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ABSTRACT. This study investigates the formation and properties of three proton-transfer complexes: piperidine-
picric acid (PIP-PA), piperidine-7,7,8,8-tetracyanoquinodimethane (PIP-TCNQ), and morpholine-picric acid
(MOR-PA). Utilizing piperidine and morpholine as electron donors, picric acid (PA) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) as strong organic electron acceptors, this research employs both experimental
and computational methods to analyze their electronic structures and stability. Experimentally, equimolar quantities
of the donor and acceptor were reacted in chloroform; the resulting precipitates were purified and recrystallized to
yield colored crystals. Composition was confirmed via CHN elemental analysis, UV/Vis spectroscopy, and FT-IR
spectroscopy, while thermal stability and phase transition behavior were assessed using a Uni-melt capillary melting
point apparatus. Theoretically, quantum-chemical calculations were performed using the SE-PM6 method in the
Spartan software package. The results indicate linear correlations between experimental melting points and
calculated formation enthalpies, heat capacities, dipole moments, and absolute hardness values. Ultimately, this
integration of experimental and theoretical approaches elucidates the proton-transfer interactions involved,
providing essential insights for the development of advanced organic electronics, such as sensors and high-efficiency
solar cells.

KEY WORDS: Piperidine, Morpholine, Picric acid, TCNQ, Proton-transfer complex, Experimental approach,
Theoretical approach

INTRODUCTION

A proton transfer (PT) complex is a supramolecular assembly wherein a proton (H*) transfers
between a donor and acceptor species. These components do not act independently; instead, they
are held in a stable, defined arrangement driven by strong hydrogen bonding and electrostatic
interactions. The study of these complexes is fundamental to physical chemistry, biochemistry,
and materials science, serving as a cornerstone for understanding the nuances of hydrogen
bonding, acidity, enzymatic catalysis, and proton transport phenomena [1-5].

In this study, we utilized two organic donors: piperidine and morpholine. Piperidine,
abbreviated as PIP, is a saturated, six-membered heterocyclic amine with the formula (CH.)sNH,
consisting of a nitrogen atom (-NH-) within a hexagon of five methylene (-CH,-) groups. First
identified in the 1850s by Thomas Anderson and Auguste Cahours, it is named after Piper, the
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Latin term for pepper. This natural compound, derived from Piper fruits, influences
neurotransmitter systems—such as GABA, serotonin, and norepinephrine—which are linked to
convulsions. Piperidine is a clear, colorless liquid with a strong, pepper-like odor. It has a boiling
point of 106 °C and a melting point of —9 °C; despite being less dense, it is miscible in water.
Originally produced from piperine and nitric acid, it is now industrially synthesized through the
catalytic hydrogenation of pyridine, represented by the equation CsHsN + 3H, — CsH1oNH, using
MoS; as a catalyst. In drug discovery, piperidine serves as a valuable pharmacophore, showing
promise as an anticancer agent for developing novel cancer treatments [6-8].

The second donor investigated is morpholine, abbreviated as MOR, a saturated heterocyclic
compound with the formula CsHgNO. It features both amine and ether functional groups within a
six-membered ring containing nitrogen and oxygen. Unlike aromatic systems like pyridine,
morpholine lacks double bonds in its ring, lending it a unique bifunctional character and distinct
reactivity. Since its commercialization in 1935, it has become a widely used structural motif
across pharmacological and industrial fields. Incorporating a morpholine ring into drug candidates
often improves therapeutic efficacy by optimizing physicochemical properties—such as
solubility, hydrogen-bonding, and lipophilicity—which enhances binding affinity to biological
targets [9, 10]. This is particularly beneficial in analgesics, where it helps modulate drug
absorption and metabolism. Beyond its use in treating conditions like cancer, depression, HIV,
and microbial infections, morpholine serves industrial roles as a catalyst, corrosion inhibitor,
optical brightener, rubber chemical, wax emulsifier, and surfactant [11, 12].

The donors (PIP and MOR) were reacted with two strong organic acceptors—picric acid (PA)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ)—to explore the proton-transfer (PT) interactions
of the donors with the acceptors. Picric acid (PA) is a strong organic acid, owing to its potency to
three electron-withdrawing nitro groups that deplete electron density from the aromatic ring,
thereby rendering it an effective electron acceptor. This electron deficiency in the aromatic core
enhances both acidity and electron-accepting capacity, facilitating interactions with the electron-
rich nitrogen atoms in piperidine and morpholine. Given its high electron affinity and acidic
nature, PA is widely used in materials science to form proton-transfer complexes essential for
developing materials with specific electrical and optical functions [13-16].

TCNQ is a standard benchmark in materials science due to its effectiveness as an electron
acceptor. Its strength stems from four electron-withdrawing cyano groups (—C=N) that deplete
electron density from the aromatic ring. This structure makes TCNQ highly electron-deficient and
well-suited to accept electronic charge from donor molecules. These properties are fundamental
to forming strong proton and charge-transfer complexes, enabling the development of materials
with superior electrical and optical functions [17-20].

In our previous works [21-23], we successfully synthesized and characterized the PIP-PA,
PIP-TCNQ, and MOR-PA crystals; however, those studies lacked theoretical insights into their
thermal properties. To address this gap, in this study, we utilize single-crystal X-ray diffraction
data from our prior research to compute quantum chemical parameters using the SE-PM6 method,
aiming to correlate these thermochemical parameters with experimental melting points. This
research serves as a preliminary investigation into the relationship between the melting points of
proton-transfer complexes for more comprehensive future studies.

EXPERIMENTAL
Chemicals and solutions
High-purity analytical reagent-grade chemicals and solvents were employed throughout the

synthesis of the PT complexes to minimize impurities that could interfere with complex
formation, ensuring reproducible results and reliable spectroscopic properties. These were
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procured from established suppliers, such as Sigma-Aldrich, Fluka, and Merck Chemical
Companies, and utilized directly without additional purification to maintain consistency and
prevent the introduction of contaminants. In this study, PIP and MOR served as the donors, while
PA and TCNQ were used as acceptors to form the corresponding PT complexes. Figure 1 shows
the chemical structures of these donors and acceptors. PIP, with the chemical formula CsHi;:N and
a molecular weight of 85.15 g/mol, was obtained from Fluka with a purity of 99%. MOR, with
the chemical formula O(CH,CH_),NH and a molecular weight of 87.122 g/mol, was also obtained
from Fluka with a purity of > 99%. Picric acid (PA), with the chemical formula (O.N)3;CsH.OH
and a molecular weight of 229.10 g/mol, was purchased from Sigma-Aldrich with a purity of >
98%. TCNQ, with the chemical formula C1,HsN4 and a molecular weight of 204.19 g/mol, was
purchased from Merck with a purity of 98%. HPLC-grade solvents were supplied by Merck and
used without further modification. To prepare a standard stock solution of the donors and
acceptors at a concentration of 10x10° M, each compound was precisely weighed into a
volumetric flask. An appropriate volume of methanol or chloroform solvent was added, and the
flask was shaken until the chemical was fully dissolved. The solution was then diluted to the final
volume to reach the intended concentration. For spectrophotometric measurements, a working
standard solution with a concentration of 5.0x10~* M for each chemical was prepared immediately
before use by diluting the stock solution with the solvent and kept at room temperature to ensure
stability.

Instrumental analyses

a) CHN microanalysis: The composition and purity of the complexes were validated using a
Perkin-Elmer 2400 series CHN microanalyzer to determine the elemental percentages (%) of
carbon, hydrogen, and nitrogen.

b) UV-Vis spectroscopy: Using a Perkin-Elmer Lambda 25 double-beam spectrophotometer
equipped with 1.0 cm quartz cells, the UV-Vis absorption spectra for the PIP-PA, PIP-TCNQ,
and MOR-PA complexes were measured at room temperature within the 200-800 nm interval.
These data were then compared to the spectra of the individual PIP, MOR, PA, and TCNQ
reagents to isolate proton-transfer bands and calculate their respective wavelengths (Apt). The
resulting Apr values were 345 nm for PIP-PA complex, 325 nm for PIP-TCNQ complex, and 412
nm for MOR-PA complex. The Apr values were utilized in spectrophotometric titrations.

c) FT-IR spectroscopy: Infrared spectra were recorded using a Shimadzu FT-IR
spectrophotometer, acquiring vibrational mode data from 4000 to 400 cm~ at room temperature.
These measurements provided insight into the molecular structure, bonding characteristics, and
specific functional groups within the PIP-PA, PIP-TCNQ, and MOR-PA complexes.

d) Melting points: The melting points of the PIP-PA, PIP-TCNQ, and MOR-PA complexes were
determined using a Uni-melt capillary apparatus to characterize their thermal properties.

Complexes creation

In this study, the PIP-PA, PIP-TCNQ, and MOR-PA complexes were synthesized according to
protocols previously reported by Refat et al [21-23]. For each complex, separate solutions of the
donor (2 mmol in 25 mL chloroform) and acceptor (equimolar in 25 mL chloroform) were
prepared and heated to 60 °C for 10 min to ensure complete dissolution. The donor solution was
then slowly added to the corresponding acceptor solution, affording the PIP-PA, PIP-TCNQ, and
MOR-PA systems. These mixtures were magnetically stirred continuously for 60 min to promote
thorough mixing and complete reaction. Precipitation was induced by evaporating half the
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reaction volume on a water bath, which yielded shiny yellow precipitates for PIP-PA and MOR—
PA and light green precipitates for PIP-TCNQ. The mixtures were left at room temperature for
24 h, after which the precipitates were collected by filtration, washed with chloroform to remove
unreacted materials, and rinsed multiple times with diethyl ether. The products were purified by
recrystallization from chloroform, and the resulting shiny crystals were vacuum-dried over CaCl,
for 48 h to remove residual solvent. The syntheses were highly successful, affording PIP—-PA,
PIP-TCNQ, and MOR-PA in 83%, 80%, and 82% yields, respectively, with sharp melting points
of 148+2°C, 188+ 2 °C, and 168 + 2 °C.

OH
NC.__CN
O,N NO, C:
HM/\W
-T \\/O
" NO nc—C~cn
PIP MOR PA TCNQ

Figure 1. Chemical structures of the donors and the acceptors used in this study.
Quantum chemical calculations

A computational methodology provided a robust framework for predicting the thermodynamic
properties of the synthesized complex, offering a significant advantage over experimental
approaches that may be limited by sample availability or extreme conditions. Quantum chemical
calculations were performed using the SE-PM6 method in Spartan, selected for its computational
efficiency and reliability in inorganic systems, as demonstrated in studies of PtFs, Ag and Hg
fulminates, and Pb, Ag, and Cu azides. These calculations utilized single-crystal X-ray diffraction
data for PIP-PA, PIP-TCNQ, and MOR-PA crystals from previously published articles by Refat
et al [21-23]. Lattice enthalpies were determined using the Glasser-Jenkins equations (Equations
1, 2, and 3) [24-26], which employ volume-based thermodynamics (VBT). Within these
equations, the ionic strength-like term is represented as 21, equivalent to Xn;zi?, and the constant
A is valued at 121.4 kJ mol™! nm.

Vi = [abc (1- cos? o — cos? B — cos? y + 2 ¢os a cos P cos y)+?] / Z )
Viorm = Vi / 21 )
Upor = Al /Vnorml/3 (3)

RESULTS AND DISCUSSION
Stoichiometry in solution and in solid

PIP acts as a strong electron donor due to its amine bridge (-NH-), while MOR donates electrons
through its nitrogen atom. These donors were reacted with PA and TCNQ acceptors. PA is
electron-deficient due to three nitro groups, and it becomes more intensely yellow when receiving
electrons from PIP or MOR. TCNQ, rendered electron-poor by four -C=N groups, effectively
forms CT and PT complexes; its interaction with PIP triggers a rapid, visible color change. The
stoichiometric ratios of PIP to PA or TCNQ, and of MOR to PA, in their respective reactions were
unequivocally confirmed in both solution and solid forms by spectrophotometric titrations and
elemental analysis. For the solution studies, ten samples were meticulously prepared by
combining 1.00 mL of a 5.0x10™* donor solution in chloroform with varying amounts of a
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5.0x10~* M acceptor solution in chloroform (0.25, 0.50, 0.75, 1.00, 1.50, 2.0, 2.50, 3.00, 3.50, and
4.00 mL), achieving donor to acceptor molar ratios ranging from 4:1 to 1:4. The total volume of
each sample was adjusted to 5 mL with chloroform, keeping the donor concentration constant at
5.0x10™* M, while varying the acceptor concentration from 0.25x10™* M to 4.00x10~* M. The
absorbance of each donor-acceptor solution was then measured at Apr and plotted against the
volume of acceptor added. Graphical analysis of these plots definitively determined the PT
complex stoichiometry, revealing maximum interaction for PIP to PA at a 1:1 molar ratio, PIP to
TCNQ at 2:1, and MOR to PA at 2:2.

Solid-state stoichiometry was further confirmed by CHN elemental analysis of the complexes
using a Perkin-Elmer 2400 series instrument. The PIP-PA complex exhibited an elemental
composition of 41.95 % C, 17.75 % N, and 4.43 % H, matching the theoretical values for the
molecular formula (C11H14N4O7; MW 314 g/mol). Similarly, the PIP-TCNQ complex showed
74.75% C, 17.26 % N, and 7.68 % H, consistent with its theoretical composition calculated from
the complex molecular formula (C2H24N4) with a molecular weight of 320 g/mol. For the MOR—
PA complex, the experimental values were 37.78 % C, 17.56 % N, and 4.00 % H, aligning closely
with the theoretical composition of CaH24NsO16 (MW 632.4 g/mol). This strong agreement
between experimental and calculated compositions for C, N, and H provides robust evidence of
the purity of the PIP-PA, PIP-TCNQ, and MOR-PA complexes, confirming they are free of
impurities. Importantly, the stoichiometric ratios from both solution- and solid-state analyses
align perfectly, definitively establishing 1:1 (PIP: PA), 2:1 (PIP: TCNQ), and 2:2 (MOR: PA)
interactions.

FT-IR spectral characteristics

Table 1 summarizes the experimental IR vibrational frequencies and assignments for free donors,
acceptors, and their respective complexes. The IR spectrum of unbound PIP molecule shows
bands at 3276, 1467, 1318, and 1166 cm™. The broad band at 3276 cm™* is from the v(N—H)
vibrations, 1467 cm™! from the 8(N-H) bending vibrations, 1318 cm™ from the va(C—N) mode,
and 1166 cm™ from the vs(C—N) mode. The MOR ring's structure is characterized by one amine
bridge (-NH-), one ether bridge (-O-), and four -CH:- bridges. The N-H bond of MOR exhibits
two characteristic IR absorption bands: a broad band at 3150 cm™* and a medium-intensity band
at 1463 cm, attributed to v(N—H) and 8(N—H) vibrations, respectively. Additionally, the C-N-C
bond of MOR shows two distinct IR absorption bands at 1315 cm™ and 1140 cm™, corresponding
to asymmetric and symmetric v(C—N) vibrations, respectively. Bands located at 1226 and 1097
cm! are assigned to the v(C—O—C) vibrations, while those observed at 1248 and 1201 cm™ are
assigned to the v(C—C) vibrations. The IR spectrum of the free PA molecule shows an absorption
band at 3100 cm™ corresponding to the OH group's v(O—H) vibrations. The bands observed at
1522 and 1253 cm™ are linked to the v(C=C) and v(C—O) vibrations, respectively. The IR
spectrum of unbound TCNQ shows nine key absorption bands at 3046, 2968, 2282, 2216, 1533,
1350, 1118, 1052, and 855 cm™. These indicate its core groups: C=N, C=C, C-C, and C-H. The
bands at 855, 1350, 2968, and 3046 arise from the four C—H bonds: 855 cm™ (rocking vibrations),
1350 cm™ (deformation), 2968 cm™ (asymmetric stretch), and 3046 cm™ (symmetric stretch).
The four C=N bonds absorb at 2282 and 2216 cm™, while the four C=C bonds absorb at 1533
cm™.

The IR spectra of the PIP-PA and MOR-PA complexes display characteristic absorption
bands from both the donor (PIP and MOR) and acceptor (PA) components. Notably, new weak
absorption bands appear in the 2400-2800 cm™ range—absent in the individual components—
indicating intermolecular hydrogen bonding in both complexes. These bands arise from the
stretching vibrations of protons transferred from picric acid's acidic center (OH) to the nitrogen
atoms of PIP or MOR, forming protonated *NH species. Additionally, the hydrogen bonding
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significantly broadens PA's O-H stretching band, shifting it to 3532 cm™ in the PIP-PA spectrum
and 3445 cm in the MOR-PA spectrum. In the IR spectrum of the PIP-TCNQ complex, most
characteristic absorption bands of both free PIP and TCNQ are observed. The C=N stretching
bands in free TCNQ, typically appearing at 2282 and 2216 cm™, shift substantially to 2350 and
2120 cm™ upon complexation with PIP. Furthermore, the broad N-H stretching band at 3276 cm™,
characteristic of free PIP, is entirely absent in the PIP-TCNQ complex. This absence strongly
suggests that the N-H bond in PIP actively participates in complexation with TCNQ. The
substantial shifts in TCNQ's C=N bands, combined with the disappearance of piperidine's N-H
stretching band and supported by elemental analysis, indicated that the interaction between PIP
and TCNQ forms a stable adduct named 7,7-dicyano-8,8-di-piperidinoquinodimethane according
to IUPAC nomenclature. Figure 2 shows the proposed chemical structures of the PIP-PA,
PIP-TCNQ, and MOR-PA adducts, based on stoichiometry in solution and the solid state, as well
as FT-IR results.

Table 1. Experimental IR vibrational frequencies (cm™) and assignments for free donors, acceptors, and their
respective complexes.

MOR-P | PIP-TC

PIP MOR PA TCNQ PIP-PA A NOQ Assignments
3276 3150 - - - - - v(N—_H)
- - 3100 ; 3532 3445 - v(O—H)
- - - 3046 - - - Vas(C—H)
- } - 2968 - - - vs(C—H)
2690, 2783,
- - - - 2547 2630 - V('N-H -0)
2282, 2350, B
- - - 2216 - - 2120 V(C=N)
- ; 1522 1533 1530 1535 1538 v(C=C)
1467 1463 ; ; 1440 1490 1470 S(N_H)
- - 1432 1350 ; 1435 1436 5(C—H);
deformation
; - 1343 ; 1397 1400 - vs(NO2); PA
1318 1315 ; ; 1348 1337 1351 vas(C-N)
; - 1253 - - - - v(C-0)
1245 1248 ; ; 1252 - 1245 v(C—C)
; 1226 ; ; - 1210 - v(C-0-C)
1118, 1110,
1200 1201 ; 1082 1194 - 290 v(C—C)
] ] 1150, ] 1184, 1185 ] 8(C—H) in-plane
1086 1026 bending
1166 1140 ; ; 1185 - - vs(C-N)
- 1097 ; ; - 1024 - v(C-0-C)
) ) ) 855 ) ) 887 3(C-H) out'—of—
plane bending
; ; 781 ; 752 800 ; _8(NOo),
scissoring; PA
; ; 703 ; 680 ; ; o(NO2); PA

Quantum chemical calculations

We performed quantum chemical calculations using the SE-PM6 semi-empirical method in
Spartan software, which balances speed and accuracy for modeling inorganic coordination
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compounds and energetic materials. The calculations utilized our previous single-crystal X-ray
diffraction data for PIP-PA, PIP-TCNQ, and MOR-PA [21-23]. Lattice enthalpies were
determined using the Glasser-Jenkins equations [24-26], based on volume-based thermodynamics
(VBT). Table 2 summarizes the key XRD data for the PIP-PA, PIP-TCNQ, and MOR-PA
adducts from these prior publications by Refat et al. [21-23], serving as inputs for the molecular
modeling. Table 3 details the resulting molecular modeling parameters for these adducts, where
the C, parameter is equivalent to (C, + R), and the n parameter is equal to (Exomo-ELumo)/2,
providing key descriptors of molecular stability and reactivity.

Figure 3 illustrates the computed FT-IR spectra of the PIP-PA, PIP-TCNQ, and MOR-PA
adducts. The PIP-PA adduct exhibits calculated IR absorption bands at 2683, 2529, 1750, 1720,
1681, 1528, 1436, 1407, 1345, 1185, 1022, 701, and 679 cm™'. The PIP-TCNQ adduct displays
calculated bands at 2753, 2358, 1682, 1630, 1539, 1472, 1435, 1351, 1245, 987, and 889 cm™'.
Similarly, the MOR-PA adduct shows bands at 2712, 2651, 2145, 1723, 1709, 1648, 1580, 1532,
1435, 1401, 1357, 1182, 1016, and 804 cm™. A crucial distinction exists between the calculated
and experimental IR values: the former represents the compound in the gaseous state, while the
latter was obtained in the condensed phase. This inherent difference accounts for the expected
variation in values for each vibrational mode, underscoring the need for careful interpretation
when comparing the two datasets, as the phase difference significantly impacts spectral
characteristics. The differences in intermolecular forces, including hydrogen bonding and van der
Waals interactions, between gas-phase and condensed-phase settings cause shifts and broadening
of vibrational bands. Therefore, these factors must be carefully considered during spectroscopic
analysis.

Figure 2 shows the structural formula of the MOR—PA adduct, highlighting the positive and
negative charges. In the MOR-PA adduct, the calculated electrostatic charge on O" is -0.765 and
on N* is 0.112. The value of 21 is 0.60. The values of Vi, Vierm, and Upor for the complex were
calculated using equations (1-3), and found to be 647.1, 1.078, and 75.66 kJ mol™1, respectively.
These parameters offer crucial insights into the molecular electrostatic potential and charge
distribution within the MOR-PA adduct, which are vital for understanding its reactivity and
intermolecular interactions. A much more realistic value of Upor can be calculated using the
following equation:

p = (102 M/ Na 2I%) (Upor/ A)® @)

In Equation 4, p denotes the density in g cm=, Na is Avogadro’s constant, and My denotes
the molar mass. The single-crystal X-ray diffraction data from Table 2 indicate a density of 1.534
g cm for the MOR-PA unit. Substituting this value into Equation 4 yields a Upor of 89.50 kJ
mol-t. This value exceeds the 75.66 kJ mol! calculated using Equation 3, because Equation 4
employs experimental density.
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Figure 2. Proposed chemical structures of the A) PIP-PA, B) PIP-TCNQ, and C) MOR-PA
adducts.

Table 2. Primary X-ray diffraction data for the PIP-PA, PIP-TCNQ, and MOR-PA adducts.

Parameter Value

PIP—PA PIP-TCNQ MOR-PA
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
al A 8.3626 (8) 8.7775 (6) 6.8712 (8)
b/ A 9.6906 (10) 13.5503 (9) 9.3442 (11)
c/A 16.9856 (17) 16.2521 (11) 11.9219 (14)
a/deg. 91.934 (2) 95.5960 (10) 105.387 (2)
B/deg. 99.005 (2) 101.8040 (10) 91.871 (2)
y/deg. 107.175 (2) 104.7970 (10) 111.328 (2)
Y4 2 2 2
Volume/ A3 1294.2 (2) 1806.3 (2) 680.33
d/gem® 1.623 1.178 1.534

Table 3. Calculated parameters for the PIP-PA, PIP-TCNQ, and MOR—PA adducts.

Parameter Value
PIP—PA PIP-TCNQ MOR-PA
Molecular formulae C11H14N4O7 Ca0H24N4 C10H12N40s
AH(g); kimol* -302.41 427.74 -399.08
Eromo; eV -9.95 -7.58 -10.02
ELumo; eV -1.60 -1.02 -1.60
n; eV 4.18 3.28 4.21
Dipole moment; Debye 13.06 21.23 11.88
Cv; JK'mol? 302.92 352.02 297.39
Cp; JKmol? 311.23 360.33 306.70
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Figure 3. The computed FT-IR spectra of the A) PIP-PA, B) PIP-TCNQ, and C) MOR-PA
adducts.

Thermal properties

The experimental melting points (in Kelvin) of the PIP-PA, PIP-TCNQ, and MOR-PA
complexes are 408, 649, and 417 K, respectively; thus, the PIP-TCNQ complex exhibits the
highest melting point. To assess the thermal properties of these complexes, melting points were
systematically correlated with three key physicochemical parameters: formation enthalpies (AfHg)
in kJ mol 1), dipole moments (in Debye), and absolute hardness values (1 in eV). Figure 4 reveals
a linear relationship between experimental melting points and calculated formation enthalpies
(AfH) with a positive correlation coefficient of r = + 0.9902. Comparable linear trends are
observed when plotting melting points against heat capacity (Cp in JK™' mol™), yielding a
correlation coefficient of r = + 0.9940 (Figure 5), and against dipole moments (in Debye), which
show a slightly lower correlation coefficient of r = + 0.9889 (Figure 6). Conversely, Figure 7
displays a strong negative correlation of r = — 0.9981 between experimental melting points and
calculated absolute hardness values (1 in eV).
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Figure 4. Plot of experimental melting points versus calculated formation enthalpies for the
synthesized complexes.
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Figure 5. Plot of experimental melting points versus calculated heat capacities for the synthesized
complexes.
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Figure 6. Plot of experimental melting points versus calculated dipole moments for the
synthesized complexes.
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Figure 7. Plot of experimental melting points versus calculated absolute hardness values for the
synthesized complexes.

CONCLUSIONS

Piperidine (PIP) is a six-membered, saturated heterocyclic amine consisting of an amine bridge
and five methylene bridges, whereas morpholine (MOR) is a non-aromatic, saturated six-
membered heterocycle ring containing both nitrogen (amine) and oxygen (ether) atoms. Both
molecules play crucial roles in chemistry and biology, particularly in medicinal chemistry. Both
compounds are significant in chemistry and biology, particularly in the field of medicinal
chemistry. Moreover, PIP and MOR act as electron donors in proton-transfer complexes with
strong organic acceptors such as PA and TCNQ. Building on our prior synthesis and
characterization of PIP-PA, PIP-TCNQ, and MOR-PA crystals, this study investigates their
thermal properties. The complexes were synthesized in chloroform and characterized via CHN
elemental analysis, UV/Vis spectroscopy, and FT-IR spectroscopy. Thermal stability and phase
transition behaviors were assessed using a Uni-melt capillary melting point apparatus.
Additionally, we correlated experimental melting points with quantum chemical parameters,
which were derived from existing X-ray diffraction data and calculations performed using the SE-
PM6 method in Spartan software. The results reveal linear correlations between the experimental
melting points of the complexes and their calculated formation enthalpies (r = +0.9902), heat
capacities (r = +0.9940), dipole moments (r = +0.9889), and absolute hardness (r = —0.9981)
values. This study serves as a preliminary investigation into the relationship between the melting
points and thermochemical parameters of proton-transfer complexes for more comprehensive
future studies.
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