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1 Introduction

Interest in organic semiconductors and m-conjugated
materials has increased rapidly in both academic and
industrial research [1-3] due to the strong interplay
between their m-electronic and geometric structures
[4]. In particular, electron-accepting and charge-
transporting units combined with moieties such as
phenylacrylonitrile [5-8] and triazole [9-12] form
donor-m—acceptor (D-nt-A) push—pull systems with
bipolar character, exhibiting enhanced photophysi-
cal properties suitable for photovoltaic applications.
The performance of these materials is closely linked
to charge-carrier mobility [13]. In LEDs and FETs,
carriers are injected from metal or conductive oxide
electrodes, whereas in solar cells, charge generation
occurs through photon-induced separation at the
donor-acceptor interface [14]. Furthermore, efficient
charge transport strongly depends on solid-state
molecular organization, where well-ordered crystal
structures and extended m-m stacking interactions
reduce energetic disorder [15].

In this context, improving charge-transport-related
factors is of great importance [16], as structural defects
in the organic layer, surface topology, dielectric
polarity, and interfacial traps directly influence car-
rier mobility and overall material performance [17].
In particular, the chemical structure of the dielec-
tric surface plays a critical role in modulating car-
rier mobility. Surface-bound substituent groups can
interact with charge carriers, thereby enhancing or
degrading device performance. Consequently, rational
molecular design, together with controlled solid-state
molecular aggregation, is essential for improving car-
rier mobility and light propagation. Moreover, sub-
stituents positioned at different locations within the
molecular framework significantly influence electron
distribution, ionic bonding, and dipole-dipole inter-
actions [18]. These interactions can modify optical
properties such as light absorption and emission by
altering intramolecular electron transfer, particu-
larly through changes in the energy gap between the
highest occupied and lowest unoccupied molecular
orbitals (HOMO-LUMO) [19, 20]. Additionally, sur-
face polarity influences the transfer of charge carri-
ers from the dielectric to the organic semiconductor
[21]. Solvent-surface interactions can further modify
the structure and properties of the organic layer, with
high-polarity solvents either facilitating or hindering
carrier transport at the interface [22]. Collectively,
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these effects play a crucial role in determining car-
rier mobility and the resulting electronic and optical
properties of organic semiconductors by modulating
the interactions between aromatic units and the sur-
rounding solvent environment [23-26].
Understanding these effects requires comprehen-
sive thermodynamic characterization to elucidate the
structural stability, reactivity, and physicochemical
properties of organic molecules under varying condi-
tions. In our previous study, the fundamental opti-
cal properties of 4AMPAN-TFEMP were reported as a
function of film thickness [27]. In contrast, to elucidate
the effects of subtle structural variations on solid-state
packing and optoelectronic performance in D-n—-A
systems, the present study is not limited to thickness-
dependent optical properties of thin films. Instead,
it is designed to investigate crystal-level molecular
organization, temperature-dependent thermody-
namic stability, and solvent-induced electronic effects
through a solvent-based approach. Moreover, unlike
the 4AMPAN-TFMP compound, the present system
enabled detailed structural analysis by single-crys-
tal X-ray crystallography. Consequently, this study
provides deeper insight into the structure—property
relationships governing the optical and electronic
behavior of m-conjugated organic semiconductors.
Recent advances (2025) highlight that the integration
of experimental crystallography with density func-
tional theory is crucial for optimizing the photonic
performance of acrylonitrile-based materials [28-30].
In this study, experimental techniques were com-
bined with Density Functional Theory (DFT) calcu-
lations at the B3LYP/6-31G(d,p) level using Gauss-
ian 03 to systematically investigate the structural
[31-33], thermodynamic, and optoelectronic proper-
ties of MTFMAN (Fig. 1). UV-Vis spectroscopy and

Fig. 1 Molecular structure of the synthesized compound (MTF-
MAN)
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X-ray diffraction were employed to examine its elec-
tronic and optical behavior in acetone and dimethyl
sulfoxide (DMSO), providing insight into the influ-
ence of substitution position on molecular design in
n-conjugated organic semiconductors.

Key optical parameters—including refractive
index, reflectivity, molar absorption coefficient
(¢), mass absorption coefficient (a«_mass), optical
band gap (E,), angles of incidence (¢1) and refrac-
tion (¢,), and optical contrast (a.) were analyzed to
assess solvent-dependent behavior of MTFMAN.
Furthermore, the thermodynamic properties of
MTFMAN, including heat capacity (Cop,m)/ entropy
(S°,.), enthalpy (H° ), and total energy (E), were cal-
culated over a wide temperature range (100-1000 K)
in the gas phase and in the aforementioned solvents
(e_acetone =20.7; e_DMSO = 46.7) to assess solvation
effects.

Dipole moments and nuclear repulsion energies
were also determined to provide insights into sol-
ute-solvent interactions and internal molecular cohe-
sion. The temperature-dependent thermodynamic
data were fitted using second-order polynomial
regression models with high correlation coefficients
(R?>0.999), confirming the robustness of the fits.

This comprehensive investigation reveals the signif-
icant role of solvent polarity and temperature in gov-
erning the molecular behavior of MTFMAN, offering
valuable implications for its potential applications in
materials science, pharmaceuticals, and solution-phase
chemistry.

2 Experimental and computational
methods

2.1 Synthesis of 3-(4-Methoxyphenyl)-2-(3
-(trifluoromethyl)phenyl)acrylonitrile
(MTFMAN)

MTFMAN was synthesized via base-catalyzed Kno-
evenagel condensation procedure, following our pre-
viously reported methodology, with slight modifica-
tions [8, 28-30]. Complete synthetic and spectroscopic
details are provided in the supplementary information
(see supplementary). The compound was prepared to
to enable a comprehensiveinvestigation of its struc-
tural, electronic, and photonic properties, including
single-crystal X-ray diffraction analysis.
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2.1.1 Crystal growth

Single crystals of MTFMAN suitable for X-ray dif-
fraction (XRD) were grown by dissolving the pow-
dered compound in ethanol at room temperature.
The resulting solution was heated to reflux under
magnetic stirring and then allowed to cool slowly to
ambient temperature. The flask was covered with a
perforated parafilm layer to facilitate gradual solvent
evaporation. After approximately five days under
these conditions, well-formed single crystals were
obtained.

2.2 Preparation of the MTFMAN solutions

The MTFMAN compound was weighed using an
AND-GR-200 series analytical balance and subse-
quently dissolved in ethanol, acetone and DMSO. To
ensure homogeneous solutions and optimal experi-
mental conditions, all mixtures were stirred using a
vortex mixer. Prior to photophysical measurements,
the solutions were filtered through a PTFE filter.
Notably, MTFMAN exhibited limited solubility in
ethanol and was not completely dissolved in this
solvent.

2.3 Characterization and physical
measurements

All starting materials and solvents used in the syn-
thesis were obtained from Fluka and Aldrich. Melt-
ing points were determined using an electrother-
mal melting point apparatus. FT-IR spectra were
recorded on a Bruker Tensor 27 FT-IR spectrometer
with a polystyrene film-calibrated KBr disc. Nuclear
magnetic resonance (‘H and *C-APT) spectra were
obtained using a BRUKER Spectrospin Avance
DPX400 Ultrashield (400 MHz) spectrometer, with
tetramethylsilane (TMS) as the internal standard.
Optical measurements of the solutions werecarried
out using a cylindrical cuvette (Hellma QS-100) with
a volume of 3.5 mL and an optical path length of 10
mm, and employing a Shimadzu UV-1800 spectro-
photometer at room temperature over a wavelength
range of 190-1100 nm.Optical measurements of
solutions prepared in ethanol were excluded due to
unstable results.
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2.4 X-Ray Data collection and refinement
processes for MTFMAN

A suitable single crystal of the MTFMAN compound
was selected and analyzed using a Bruker APEX-II
CCD diffractometer at the Sinop University Scien-
tific and Technological Research Application and
Research Center (Sinop University, Tiirkiye). The
single crystal was kept at 296(2) K during data col-
lection. X-ray beams were directed onto the crystals,
and the diffracted intensities and angles resulting
from atomic scattering were used to generate a three-
dimensional electron density map. The crystal struc-
ture was solved using the the OLex2-1.5 program
by the charge-flipping method and subsequently
refined with OLex2-1.5 [34, 35]. The refinement
model incorporated 6 restraints and 24 constraints
to address partial disorder and to stabilize refine-
ment of the CF; group. The following model styles
were employed: U, values for hydrogen atoms were

restrained to 1.2 times for C(H) groups; fixed U,
to 1.5 times for methyl C(H,H,H) group C(H,H,H)
group. Refinement of riding coordinates: aromatic/
amide H groups, C3(H3), C4(H4), C5(H5), C7(H7),
C10(H10), C12(H12), C13(H13), C15(H15), C16(H16);
idealized Me groups restrained as rotating group,
C17(H17A,H17B,H17C) [34]. Disordered distance
restraints were applied between disordered fluorine
atom positions (F1/F1A, F2/F2A, F3/F3A) bonded to
the same carbon atom (C1), all with a sigma value
of 0.02 A.

2.5 Computational procedures

All quantum chemical calculations in this study
were performed with the assistance of the Gaussian
03 program package [33]. The molecular geometries
were optimized by minimizing the overall energy
with respect to all geometrical parameters without
applying any symmetry constraints. DFT calculations
were performed using the B3LYP exchange—correla-
tion functional [31, 32] and the 6-31G(d,p) basis set,
implemented in a computational framework similar
to that of the Gaussian 03 software. The selected DFT/
B3LYP functional is the most widely adopted hybrid
functional in the literature, known for its high accu-
racy and proven reliability in predicting the opti-
mized geometries, vibrational frequencies, and elec-
tronic structures of organic molecules. This approach
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provides a balanced solution for accurately modeling
the critical electronic features in our molecule, such
as the conjugated m-system and aromatic rings. The
6-31G(d,p) basis set was chosen as it strikes an ideal
balance between computational efficiency and high
accuracy. The inclusion of polarization functions (d
and p) is crucial for the accurate modeling of electronic
charge distribution, especially for polar groups like the
acrylonitrile (C=N) and methoxy (O - CHj;) moieties
present in MTFMAN. This specific combination forms
a solid theoretical foundation for reliable molecular
structure analysis, consistent with the experimental
X-ray data. GaussView program [36] was used to visu-
alize the optimized molecular structure. The density of
states (DOS) and temperature dependent thermody-
namic properties in the gas and solution phases were
investigated using theoretical calculations.

2.5.1 Computational rigor and reproducibility

Convergence Criterion and Pseudopotential Usage: The
energy convergence criterion was set to the most strin-
gent level accepted in the literature for high precision
and computational rigor. Given that the molecule con-
sists of lighter elements and the 6-31G(d,p) basis set
is an all-electron basis set, no pseudopotentials were
utilized in the calculations.

Frequency Scaling Factor: For the comparison
between theoretical and experimental vibrational
spectra, the standard scaling factor empirically vali-
dated in the literature for the B3LYP/6-31G(d,p) meth-
odology was applied [37, 38].

This methodology is further strengthened by the
validation of our geometric results against single-
crystal XRD data and by our newly included MTEF-
MAN - (DMSO), explicit cluster model analysis
(stabilization energy: -35.58 k]/mol), ensuring the reli-
ability and consistency of our findings.

3 Results and discussion

3.1 Single-crystal X-ray and hirshfeld surface
study of MTFMAN: Structural features
and lattice stabilization

The molecular structure of MTFMAN was deter-
mined by single-crystal XRD at 296(2) K using a
Bruker APEX-II CCD diffractometer with MoK,
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radiation (A =0.71073 A). The compound crystallizes
in the monoclinic system, space group P2;/n, with
unit cell parameters a=12.3499(18) A, b=6.6311(9) A,
c=18.640(3) A, B=95.129(4)°, and unit cell volume of
1520.4(4) A®. The asymmetric unit contains one mol-
ecule (Z=4, 0. =1.325 g cm ™). With Olex2 [34], the
structure was solved with the olex2.solve [35] struc-
ture solution program with Charge Flipping and
refined with the olex2.refine [35] refinement package
by Gauss-Newton minimisation. The final refine-
ment converged with R; =0.0521 and wR,=0.1161 for
reflections with I > 20(I), demonstrating an excellent
fit to the experimental data [36]. The crystallographic
parameters and refinement statistics are summarized
in Table 1, while additional data, including fractional

Table 1 Crystal data and structure refinement of MTFMAN

CCDC Deposition number CCDC 2469549
Identification code MTFMAN
Empirical formula C,7H,,F;NO
Formula weight 303.286
Temperature/K 296(2)
Crystal system monoclinic
Space group P2,/n

a(A) 12.3499(18)
b (A) 6.6311(9)

¢ (A) 18.640(3)
a(®) 90

Q) 95.129(4)

7 (®) 90

Volume (A%) 1520.4(4)

Z 4

Peate @ €M) 1.325

p (mm~") 0.108
F(000) 624.5

Crystal size (mm?)

Radiation

26 range for data collection (°)
Index ranges

0.12x0.09%0.08
Mo K, (A=0.71073 A)
4.14 10 52.82
-15<h<15,-8<k<S8,
23<1<23

Reflections collected 34,331
Independent reflections 3122 [R,,,=0.0729,
Rigmqa=0.0522]
Data / restraints / parameters 3122/6/229
Goodness-of-fit on F? 1.031

Final R indexes [/>206(1)]
Final R indexes [all data]
Largest diff. peak / hole (e 1&’3)

R,=0.0521, wR,=0.1161
R,;=0.1396, wR,=0.1482
0.28/-0.28
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atomic coordinates, anisotropic displacement param-
eters, hydrogen atom positions, and geometric param-
eters, are provided in Supplementary Tables 51-56.
The molecular structure with atom labeling is shown
in Fig. 2, and the dataset has been deposited in the
Cambridge Crystallographic Data Centre (CCDC No.
2469549).

One notable structural feature is the partial disorder
observed in the trifluoromethyl (-CF;) group, in which
alternate positions of fluorine atoms (F1/F1A, F2/F2A,
F3/F3A) exhibit complementary occupancies [37, 38].
This type of disorder, which is commonly observed
in perfluoroaromatic systems, arises from weak van
der Waals interactions and rotational flexibility of the
CF; substituent [39]. The refined atomic displacement
parameters (Supplementary Table S2) further indicate
a relatively rigid aromatic framework with localized
dynamic regions near peripheral substituents such as
the CF; and methoxy groups [40, 41].

Bond lengths and angles are consistent with expec-
tations for conjugated aromatic-acrylonitrile systems
(Supplementary Tables S4-56). The O1-C14 bond
length [1.359(3) A] is shorter than that of O1-C17
[1.431(3) A], confirming effective m-conjugation within
the methoxy-substituted ring [42]. The N1-C9 distance
[1.146(3) A] corresponds to a strong C=N triple bond,
further confirming conjugation in the acrylonitrile
moiety [43]. The dihedral angle between the two phe-
nyl rings is 59.6°, indicating a twisted conformation
that restricts 7-electron delocalization across the mol-
ecule [44].

Planarity deviation analysis reveals that both aro-
matic rings deviate significantly from coplanarity, as
confirmed by high deviation-to-standard deviation
(d/s) ratios [45]. Such distortion limits conjugation
between donor (methoxyphenyl) and acceptor (trifluo-
romethylphenyl) moieties, consistent with push—pull
electronic characteristics. This torsional arrangement
also influences the intermolecular packing by facilitat-
ing weak directional interactions in the crystal lattice
[46].

Weak intermolecular C-H:--N, C-H--'F, and -7
interactions contribute significantly to the lattice
stabilization. Hirshfeld surface analysis (Fig. 3)
highlights red regions near N1 and F2A atoms cor-
responding to hydrogen bond acceptors, confirm-
ing the positions of weak hydrogen bonds [47]. The
decomposed 2D fingerprint plots (Fig. 4) quanti-
tatively show the distribution of dominant con-
tacts: F--H/H---F (27.3%), H---H (24.7%), C---H/H--C
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Fig. 2 MTFMAN molecular
structure, with atom labeling.
Displacement ellipsoids are
drawn at the 10% probability
level

Fig. 3 Hirshfeld surface of
MTFMAN mapped onto
dnorm, with red indication
for C-H---N and C-H:---F
hydrogen bonding interac-
tions [For clarity, all the
hydrogen atoms except those
involved in intermolecular
bonding (HS, H10, and
H17A) have been omitted]

(19.1%), and N---H/H---N (12.9%) contribute most to
the overall surface. Minor contributions arise from
O---H/H:--O (4.6%), F---F (3.4%), C---C (2.2%), C---F/
F---C (2.2%), C---O/O--C (1.6%), C---N/N---C (1.2%),
N--F/F--N (0.6%), and O---F/F---O (0.2%) interactions.
These quantitative results confirm that noncovalent
forces, though individually weak, collectively stabi-
lize the crystal lattice and maintain structural cohe-
sion [48, 49].
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N1

i1t and C-H---7t stacking interactions (Supplemen-
tary Tables S7 and S8) further contribute to molecular
packing [50]. A centroid—centroid distance of 4.95 A
and perpendicular offsets below 3.0 A indicate weak
m--m overlap [51, 52]. The C-H:--7t contacts, with H---7t
distances of 2.94 A, promote directional hydrophobic
stabilization and influence the packing arrangement
[53].
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Overall, the crystallographic investigation confirms
that MTFMAN exhibits a rigid conjugated backbone
with local flexibility in its peripheral substituents. The
combined influence of 77t stacking, C-H-N, and
C-H:--F hydrogen bonds -supported by quantitative
Hirshfeld analysis- provides cohesive stabilization for
the molecular packing [54-56].

Impact of Intermolecular Interactions on Charge Trans-
port Properties: Beyond lattice stability, these noncova-
lent interactions have profound implications for the
charge transport properties of MTFMAN. The 71
stacking facilitates the necessary electronic coupling
between m-systems, which is a prerequisite for charge
carrier hopping. Simultaneously, the C-H---F inter-
actions function as molecular anchors, reducing the
energetic disorder by ‘locking’ the orientations of the
-CF; and nitrile groups. This structural rigidity is cru-
cial for maintaining consistent hopping pathways and
minimizing recombination sites in solid-state devices.

3.2 The optical parameters

3.2.1 Effects on optical constants of MTFMAN
in different solvents

UV-Vis spectroscopy is an extremely valuable and
simple optical technique for studying the optical and
electrical properties of organic semiconductor materi-
als. Here, the effect of MTFMAN on the optical con-
stants in different solvents, such as DMSO and ace-
tone, was studied using the solvation technique. The
research aims to understand how the solvent changes
the optical constants of the compound. The polariza-
tion properties of the solvent and its interactions with
molecules can significantly affect how the compound
interacts with light and how it can be used in opto-
electronic applications [57, 58]. According to the Beer-
Lambert law, there is a direct relationship between the
frequency of the light photon and the density of the
molecules. As the density increases, so does the light
absorption, so that the absorption increases in parallel
with the change in the original density of the solution
[59].

A =log,,(Iy/) = —log,, (T) =€ CL (1)

where | is the intensity of incident monochromatic
light on the substance of interest, I is the intensity of
monochromatic light leaving the substance, L is the
optical path length of light through the cuvette, C is
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an accurate molar concentration of the absorbing mol-
ecule and ¢ is a molar extinction coefficient or wave-
length dependent molar absorptivity of the absorbing
molecule.

The absorption spectrum of the MTFMAN mole-
cule is presented in Fig. 5. As observed, the absorption
curve of the molecule is not clearly visible across all
wavelengths in acetone, which may be attributed to the
insufficient solubility of the molecule in this solvent.
However, distinct absorption maxima are observed for
the molecule in both solvents. The absorption peaks
appear at 339 nm and 344 nm in acetone and DMSO,
respectively. At wavelengths above approximately
400 nm, the absorption becomes minimal and remains
nearly constant.

The transmittance spectra of MTFMAN solutions
in acetone and DMSO are shown in Fig. 6, where
the transmittance values are plotted as a function of
wavelength. As can be seen, there is a trough around
350 nm for both solvents and the transmittance of the
molecule increases sharply from this minimum up to
around 400 nm. In addition, the transmittance peak at
270 nm, which was not observed for acetone, appeared
in DMSO.

The absorption band edge of the MTFMAN mole-
cule was obtained by calculating the first derivative of
the optical conductivity. The dT/dA curve with respect
to A is shown in Fig. 7. The absorption band edge val-
ues of the molecule for acetone and DMSO solvents
were determined as 3.116 and 3.062 eV respectively.
This result shows that DMSO solvent is a more ideal
choice for optoelectronic devices requiring a lower
absorption band edge.

The optical behavior of MTFMAN exhibits a clear
solvatochromic effect, characterized by a bathochro-
mic (red) shift as the solvent polarity increases from
acetone (A, =339 nm) to DMSO (A, =344 nm).
This shift corresponds to a reduction in the experi-
mental optical band gap from 3.116 eV to 3.062 eV.
Such behavior is a signature of the strong intramolecu-
lar charge transfer (ICT) within the D-n—A system,
where the highly polar DMSO environment (& =46.7)
provides greater stabilization to the excited state rela-
tive to the ground state. This stabilization is further
corroborated by our explicit solvent cluster analysis,
which identifies a stable C — H---O =S interaction (2.27
A) specific to the DMSO environment, facilitating
enhanced electronic stabilization and the observed
reduction in the band gap.
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«Fig. 4 Decomposed 2D fingerprint plots of observed contacts for
MTFMAN

To address the request for comparison, the calcu-
lated HOMO-LUMO energy gaps (Eg, ., ) were com-
pared with the experimental optical band gaps (Eg, ;)
derived from the UV-Vis absorption onset (Table 2).
In the solution phase, the experimental E, values are
3.116 eV for Acetone and 3.062 eV for DMSO. The the-
oretical gaps calculated at the B3LYP/6-31G(d,p) level
are 3.739 eV for both solvents. The calculated E; values
are consistently higher than the experimental values,
showing deviations of 0.623 eV (Acetone) and 0.677 eV
(DMSOQ). This systematic overestimation of the optical
gap is a common and widely documented limitation
of the B3LYP functional, particularly when applied to
molecules exhibiting strong intramolecular charge-
transfer (D — 7t — A) characteristics. B3LYP functionals
often fail to accurately capture the excited-state energy
difference due to the inherent lack of long-range cor-
rection, which leads to an overestimation compared to
the experimentally observed absorption onset. Despite
this quantitative deviation, the theoretical calculation
successfully reproduces the qualitative trend of sol-
vent effects: the minimal energy difference between
the calculated gaps for Acetone and DMSO reflects the
stabilizing effect of increasing solvent polarity, which
aligns with the experimentally observed 0.054 eV
reduction (3.116 eV — 3.062 eV) in the experimental
band gap.

To clarify the mechanism responsible for the
reduced optical band gap and the potential ‘extra
absorption’ feature observed experimentally in the
highly polar DMSO solvent, a detailed TD-DFT anal-
ysis was performed (Table 3). The S; — S; transition
in DMSO is calculated to occur at 359.88 nm with a
high oscillator strength (f=1.0005), indicating a highly
probable electronic transition. This transition is char-
acterized almost purely by the HOMO — LUMO con-
tribution (99.70%), which confirms the dominant Intra-
molecular Charge Transfer (ICT) character. This ICT
is stabilized by the high-polarity DMSO environment,
directly resulting in the experimentally observed
lower optical band gap.

Furthermore, the TD-DFT analysis revealed the
presence of a second, much weaker transition. The
Sy — S, transition is calculated at 241.63 nm with an
excitation energy of 5.1312 eV. This transition is pri-
marily due to the H— L + 3 contribution (72.07%)
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and exhibits a significantly lower oscillator strength
(f=0.1000) compared to the Sy — S; transition. This
secondary, much weaker band suggests an alter-
nate electronic pathway that may correspond to the
extra absorption (shoulder or minor peak) feature
observed in the UV-Vis spectrum under highly polar-
izing conditions, thus providing a concrete theoretical
explanation.

3.2.2 The thermodynamic analysis at 298.15 K

Thermodynamic properties of compound, computed
at 298.15 K by DFT/B3LYP/6-31G(d,p) in Gaussian 03,
give cut and dried information regarding the nature
of the compound in different environments (Table 4).
The gas-phase, in which the molecule is free from sol-
vent interaction, shows maximum values of total ther-
mal energy (169.796 kcalmol ™), heat capacity (72.008
calmol K ™), and entropy (148.868 calmol 'K ™). These
larger values are attributable to the fact that the mol-
ecule has the liberty of free translational, rotational,
and vibrational motions [60]. Dipole moment is also
at a minimum for the compound when it exists in
the gaseous state (3.3472 D) as there is a lack of the
polarizing effect of the environment. On the other
hand, when they are placed in acetone, a relatively
polar aprotic solvent (¢ =20.7), the molecule gets
electrostatically stabilized and the net energy comes
down to 169.086 kcalmol ™ whereas entropy is low-
ered quite significantly to 143.953 calmol K. Dipole
moment also attains the value of 3.9504 D and indi-
cates greater solute—solvent polarization in accord-
ance with the calculation by the continuum models
such as the Polarizable Continuum Model (PCM) that
introduce dielectric impact on molecular electronic
structure [61]. The same, but more significant, effect is
seen in DMSO, a highly polar solvent (¢ =46.7), where
the total energy goes down to 169.075 kcalmol ™, and
the dipole moment has a maximum value of 3.9732 D.
Although the entropy (144.050 calmol 'K™) and heat
capacity (70.102 calmol'K™!) of DMSO is very close
to that of acetone, DMSO stabilizes slightly due to its
greater dielectric field and ability to polarize the solute
more [62].

These entropy and heat capacity reductions on sol-
vents are expressions of restricted molecular motion
by solvation, especially in vibrational modes, and
agree with thermodynamic theory and solution chem-
istry experiments [63]. Overall, comparisons across
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Fig. 5 Absorbance spectra
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these media show solvent polarity to be a significant
variable in molecular property tuning -in this case,
improving stability, enhancing dipole moments, and
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constraining entropy- reflective of the significance of
solvation effects in computational and experimental
chemical research.



J Mater Sci: Mater Electron (2026) 37:364 Page 11 of 24 364

DMSOQO (Table 5). The energy is the hard-hitting elec-
trostatic repulsion between the nuclei of atoms within
the molecule and a pure geometry-based one. It has
no relation with electronic interactions and thus inde-
pendent of the dielectric constant of the medium or
solvation models such as PCM. The nuclear repulsion
energy remains uniform across all of the gas phase
and media of the solvents, revealing that optimized
molecule geometry will essentially be unremarkable
regardless of medium it’s in solvent. This is no sur-
prise, especially by quite organized organic molecules
which contain delocalized m-systems, as where elec-
tronic arrangement will be more influenced by sol-
vation than molecular geometry [62]. Although the
solvents can affect geometry to a limited degree -espe-
cially through hydrogen bonding or strong dipole
interactions-, in this case, the effects are negligible
or less than the method and basis set used [B3LYP/6-
31G(d,p)]. Moreover, in quantum chemical calcula-
tions, nuclear repulsion energy is a significant part
of the total electronic energy, i.e., nuclear repulsion
: . . . . . and electronic interaction terms combined. Since it is
360 390 420 450 480 510 independent of solvent model and solvation model,
A (nm) its invariance ensures that solvation plays a very
important role in electronic energies and associated

Fig. 7 The first derivative of optical conductivity (dT/d)A) as a thermodynamic properties like dipole moment, total
function of wavelength, highlighting the solvatochromic impact

thermal energy, and entropy but not any of the nuclear
on the absorption band edge for acetone and DMSO positions [61].

3.2.3 Nuclear repulsion energy calculation at 298.15 K
3.2.4 Within the range of temperatures 100-1000 K
In compound thermodynamic data, nuclear repul-

sion energy is provided as 1607.3172540658 Hartree Thermodynamic properties of compound were
consistently examined in 100-1000 K temperature

per three environments, i.e., gas phase, acetone, and
range according to density functional theory (DFT)

Table 2 Comparison of
Calculated and Experimental

Optical Band Gaps (E,) for HOMO i. > ui‘
MTFMAN c 2 2
“‘i o ) ’g’ "“ o

eV / solvent DMSO Acetone Gas phase

2

—5.867 —5.866 —5.804

LUMO 3 | % , ® ..
“00g . s“ i M 3‘2&
—2.128 -2.127 —2.125

H-L 3.739 3.739 3.769

Eg exp 3.062 3.116 -

By, cic = Egs exp 0.677 0.623 —
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Table 3 Experimental
and theoretical absorption
wavelength, excitation

energies E[eV] for
MTFMAN

Orbital involved in the transitions E [eV] Oscillator Theoretical A, [nm] Experi-
and major contributions (%) strength (f) mental A,
[nm]
Transition singlet-A (Gas Phase)
H— L (99.51) 3.6004 0.8945 344.36 (E.s.: 1) -
H— L+3 (62.31) 5.1841 0.0628 239.16 (E.s.: 7)
H-2—L+2(22.02) 6.9370 0.4122 178.73 (E.s.: 24)
Transition singlet-A (Acetone)
H— L (99.69) 3.4583 0.9891 358.51 (E.s.: 1) 339
H—- L+3(71.59) 5.1354 0.0963 241.43 (E.s.: 7)
H-2—L+3 (24.00) 6.8675 0.5361 180.54 (E.s.: 23)
Transition singlet-A (DMSO)
H — L (99.70) 3.4452 1.0005 359.88 (E.s.: 1) 344
H— L+3 (72.07) 5.1312 0.1000 241.63 (E.s.: 7)
H-2—>L+3(24.84) 6.8594 0.5430 180.75 (E.s.: 23)
E.s Excited State, H HOMO, L LUMO
For instance, at 298.15 K, the C° ., S° , H°

at B3LYP/6-31G(d,p) level using the Gaussian 03
program, including both gas-phase conditions and
also solvent atmospheres like acetone (e =20.7) and
DMSO (e =46.7). The computed parameters-standard
molar heat capacity (Cop,m)/ entropy (S°,,), enthalpy
(H°,)), and total electronic energy (E)- showed smooth
increases with temperature, consistent with rising
thermal motion and activation of molecular freedom
degrees.

In the gaseous state, these quantities showed very
significant increases (e.g., Cop,m from 30.087 to 154.043
calmol 'K, SOm from 95.098 to 289.459 calmol 'K,
and H°_, from 2.096 to 99.941 kcalmol ™! over the range
studied), which indicate significant thermal excitation
(Table 6).

On the other hand, slightly lower values were
found in both solvent media, with differences between
acetone (Table 7) and DMSO (Table 8) being negligi-
ble, suggesting that solvation-induced damping of
molecular flexibility levels off at a moderate dielectric
constant.

Table 4 Comparison of thermodynamic parameters of MTF-
MAN in gas and solvent phase at 298.15 K

Medium  E(kcalmol™) C°, S0, H°,, (kCal
(Calmol™"  (Calmol™' mol™")
K1 K1

DMSO 169.075 70.102 144.050  12.076

Acetone  169.086 70.093 143953 12.072

Gas-phase  169.796 72.008 148.868  12.592

@ Springer

,m/
values for acetone (70.093 calmol’fK’l, 143.953
calmol K™, and 12.072 kcalmol ™}, respectively) and
DMSO (70.102 calmol 'K, 144.050 calmol 'K, and
12.076 kcalmol ') were slightly lower than the values
observed in the gas-phase.

These values reflect solute—solvent interactions
that restrict conformational degrees of freedom and
reduce the number of accessible microstates, with the
greatest impact on entropy. Among all parameters,
enthalpy was the most temperature-dependent and
indicated the sensitivity of the system towards ther-
mal energy input. By and large, the study confirms
that while the compound is thermally stable across
a broad range of temperatures, its thermodynamic
profile is partially influenced by solvent effects, pro-
viding crucial data for its performance in chemically
rich environments [31, 32].

Fig. 8 illustrates the variation of thermodynamic
parameter of compound -standard molar heat capac-
ity (Cop,m), entropy (S°,,), and enthalpy (H’,) -with
temperature (100-1000 K) in the gas-phase and in
two solvents: acetone and DMSO. The parameters
were accurately fitted into second-order polynomial
equations with high correlation, as evidenced by
the respective correlation coefficients (R*>0.999 in
both cases). In the gas-phase, the equation for heat
capacity has a high temperature dependence, and the
enthalpy and entropy equations likewise exhibit high
fidelity (R*=0.99950 and R?=0.99996, respectively),
reflecting high predictability over the temperature
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Table 5 The electronic and
thermodynamic parameters
calculated through DFT by
employing the basis set of
B3LYP/6-31G(d,p) for the
compound in the gas phase,
as well as acetone and DMSO
solvent media, at 298.15 K
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Parameters

Medium (Dielectric constant)

Gas-phase (e=1)

Acetone (¢=20.7)

DMSO (e=46.7)

Energy (k cal mol™")

Electronic
Translational
Rotational
Vibrational
Total

Zero-point vibrational energy

Nuclear repulsion energy (Hartree’s)
Heat capacity [C’, , (cal mol™' K™")]

Electronic
Translational
Rotational
Vibrational
Total

Entropy [SOm (cal mol~! K‘l)]

Electronic

Translational

Rotational

Vibrational
Total

Rotational constants (GHz)

A
B
C
Dipole moment (D)

0.000

0.889

0.889

168.018

169.796
157.79630
1607.3172540658

0.000
2.981
2.981
66.046
72.008

0.000
43.023
35.280
70.565
148.868

0.59414
0.10520
0.09195
3.3472

0.000

0.889

0.889

167.309

169.086
157.60655
1607.3172540658

0.000
2.981
2.981
64.132
70.093

0.000
43.023
35.280
65.651
143.953

0.59414
0.10520
0.09195
3.9504

0.000

0.889

0.889

167.298

169.075
157.59193
1607.3172540658

0.000
2.981
2.981
64.140
70.102

0.000
43.023
35.280
65.747
144.050

0.59414
0.10520
0.09195
3.9732

Table 6 Temperature dependence of heat capacity (Cop’m), entropy (Som) and enthalpy (Hom) calculated at B3LYP/6-31G(d,p) basis set

for the molecule in gas-phase

Medium (Dielectric constant)

Temperature (K)

E(kcalmol ™)

C°, m (Calmol™"  8° (Calmol™"

H°  (kCal mol™)

K™ K™

Gas-phase 100 159.694 30.087 95.098 2.096

(e=1) 200 163.750 51.118 123.758 6.352
298.15 169.796 72.008 148.868 12.592
400 178.173 92.019 173.478 21.171
500 188.226 108.477 196.286 31.424
600 199.761 121.727 217.642 43.157
700 212.484 132.361 237.540 56.079
800 226.167 140.997 256.063 69.960
900 240.633 148.111 273.328 84.625
1000 255.750 154.043 289.459 99.941

range. Similarly, in acetone and DMSO, the quadratic
heat capacity and enthalpy coefficients are closely
related to each other, with minimal solvent influence

above a threshold dielectric level (e >20). Interest-
ingly, entropy in both solvents is a little lower than
in the gas-phase, as expected by the constrained
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Table 7 Temperature dependence of heat capacity (Cop’m), entropy (S° ) and enthalpy (H°,) calculated at B3LYP/6-31G(d,p) basis set

for the molecule in acetone

Medium (Dielectric constant) Temperature (K)

E(kcalmol ™)

€’ (Calmol™" S° (Calmol™'  H’, (kCal mol™")

K™ K™Y

Acetone 100 159.365 28.210 92.279 1.957

(€=20.7) 200 163.229 49.186 119.612 6.020
298.15 169.086 70.093 143.953 12.072
400 177.269 90.127 168.004 20.458
500 187.134 106.593 190.391 30.521
600 198.480 119.838 211.403 42.066
700 211.014 130.462 231.010 54.799
800 224.506 139.087 249.278 68.489
900 238.781 146.190 266.318 82.963
1000 253.705 152.113 282.245 98.086

Table 8 Temperature dependence of heat capacity (Cop’m), entropy (Som) and enthalpy (Hom) calculated at B3LYP/6-31G(d,p) basis set

for the molecule in DMSO
Medium (Dielectric constant) Temperature (K) E(kcalmol™") COP’m (Calmol™' S° (Calmol™ H°  (kCal mol™')
K™ K™

DMSO 100 159.352 28.224 92.365 1.959

(e=46.7) 200 163.218 49.195 119.705 6.024
298.15 169.075 70.102 144.050 12.076
400 177.260 90.136 168.103 20.463
500 187.125 106.602 190.492 30.527
600 198.472 119.846 211.506 42.072
700 211.007 130.470 231.114 54.806
800 224.499 139.094 249.383 68.497
900 238.775 146.196 266.423 82.972
1000 253.699 152.118 282.351 98.095

molecular motion in solvation systems. The nearly-
identical R? values and the polynomial forms of
acetone and DMSO [e.g., COP,m =2.1419+0.26449 T
—1.1529 x 107* T? (R?=0.99963) for acetone] suggest
that the thermal response of the compound is some-
what insensitive to increases in solvent polarity at or
near moderate levels. Together, these results verify
that quadratic equations provide an excellent fit to
the temperature-dependent thermodynamic proper-
ties of this compound and demonstrate that solvation
reduces heat capacity and entropy responses without
significantly affecting temperature-dependent cur-
vature. Such data are essential to the compound’s
physicochemical stability and performance under
various conditions, particularly in pharmaceutical
and material science applications [31, 32].
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The heat capacity equations, entropy, and enthalpy
content correlation with temperature change in gas-
phase, acetone and DMSO have been fit in the quad-
ratic equation and respective fitting factors R* have been
depicted by the following equations, respectively.

Gas-phase (¢ =1)

CY =4.05506 + 0.26441 T—1.15195x 10~ T%(R* = 0.99964)

pm
S0 =67.0320 + 0.29502 T— 7.29664 x 10~°T?(R* = 0.99996)

HY =-3,17022 + 0.03541 T + 6.86995x 10~°T?(R* = 0.99950)
Acetone (¢=20.7)

Cp = 21419 + 0.26449 T-1.1529x107*T%(R? = 0.99963)
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Fig. 8 Plot of calculated thermodynamic parameters vs. temperature of the molecule in gas-phase and certain solvents. The solid lines
represent second-order polynomial fits (R2>0.999) as detailed in Sect. 3.2.4

S0 = 64.886 + 0.28490 T — 6.7761x 10°T%(R? = 0.99999)

H? = —3.1214 + 0.03351 T + 6.8698x 10°T%(R? = 0.99948)
DMSO (e =46.7)

Cy, = 215495 + 0.26448 T 115290 x 10~*T?(R* = 0.99963)

SY = 64.969 + 0.28496 T —6.7791x 107°T?(R* = 0.99999)

HY =-3.11984 + 0.03352 T + 6.86970x107°T%(R? = 0.99948)

Fig. 9 Optimized
geometry of the MTF-
MAN — (DMSO), explicit
solvent cluster model at the
B3LYP/6-31G(d,p) level

3.2.5 Solvation model validation: explicit cluster analysis

Although the PCM solvation model provides an effi-
cient description of bulk solvent effects, it inherently
neglects specific, short-range molecular interactions
such as hydrogen bonding. To validate the influence of
the PCM model and address this limitation, an explicit
solvent cluster model (MTFMAN - (DMSO),) was
optimized in the gas phase.

The optimization revealed a stable cluster geometry
characterized by a weak C - H:-*O=5 hydrogen bond
forming between an aromatic C - H proton of MTF-
MAN and the oxygen atom of DMSO (Fig. 9). This
H-bond distance was calculated to be 2.27 A.

The calculated stabilization energy (AE,,,;,) for this
complex is —35.58 k]J/mol. This negative energy con-
firms the existence of a stabilizing, short-range molec-
ular interaction. Since this specific stabilization energy

MTFMAN
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is not captured by the bulk PCM model, this explicit
cluster analysis serves to provide an important quanti-
tative measure of the unique solvent-solute interaction
that contributes to the overall stability of MTFMAN
in the DMSO environment.

3.3 The spectral parameters

The molar extinction coefficient (&) plays a signifi-
cant role in determining the electronic transitions of
materials. Figure 10a illustrates the molar extinction
coefficient curves of the MTFMAN molecule as a
function of photon energy (E) in acetone and DMSO.
As observed, the molar extinction coefficient values
of the molecule are on the order of 10° L mol™ cm™.
The mass attenuation coefficient (a,,,4,) can be calcu-
lated using the following equation [57, 64].

&
Xgss = M_A 2)

where M,, represents the molecular weight of the
material. The mass attenuation coefficients of the mol-
ecule for acetone and DMSO solvents were calculated
using Eq. (2). Figure 10b illustrates the mass attenu-
ation coefficient curves of the molecule as a function
of photon energy in acetone and DMSO solvents. The
maximum mass attenuation coefficient (0 ,¢s.max) Val-
ues are approximately 3.6 L g™ cm™.

The optical bandgap (Eg) of organic materi-
als, especially semiconductors, is important for

1200

—— DMSO
—e— Aceton

Fig. 10 pectral parameters of MTFMAN in acetone and
DMSO solutions. (a) Molar extinction coefficient (¢) plotted as
a function of photon energy (E), showing values on the order of
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determining their band structures and optical and
optoelectronic properties.The optical bandgap val-
ues for the molecule in acetone and DMSO can be
estimated using the Tauc model (Eq. 3) [65].

B(hv— Eg>m )
hd

a =

where B is the constant, hv is the photon energy and
Eg is the optical band gap of the material. Based on
this model, the plot of (ahv)? versus photon energy is
shown in Fig. 11. The optical band gap (Eg) of MTF-
MAN was determined as 3.192 eV in acetone and 3.138
eV in DMSO, revealing a clear narrowing of the band
gap with increasing solvent polarity, consistent with a
solvatochromic effect. In comparison, the previously
studied 4AMPAN-TFMP compound exhibited Eg values
that varied with film thickness, ranging from 3.223 eV
for the thinnest film (7.69 um) to 3.109 eV for the thick-
est film (32.45 um). This contrast highlights that while
4AMPAN-TEMP Eg is primarily modulated by film thick-
ness, MTFMAN offers additional tunability via solvent
polarity, providing enhanced flexibility for optoelectronic
applications.

3.3.1 Electronic properties and density of states (DOS)
analysis

To theoretically elucidate the electronic properties of
the title compound (Fig. 1), Density of States (DOS)

—~— DMSO
—e&— Aceton

b)

2,8 3,0 3,2 34 3,6 3,8 4.0 4.2 4.4 4.6 4.8
E (eV)

10°L-mol"ecm™". (b) Mass attenuation coefficient (o ) cal-
culated from e using Eq. (2), with maximum values around 3.6

‘mass-max.

L-g~!.cm™, illustrating solvent-dependent electronic transitions
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Fig. 11 Tauc plots of (ahv).? versus photon energy (E) for MTF-
MAN in acetone and DMSO solutions. The optical band gap (Eg)
values were determined as 3.192 eV in acetone and 3.138 eV in
DMSO, demonstrating a narrowing of the band gap with increas-
ing solvent polarity (solvatochromic effect)

and Partial Density of States (PDOS) calculations were
performed based on Density Functional Theory (DFT).
The resulting theoretical DOS plot (Fig. 12) illustrates
the contributions of the s and p orbitals from all con-
stituent atoms to the Total Density of States (TDOS).
This section provides an interpretation of these results,
contextualized by the electronic structure analysis of
optoelectronic materials found in the literature [29, 66,
671].

Upon examination of the calculated DOS plot, the
valence band (VB), the conduction band (CB), and the
forbidden energy gap between them are clearly distin-
guishable. This observation confirms that the synthe-
sized material exhibits semiconductor characteristics,
as anticipated.

3.3.2 Valence band (VB) analysis

The valence band, which represents the occupied
molecular orbitals of the system, spans the energy
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region from approximately -0.80 a.u. to the Fermi level
(~-0.25 a.u.). An analysis of the orbital contributions
within this region reveals the following;:

The s-orbital contributions, represented by the red
curve in the plot, are observed to be concentrated in
two distinct regions. The first and most significant con-
tribution is located in the deep energy levels between
-0.75 a.u. and -0.65 a.u. A second, less intense contribu-
tion is observed closer to the Fermi level, within the
range of -0.40 a.u. to -0.35 a.u. These s-orbital states in
the deep energy levels correspond to the strong sigma
(0) bonds that form the fundamental framework of the
molecule. The highly localized nature of these orbitals
suggests that their direct contribution to the overall
electronic conductivity of the material is limited.

The p-orbitals, represented by the blue curve, play
a dominant role across the entire valence band. It is
evident that from the -0.60 a.u. energy level up to the
Fermi level, the p-orbitals provide a continuous and
intense contribution. This finding shows a significant
parallel with the p-orbitals of chalcogen atoms (Te-
p, S-p) in inorganic semiconductors like Ga,TeS, and
Ga,TeSe,, which also contribute to both bonding and
non-bonding states over a wide energy range as noted
in the reference study [67]. In the synthesized organic
molecule, this dense p-orbital contribution is strong
evidence for the existence of a delocalized m-electron
system extending across the aromatic rings and the
cyano (-CN) group. These delocalized m-orbitals form
the basis of the material’s optoelectronic properties
and provide the primary pathways for charge carrier
mobility.

3.3.3 Band gap and conduction band (CB) analysis

A region where the TDOS value approaches zero is
present in the plot between approximately -0.25 a.u.
(the upper edge of the HOMO) and 0.00 a.u. (the lower
edge of the LUMO). This region represents the mate-
rial’s forbidden energy gap (band gap). The existence
and width of this gap are the most critical parameters
that directly determine the material’s electronic and
optical properties, such as its absorption and emission
wavelengths.

The positive energy region above the Fermi level
represents the conduction band, which is composed
of unoccupied molecular orbitals. The dominance of
p-orbitals (blue curve) continues into this region. The
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sharp, high-intensity p-orbital peak observed around
0.10 a.u. indicates the presence of low-energy unoc-
cupied states (the LUMO and higher orbitals) where
electrons can stably reside upon excitation. This is
analogous to the dominant role of Ga-p orbitals in the
conduction band of the reference materials and sug-
gests an effective electron-accepting and transporting
capability.

Energy (a.u.)

3.3.4 Photon energy-dependent optical refraction
and contrast behavior in different solvents

The optical fracture property can be explained with
the reflection (®;) and refraction (®,) angles of the
material. We calculated the @, [68] and ®, [69] val-
ues of the MTFMAN Fig. 13 shows the angle of inci-
dence and angle of refraction versus photon energy
(E) for acetone and DMSO. The angles of incidence

Fig. 13 Photon energy (E)

dependence of the reflection
(®,, upper panel) and refrac-
tion (®,, lower panel) angles
of MTFMAN in acetone and
DMSO solutions. The angles
vary with photon energy and
differ from each other, with

refraction angles generally
lower than incidence angles
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and refraction of the molecule vary with wavelength
and are different from each other. The upper part of
Fig. 13 shows the angle of incidence versus photon
energy curves. The angle of incidence of the molecule
changed significantly as the photon energy changed.
The lower part of Fig. 13 shows the angle of refraction
versus photon energy curves for the molecules in ace-
tone and DMSO. The values of the angle of refraction
were lower than those of the angles of incidence and
changed significantly with varying photon energy.
These results provide a more detailed, solvent-sensi-
tive perspective on refractive and contrast dynamics
compared to the thickness-dependent optical param-
eters reported for 4eMPAN-TFMP.

Contrast () is a parameter related to the sensitiv-
ity of the material and is an important photophysical
parameter. The contrast can be obtained using the fol-
lowing equation [70].

2
g =1- (ﬂ> @
o

The details and results of this equation aid in under-
standing the photophysical properties of the material.
n; and n, are the refractive indices of the medium and
the solution, respectively. The contrast curves of the
MTFMAN molecule against photon energy for ace-
tone and DMSO solvents are illustrated in Fig. 14.
It is observed that the molecule dissolved in DMSO
demonstrates sharper and more stable sensitivity with
increasing photon energy. Additionally, it is noted that
the molecule is light-sensitive and could be utilized in
photonic devices. The sensitivity of the molecule dis-
solved in acetone does not meet the desired level. This
result indicates that the material is particularly light-
sensitive and can be used in optoelectronic devices.
Furthermore, it demonstrates that DMSO is a more
ideal solvent for the molecule in terms of its applica-
tion in fundamental optoelectronic devices.

These solvent-dependent trends complement
the refractive and absorption behaviors shown in
Figs. 11-13, highlighting that MTFMAN exhibits
sharper and more stable contrast in DMSO compared
to acetone. This observation underscores the com-
pound’s enhanced light-sensitivity in polar solvents,
indicating its suitability for optoelectronic and pho-
tonic applications.

The refractive index (n), also known as the refrac-
tive index coefficient, is a fundamental parameter in
optical and optoelectronic applications. n refers to
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Fig. 14 Optical contrast (o) of MTFMAN as a function of
photon energy in acetone and DMSO solutions. The compound
shows sharper and more stable contrast in DMSO compared to
acetone, indicating enhanced light-sensitivity and greater suit-
ability for optoelectronic applications

the speed at which light travels from one medium to
another. Materials with high refractive indices have a
favourable effect on the transmission and reflection of
light. For this reason, the value of the refractive index
is calculated using various equations and an attempt is
made to obtain the most accurate result. The refractive
indices of the MTFMAN molecules were calculated
from their optical band gaps using various equations
[71], including Reddy, Ravindra, Kumar-Singh, Herve,
Vandamme and Moss. The values obtained are shown
in Table 9. As can be seen in Table 1, according to the
refractive index values obtained, the lowest refractive
index values were obtained from the Ravindra rela-
tion, while the highest values were obtained from
the Reddy relation. In addition, the refractive indi-
ces of the MTFMAN molecule dissolved in DMSO,
calculated from all relations, were higher than those
in acetone. The average refractive index values of the
MTFMAN molecule for acetone and DMSO solvents

@ Springer
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Table 9 The absorption band

) Solvent Refractive index values
edge (Ee-Abs), optical band
gap (Eg), and refractive index Eg (eV) E(e-Abs) (eV) Moss Ravindra Herve-Van- Reddy Kumar
values of the MTFMAN damme and
molecule calculated using Singh
Vaz‘]’;;/[rsegt“’?s “1 acetone DMSO  3.062 3.138 2346  2.138 2.288 2730 2329
an sotvents Acetone  3.116 3.192 2336 2.105 2273 2717 2316

were 2.349 and 2.366, respectively. These results sug-
gest that DMSO is more ideal for photonic and opto-
electronic devices, and materials with high refractive
indices (OLEDs, solar cells, sensors, etc.) may exhibit
superior performance, opening up new possibilities
for the development of more efficient and advanced
technologies.

Design Implications for Future Organic Semiconductors:
The findings of this work offer significant implications
for molecular design. Specifically, the observed sensi-
tivity of the optical band gap to solvent polarity sug-
gests that MTFMAN-like structures can be optimized
as solvent-tunable sensors. The observed reduction in
the optical band gap with increasing solvent polarity
is directly relevant to device engineering; such envi-
ronmental stabilization of the excited state facilitates
more efficient exciton dissociation at the donor—accep-
tor interface, potentially enhancing the quantum effi-
ciency of MTFMAN-based organic photovoltaics and
OLEDs. Furthermore, the detailed mapping of non-
covalent interactions provides a blueprint for using
-CF; and -OCHj; substituents to govern solid-state
organization in the absence of traditional hydrogen
bonding. Future designs should focus on minimizing
the torsional angles identified in this study to further
enhance m-conjugation and charge carrier mobility.

4 Conclusion

In this study, a comprehensive investigation of the
MTEMAN chromophore was successfully conducted.
Single-crystal X-ray diffraction confirmed that the
compound crystallizes in the monoclinic system (space
group P2,/n) with a unit cell volume of 1520.4(4) A°.
Peripheral flexibility arises from the dynamic motion of
the trifluoromethyl group and the rotational freedom of
the methoxy substituent. These features are supported
by anisotropic displacement parameters, hydrogen
atom refinements, and planarity analysis. Although
classical hydrogen-bond donors are absent, the crystal

@ Springer

lattice is stabilized by weak intermolecular interactions,
including C-H-N, C-H-+F, -7t stacking, and C-H-m
contacts. Hirshfeld surface analysis confirmed the domi-
nant role of these non-covalent interactions in maintain-
ing structural cohesion.

The second-order polynomial equations (R*>0.999)
derived fromtemperature-dependent (100-1000 K)
thermodynamic data provide a robust predictive tool
for determining the material’s behavior under opera-
tional thermal stress. This characterization is essential
for ensuring the long-term physicochemical stability
and thermal management of MTFMAN in solution-
processed optoelectronic applications.

Optical analysis revealed a clear solvatochromic
effect; as solvent polarity increased from Acetone to
DMSO, the absorption maximum shifted from 339 to
344 nm, respectively. Correspondingly, the experimen-
tal optical band gap decreased from 3.116 eV to 3.062
eV, confirming the material’s tunability for optoelec-
tronic applications. The average refractive index was
determined to be 2.349 in acetone and 2.366 in DMSO,
highlighting its potential for efficient light propagation
in photonic devices.

While B3LYP/6-31G(d,p) calculations systematically
overestimated the optical band gap by approximately
0.65eV, they accurately reproduced the qualitative sta-
bilization trends observed experimentally. Furthermore,
explicit solvent cluster analysis quantified a specific
C-H-O=S interaction with a stabilization energy of
-35.58 kJ/mol, validating the enhanced stability of the
molecule in polar DMSO. Overall, the results obtained
in the present study complement our previous work
by going beyond a mere listing of optical parameters;
instead, they elucidate why and how these parameters
evolve by correlating crystal structure, thermodynamic
models, and quantum-mechanical interactions, thereby
establishing a far more comprehensive rational design
framework compared to the earlier 4AMPAN-TFMP
study.
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