al(111) surface was investigated, reveal-
ing significant differences in adsorption energies. Optimization
calculations indicated that the lowest adsorption energy was
obtained for the C2 conformation. In this configuration, the oxy-
gen atoms of the carboxyl group were found to be positioned in
close proximity to the surface. The average height of the oxy-
gen atoms from the surface was determined to be 7.40 A, with
a minimum distance of 7.30 A (Table 8). This finding suggests
that electrostatic interactions between the molecule and the sur-
face are particularly strong. Additionally, in the C2 conforma-
tion, the average height of the carbon atoms was approximately
8.70 A, with the lowest carbon height recorded at 7.87 A. The
molecule was observed to adopt a slightly tilted position, align-
ing nearly parallel to the surface. This orientation indicates that
both the oxygen atoms of the carboxyl group and the phenyl ring
strongly interact with the surface. Consequently, the more nega-
tive adsorption energy of the C2 conformation compared to oth-
ers suggests that the molecule is tightly bound to the surface,
leading to greater thermodynamic stability. When evaluating the
other conformations, it was observed that in the C1 conforma-
tion, the oxygen atoms were positioned slightly farther from the
surface, with an average height of 8.06 A and a minimum oxy-
gen height of 7.16 A. The average carbon atom height was 9.28 A,
indicating a more upright orientation relative to the surface. This
configuration results in lower stability compared to C2. In the
C3 conformation, the average height of the oxygen atoms was
determined to be 8.92 A, indicating a significantly greater dis-
tance from the surface. The average carbon height was calculated
as 9.89 A. The molecule’s substantially distant and upright posi-
tioning weakened its interaction with the surface, thereby reduc-
ing system stability. Notably, in the C4 conformation, the average
height of the oxygen atoms was found to be 13.13 A. The substan-
tial distance of the carboxyl group from the surface suggests that
it contributes minimally to the adsorption process. Although the
carbon atoms were positioned relatively closer to the surface, no
strong overall binding was observed for the molecule.

In the C5 conformation, the average height of the oxygen atoms
was calculated as 10.37 A, while the carbon atoms were posi-
tioned at a height of 9.91 A. The distant positioning of all atoms
from the surface resulted in a less negative adsorption energy,
indicating weaker interactions with the surface.

Overall, the results obtained demonstrate that the positioning of
the carboxyl group close to the surface is a determining factor
for the adsorption energy (Figure 8). Additionally, the parallel
or tilted orientation of the phenyl group also contributes to the
strength of the molecule-surface interactions, enhancing the sta-
bility of the system. Specifically, it has been shown that in the
C2 conformation, the carboxyl group tightly binds to the surface,
the overall structure of the molecule is parallel to the surface,
and consequently, the lowest adsorption energy is achieved. In
the visualization presented in Figure 7, the average and mini-
mum heights of the oxygen (O) and carbon (C) atoms from the
surface for each conformation are clearly compared. The graph
clearly indicates that, particularly in the C2 conformation, both
the oxygen and carbon atoms are positioned closer to the surface
compared to the other conformations. This situation visually sup-
ports the reasoning that C2 is more stable. Notably, in the C4 and
C5 conformations, the oxygen atoms are distinctly farther from
the surface.

As a result, the adsorption energies on the Cu surface are more
negative compared to those on the Al surface. For the con-
formations on the Cu surface, the adsorption energies range
from —43.98 to —73.27 kcal/mol, with the most stable structure
being the second conformation, which has an energy value of
—73.27kcal/mol. The other four conformations exhibit strong
adsorption energies, ranging from —43.98 to —67.23 kcal/mol.
Considering these results, it is evident that the adsorption of the
PSCCA molecule on the Cu surface is stronger than on the Al sur-
face. In particular, the higher negative adsorption energies on the
Cu surface indicate that the interactions between the molecule
and the surface are stronger, making the system thermodynami-
cally more stable. This may be attributed to the Cu surface’s elec-
tronic structure and atomic arrangement, which facilitate more
effective bonding interactions with the molecule. The electronic
structure of copper and its d-band electrons may enable stronger
interactions with organic molecules [25]. Moreover, it is believed
that the potential covalent and electrostatic interactions between
the Cu surface and the carboxyl group and phenyl ring are more
pronounced compared to those on the Al surface.
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FIGURE S8 | Distance of O and C atoms relative to Al(111) surface.

3.5 | Atomic Distance and Adsorption Behavior
of the PSCCA Molecule on the Cu(111) Surface

As a result of the optimizations, four different conformations
(C1, C2, C3, and C5) were examined. The average and minimum
heights of the oxygen (O) and carbon (C) atoms from the surface
were calculated, and the molecule-surface interactions were eval-
uated. The findings are presented in Table 9.

Among all conformations, the most stable structure was deter-
mined to be the C2 conformation. The C2 conformation has
the lowest oxygen atom height on the Cu(111) surface (aver-
age 6.73 A, minimum 6.29 A). This indicates that the carboxyl
group is positioned very close to the surface and forms strong
interactions. The average height of the carbon atoms is also
quite low (7.59 A), suggesting that the molecule adopts a par-
allel/tilted position relative to the surface. As a result of the
molecule being positioned close to the surface in a balanced man-
ner, it is expected to be the structure with the lowest adsorption
energy. In the C1 conformation, the average distance of the oxy-
gen atoms from the surface is found to be 7.12 A, with the mini-
mum oxygen height at 6.45 A, which is slightly higher than in C2.
The average height of carbon atoms is 7.68 A. In the C3 confor-
mation, the oxygen atoms are noticeably positioned farther from
the surface (average 7.62 A, minimum 7.02 A). The carbon atoms
are at a height of 8.39 A, and the molecule is positioned more
perpendicularly and farther from the surface. This results in less
negative adsorption energy. In the C4 conformation, the average
height of the carbon atoms is 8.30 A, and the oxygen atoms are
located farther from the surface, indicating that the molecule has
weak interactions with the surface overall. In the C5 conforma-
tion, the average height of the oxygen atoms is 8.54 A, and the
carbon atoms are at 8.26 A. The molecule is positioned farther
from the surface, and the carboxyl group is unable to form effec-
tive bonding interactions. The most stable structure on the Cu

surface is the C2 conformation. This structure stands out due to
both the proximity of the oxygen atoms of the carboxyl group
to the surface and the tilted/parallel positioning of the molecule
relative to the surface. In the other conformations, the distance
of the oxygen atoms from the surface increases, weakening the
molecule-surface interactions. Particularly in the C5 and C3
structures, it can be observed that the potential for the carboxyl
group to bind to the surface decreases, leading to a reduction in
the overall stability of the molecule. The visualization results are
provided in Figure 9. The graph clearly shows that, particularly
in the C2 conformation, both the oxygen and carbon atoms are
positioned closer to the surface compared to the other conforma-
tions. This visually supports the reasoning that C2 is more stable.
In particular, the oxygen atoms in the C4 and C5 conformations
are clearly positioned farther from the surface.

Table 10 below presents a comparative analysis of the adsorption
properties of the PSCCA molecule on the Cu(111) and Al(111)
surfaces.

As a result of the calculations performed on the Cu(111) and
Al(111) surfaces, it has been observed that the distances of the
oxygen atoms from the surface differ between the two surfaces.
On the Cu surface, the oxygen atoms are generally positioned
at lower heights compared to the Al surface. The lowest oxy-
gen atom height on the Cu surface ranges from 6.29 to 7.72 A,
whereas on the Al surface, this range is between 7.16 and 10.36 A.
Specifically, in the C2 conformation, the distance of the oxygen
atoms from the surface on the Cu surface has been calculated
to be a minimum of 6.29 A, indicating that this is the structure
positioned closest to the surface. The distances of the carbon
atoms from the surface are also lower on the Cu surface. The
average carbon atom height on the Cu surface ranges from 7.59
to 8.39 A, whereas on the Al surface, these values range from
8.70 to 9.91 A. This indicates that the PSCCA molecule binds
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TABLE 9 | Distances of O and C atoms and molecular Z values for Cu-ligand complexes.
Average Minimum Average Minimum
O atom O atom C atom C atom Minimum Maximum

Conformation height A) height A) height A) height A) molecular Z () molecular Z (A)

cl 7.12 6.45 7.68
c2 6.73 6.29 7.59
c3 7.62 7.02 8.39
c4 12.44 12.39 8.30
c5 8.54 7.72 8.26

6.72 6.26 10.11
6.72 6.29 10.29
7.06 5.97 11.42
6.73 6.73 13.55
7.11 6.08 10.57

Note: Z-axis: This is the axis perpendicular to the surface, indicating the vertical positioning of the molecule relative to the surface, that is, how far the molecule is located
above or below the surface. Minimum Molecular Z (A): This refers to the z-coordinate of the atom in the molecule that is closest to the surface (the atom at the lowest
height). Maximum Molecular Z (A): This refers to the z-coordinate of the atom in the molecule that is farthest from the surface (the atom at the highest position).
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FIGUREY9 | Distance of O and C atoms relative to Cu(111) surface.
TABLE 10 | Distances of O and C atoms on Al and Cu surfaces for various conformers.

Al surface  Alsurface Alsurface Alsurface Cusurface Cusurface Cusurface Cusurface
average minimum average minimum average minimum average minimum
O atom O atom C atom C atom O atom O atom C atom C atom
Conformation distance (A) distance (A) distance (A) distance () distance (A) distance (A) distance (A) distance (A)

cl 8.06 7.16 9.28
c2 7.40 7.30 8.70
c3 8.92 8.14 9.89
c4 13.13 13.00 9.16
c5 10.37 10.36 9.91

7.99 7.12 6.45 7.68 6.72
7.87 6.73 6.29 7.59 6.72
8.30 7.62 7.02 8.39 7.06
7.79 12.44 12.39 8.30 6.73
8.09 8.54 7.72 8.26 7.11

more strongly to the Cu surface compared to the Al surface,
and the molecule is positioned closer to the surface. Based on
the comparisons for both surfaces, it has been determined that
the most stable conformation on both surfaces is C2. On the Cu
surface, the approach of the oxygen atoms towards the surface

in the C2 conformation (minimum 6.29 A) is more pronounced
compared to the Al surface, indicating a stronger interaction
between the molecule and the surface. This positioning results
in a more negative adsorption energy and leads to a more stable
system.
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TABLE 11 | Mulliken-based charge transfer analysis for ligand adsorption on Al(111) and Cu(111) surfaces.

Fragment System (isolated) (e)

System (adsorbed) (e) Charge transfer AQ (e)

Al(111) + ligand complex

Ligand —1.00E—-06
Al(111) surface 3
Cu(111) + ligand complex

Ligand —1E-06
Cu(111) surface 2.999999

0.211452 0.211453
2.788547 —0.211453
0.581548 0.581549
2.418454 —0.581545

Total Charge Transfer

AQ (e)

Ligand Al Surface

(@)

Total Charge Transfer

AQ (e)

Ligand Cu Surface

(b)

FIGURE 10 | Total charge transfer (AQ) for (a) Al(111) and (b) Cu(111) surfaces.

3.6 | Atomic-Scale Charge Transfer Analysis
of Ligand -Metal Surface Interactions Using
Mulliken Population

The Mulliken population analysis was performed based on the
optimized C2 conformer of the ligand adsorbed on Al(111) and
Cu(111) surfaces to investigate the electronic charge redistribu-
tion induced by adsorption (Table 11). The atom-resolved charge
transfer results are presented in Figure 10, where the top 10 atoms
with the largest Mulliken charge changes (AQ) are displayed for
each fragment.

Upon adsorption of the ligand onto the Al(111) surface, a net
charge transfer of +0.211 e to the ligand fragment was observed,
while the Al(111) surface exhibited a corresponding depletion
of —0.211 e. This result indicates a moderate electron dona-
tion from the Al surface to the ligand during adsorption. The
charge redistribution suggests the formation of weak to moderate
donor-acceptor interactions between the ligand and the Al(111)
surface, most likely dominated by surface states interacting with
the ligand’s frontier molecular orbitals.

In contrast, a significantly larger charge transfer was calculated
for the Cu(111) surface. The ligand gains approximately +0.581
e upon adsorption, while the Cu(111) surface loses an equiva-
lent amount of charge (—0.581 e). This substantial increase in
charge transfer for the Cu(111) surface can be attributed to the
enhanced electronic coupling between the Cu d-band and the
ligand orbitals, facilitating stronger electron donation mecha-
nisms. The higher density of states near the Fermi level in Cu
compared to Al likely contributes to this increased electronic

interaction. The comparison of Al(111) and Cu(111) surfaces
clearly demonstrates that the nature of the metal surface plays a
critical role in determining the extent of electronic charge redis-
tribution during ligand adsorption. The Cu(111) surface exhibits
nearly 2.75 times higher charge transfer compared to Al(111),
suggesting stronger chemisorption characteristics for Cu. This
finding may have important implications for catalytic, sensing,
and electronic applications where surface-ligand interactions are
crucial for functionality. These results are consistent with the
general trends described by the d-band model of surface reactiv-
ity, which predicts that metal surfaces with partially filled d-states
(such as Cu) facilitate stronger adsorption-induced charge trans-
fer due to enhanced orbital hybridization with adsorbed species
[26]. Mulliken population analysis was performed to investigate
the electronic charge redistribution induced by ligand adsorp-
tion on Al(111) and Cu(111) surfaces. The atom-resolved charge
transfer results are presented in Figures 11 and 12, where the top
10 atoms with the largest Mulliken charge changes (AQ) are dis-
played for each fragment.

Upon adsorption onto the Al(111) surface, the ligand exhibits
moderate charge redistribution. The maximum charge accumu-
lation was observed on electronegative atoms such as C3 and 02,
which gained approximately +0.033 e. Conversely, several hydro-
gen atoms exhibited charge depletion up to —0.02 e, indicating
limited electronic polarization within the ligand upon interac-
tion with the Al surface. For the Al surface atoms, the maximum
charge variation reached approximately +0.04 e, with A172 show-
ing the largest depletion (—0.055 e) and Al117 displaying charge
accumulation (+0.038 e). This localized redistribution suggests
weak electronic coupling between the ligand and the Al surface,
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FIGURE11 |
10 atoms with the largest AQ values are displayed for each fragment.
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FIGURE12 |

10 atoms with the largest AQ values are displayed for each fragment.

consistent with physisorption or weak chemisorption behavior.
In contrast, adsorption on the Cu(111) surface resulted in sub-
stantially stronger charge redistribution. The ligand atoms expe-
rienced charge accumulations up to +0.08 e, primarily localized
on the oxygen atoms (O1, O2), while hydrogen atoms exhibited
charge depletion in the range of —0.03 e. For Cu surface atoms,
the maximum charge variations were slightly smaller, around
+0.03 e, with Cul32 losing —0.025 e and Cul80 gaining +0.03 e.
Compared to Al, the charge redistribution on the Cu surface was
more evenly distributed across several surface atoms. The over-
all results clearly demonstrate that ligand adsorption on Cu(111)
induces substantially greater charge transfer than on Al(111).
This difference originates from the distinct electronic structures
of the two metals. The partially filled d-band of Cu allows for

AQ (e)

Al Surface: Top 10 Atoms with AQ
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Atom-resolved Mulliken charge transfer upon ligand adsorption on Al(111) surface. (a) Ligand atoms; (b) Al surface atoms. The top

Cu Surface: Top 10 Atoms with AQ
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Atom

(b)

Atom-resolved Mulliken charge transfer upon ligand adsorption on Cu(111) surface. (a) Ligand atoms; (b) Cu surface atoms. The top

stronger orbital hybridization and enhanced electronic coupling
with the ligand’s frontier orbitals, while the s—p band of Al limits
such interactions. As a result, Cu(111) promotes more efficient
electron donation to the ligand, resulting in stronger adsorption
and greater charge redistribution.

In particular, the observed charge transfer difference at the
O1 atom between Al(111) and Cu(111) systems can be directly
attributed to this electronic structure effect. On Al(111), the rel-
atively low d-band density of states does not provide sufficient
orbital alignment and hybridization with the lone pair elec-
trons of the O1 atom, resulting in a minor charge transfer of
approximately +0.010 e. In contrast, the high d-band density of
Cu(111) enables more effective orbital overlap with the O1 lone
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(@)

(b)

FIGURE 13 | Visualization of the system showing the adsorption of the PSCCA molecule on the Al(111) surface and the distribution of surrounding

(a) H,0 and (b) HCl molecules.

(a)

(b)

FIGURE 14 | Visualization of the system showing the adsorption of the PSCCA molecule on the Cu(111) surface and the distribution of surrounding

(a) H,0 and (b) HCl molecules.

pair, leading to a significant charge transfer exceeding +0.08 e.
These findings are consistent with the predictions of the d-band
model, which correlates the metal’s d-band center position with
its adsorption strength and charge transfer capacity [27].

3.7 | Adsorption Energies of the Compound
on Al and Cu Surfaces With H,0 and HC1

The adsorption of the PSCCA molecule on Al and Cu surfaces
in the presence of water (H,0) and hydrochloric acid (HCI)
molecules has been investigated (Figures 13 and 14). In both
systems, C2 conformations were used. On the Al surface, in the

presence of a water molecule, the adsorption energy was cal-
culated to be —68.63 kcal/mol (Table 12). Water molecules may
facilitate adsorption by forming hydrogen bonds with the car-
boxyl group or by altering the hydration layer on the aluminum
surface [28].

This value indicates that the bonding between the molecule
and the Al surface becomes more stable due to the presence of
the water molecule. The adsorption energy in the presence of
the HCI molecule was found to be —64.10kcal/mol. Although
this result is slightly lower than that with water, it still indi-
cates strong adsorption on the Al surface. The presence of HCI
may affect the adsorption by causing protonation of the carboxyl
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TABLE 12 | Adsorption energies of PSCCA on Al(111) surface in the presence of H,0 and HCL.

System E ALstige 1120 Eplm20 Ejig AE (kcal/mol)

Al(111)/PSCCA/H,0 —3090.68971 —2981.954009 —108.6263306 —68.6305

Al(111)/PSCCA/HCI —2532.59589 —2423.865639 —108.6280968 —64.1023
TABLE 13 | Adsorption Energies of PSCCA on Cu(111) Surface in the Presence of H,O and HCL

System Ecyitigsmo Ecuin20 Ejq AE (kcal/mol)

Cu(111)/PSCCA/H,0 —11934.59483 —11825.79735 —108.6171133 —113.185

Cu(111)/PSCCA/HCI —10908.11897 —10799.35434 —108.6262093 —86.8581

group or by promoting interactions between chloride ions and the
surface [29].

When examining the Cu surface, the adsorption energy calcu-
lated in the presence of a water molecule reaches a significantly
negative value of —113.18 kcal/mol.

This result indicates that the interaction between the molecule
and the Cu surface is significantly enhanced through the pres-
ence of the water molecule, leading to a highly stable system. In
the presence of the HCI molecule, the adsorption energy on the
Cu surface was found to be —86.86 kcal/mol (Table 13). This value
is lower than the complex formed with H,O on the Cu surface,
but more negative compared to the complexes on the Al surface.

The adsorption behavior of the PSCCA molecule on aluminum
(Al) and copper (Cu) surfaces has been investigated under the
presence and absence of water (H,0) and hydrochloric acid (HCI)
molecules. As a result, on the Al surface, adsorption energies
without solvent molecules range from —17.89 to —39.12 kcal/mol.
This indicates that the interactions between the molecule and
the Al surface are of moderate strength. However, in the pres-
ence of H,0, the adsorption energy decreases to —68.63 kcal/mol,
and in the presence of HCI, it decreases to —64.10 kcal/mol. These
results show that water and HCl molecules significantly enhance
adsorption on the Al surface, making the system more stable.
On the Cu surface, adsorption energies without solvents range
from —43.97 to —73.27 kcal/mol, indicating strong interactions
between the molecule and the Cu surface. In the presence of
H,O0, the adsorption energy decreases to —113.18 kcal/mol, and in
the presence of HCI, it decreases to —86.86 kcal/mol. These find-
ings indicate that the presence of the water molecule significantly
strengthens the interactions between the Cu surface and the
molecule, making the system more stable. Overall, the presence
of water and HCl molecules on both surfaces shifts the adsorption
energies to more negative values, thus stabilizing the system. In
particular, the water molecule is more effective in increasing the
adsorption stability on both surfaces. Furthermore, the Cu sur-
face forms more stable adsorption complexes with the molecule
by establishing stronger interactions compared to the Al surface.
In the existing literature, adsorption energies of similar organic
molecules on metal surfaces are generally reported to range from
—10 to —50 kcal/mol. For instance, a study on the adsorption of
methyl orange using potassium permanganate-coated zeolite and
iron oxide-coated zeolite reported adsorption capacities of 14.3
and 12.6 mg/g, respectively [29]. In this context, the adsorption

energies obtained in our study are consistent with those reported
in the literature, with some cases showing higher adsorption
energies. In particular, the adsorption energy of —113.18 kcal/mol
on the Cu surface in the presence of water emphasizes the signif-
icant role of water molecules in the adsorption process.

In the current literature, adsorption energies of similar organic
molecules on metal surfaces are generally reported to range from
—10 to —50kcal/mol [30]. For example, the adsorption ener-
gies of organophosphorus compounds on transition metal-doped
activated carbons have been reported to be above 43 kcal/mol
[31]. In another study, the binding energies of NO and CO on
Ag-doped metal-organic frameworks (MOFs) were reported to
be around —21 to —26kcal/mol [32]. It is also noted that typ-
ical adsorption energies for physical adsorption usually do not
exceed 20-25 kJ/mol (approximately 4.8—6 kcal/mol) [33]. When
the obtained adsorption energies are compared to similar studies
in the literature, it is observed that the type of metal surface, the
structure of the organic molecule, and the effect of the solvent
significantly influence the adsorption energies.

4 | Conclusion

In this study, the structural identity of PSCCA was successfully
confirmed through NMR, IR, and X-ray crystallography tech-
niques. The optimized molecular geometry obtained via DFT cal-
culations provided a reliable model for further adsorption studies.
Comprehensive first-principles calculations were performed to
investigate the adsorption behavior of PSCCA on Al(111) and
Cu(111) surfaces using the CP2K framework. The adsorption
energies of PSCCA on both metal surfaces indicated favorable
interactions, with notably stronger adsorption on the Cu surface.
Specifically, the most stable adsorption configuration on Cu(111)
exhibited an adsorption energy of —73.27 kcal/mol, compared to
—39.12kcal/mol on Al(111). These results highlight the critical
influence of the metal type on the adsorption strength and
suggest a higher affinity of PSCCA for Cu surfaces. Analysis of
molecular orientations revealed that the proximity and alignment
of the carboxyl group and phenyl ring significantly impacted the
adsorption energy and stability. Additionally, the presence
of water (H,0) and hydrochloric acid (HCI) molecules was
found to enhance the adsorption stability on both surfaces. The
adsorption energy reached —113.18 kcal/mol for Cu(111) in the
presence of water, demonstrating a remarkable increase in inter-
action strength. This emphasizes the role of solvent molecules
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in modulating surface-molecule interactions, which could be
exploited in practical applications such as corrosion inhibition,
catalysis, and sensor development. Overall, the combined experi-
mental and theoretical findings of this study not only deepen the
understanding of PSCCA’s surface adsorption behavior but also
provide valuable insights for the rational design of functional
metal-organic interfaces in materials science and surface chem-
istry. In addition, atomic-scale charge transfer analysis based
on Mulliken population calculations provided critical insight
into the nature of ligand-metal interactions. Adsorption on the
Al(111) surface resulted in limited charge transfer (+0.211 e),
reflecting weak donor-acceptor interactions primarily governed
by the low d-band density of Al. In sharp contrast, the Cu(111)
surface exhibited a substantially larger charge transfer (+0.581
e), driven by strong orbital hybridization between the ligand’s
frontier orbitals and the partially filled Cu d-band. This nearly
2.75-fold enhancement in electron transfer on Cu(111) directly
correlates with its superior adsorption strength, as confirmed by
the computed adsorption energies. These findings not only high-
light the dominant role of metal electronic structure in control-
ling adsorption phenomena but also offer valuable guidance for
tailoring metal-organic interfaces in applications such as cataly-
sis, corrosion inhibition, and surface-based sensing technologies.

Data Availability Statement

All data generated or analyzed during this study are included in this pub-
lished article.
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