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1 Department of Bioorganic Chemistry, Faculty of Production Engineering, Wroclaw University of Economics
and Business, 118-120 Komandorska Str., 53-345 Wrocław, Poland; 184180@student.ue.wroc.pl (M.B.);
adam.zajac@ue.wroc.pl (A.Z.)

2 Institute of Low Temperature and Structure Research, 2 Okólna Str., 50-422 Wrocław, Poland;
j.janczak@intibs.pl (J.J.); r.lisiecki@intibs.pl (R.L.); lucyna.dyminska@ue.wroc.pl (L.D.)

* Correspondence: patrycja.godlewska@ue.wroc.pl (P.G.); j.hanuza@intibs.pl (J.H.)

Abstract: Two new 2-N-phenylamino-(4 or 6)-methyl-3-nitropyridine derivatives were
synthesized. Their structures were characterized on the basis of X-ray diffraction, IR, and
Raman spectra as well as electron UV-Vis and emission spectra measurements. The experi-
mental results were analyzed in terms of theoretical data in which the quantum chemical
DFT and NBO calculations were applied. To elucidate the relaxation pathways of elec-
tronically excited states, multiple excitation wavelengths were employed to probe energy
dissipation mechanisms in the studied compounds. A systematic analysis was conducted
to evaluate how variations in methyl substituent positioning modulate both the struc-
tural architecture and photophysical behavior of the isomeric systems. The spectroscopic,
structural and theoretical considerations allow us to propose the potential technological
applications derived from the unique properties of these isomers.

Keywords: 2-N-[phenylamino-methyl-nitropyridines]; crystal structure; IR and Raman
studies; electron absorption and luminescence spectra; DFT calculations; substitution effect
of the methyl groups

1. Introduction
The synthesis and investigation of new 2-N-phenylamino-methyl-nitropyridines have

garnered significant attention due to their versatile properties and potential applications
across various industries. These compounds, characterized by their unique structural
features and tunable chemical properties, have been explored extensively in the fields of
material science, optoelectronics, and biochemistry. Additionally, they belong to a wide
class of pyridine derivatives, which serve as a fundamental unit in many natural products,
such as vitamins, alkaloids, coenzymes, drugs, and pesticides. Pyridine derivatives also
exhibit a broad spectrum of biological activities, including anti-inflammatory [1,2], antivi-
ral [3,4], anticancer [5–9], antimicrobial [10,11], antidiabetic [12,13], osteogenic [14,15], and
antihypertensive [16] properties. Recent findings even highlight their potential antiviral ac-
tivity against SARS-CoV-2 (COVID-19) and antifungal effects [17–25]. Due to their specific
chemical properties, they were used as oxidizing reagents in organic syntheses [26,27] as
well as the ligands for complexation of the metal ions [28,29].

Recent advancements have highlighted the potential use of dyes derived from pyri-
dine compounds in the development of smart materials, particularly in packaging films.
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Laboratory experiments demonstrated that new derivatives of 2-N-phenylamino-3-nitro-
6-methylpyridine exhibit promising properties when incorporated into chitosan-based
polymers. These derivatives show excellent color intensity and stability, as well as low
toxicity. Experimental trials produced chitosan films infused with these derivatives, show-
casing not only their ease of integration into polymer matrices but also their ability to
enhance the functional attributes of the final materials. The dyes dissolved well in chi-
tosan gel, enabling efficient and economical coloring, which adds significant value for
industrial applications.

In this study, we focus on the synthesis, structural characterization, and spectroscopic
analysis of new pyridine derivatives, particularly 2-N-phenylamino-(4 or 6)-methyl-(3)-
nitropyridine. The structural nuances of these compounds, elucidated through X-ray
crystallography and supported by theoretical modeling, reveal insights into their bonding
interactions and potential reactivity. Furthermore, the optical and electronic properties,
explored through vibrational spectroscopy and UV-Vis analysis, underscore their versa-
tility and suitability for incorporation into functional materials. The influence of methyl
group substitution in the pyridine ring on the structure, electron level distribution, and
spectroscopic properties was studied experimentally and theoretically using DFT and NBO
quantum chemical calculations. These studies are a continuation of our works on a broad
class of pyridine derivatives [30–32].

This research is a continuation of previous studies on pyridine derivatives [31,32],
which have extensively characterized the vibrations and reactivity of compounds closely
related to those investigated in this work. By aligning the findings of this research with
practical applications, such as the incorporation of pyridine-derived dyes into chitosan
films, this work bridges the gap between fundamental chemistry and applied science.

2. Results and Discussion
2.1. Structural Characterization

The effect of substituents in the pyridine ring of nitro and methyl groups in 2-N-
phenylaminopyridine strongly affects the structural and optical properties of these deriva-
tives. The red color is characteristic of isomers with a nitro group substituted in the
3-position of the pyridine ring. The position of substituents in these isomers is also reflected
in their crystal structures.

2.1.1. Description of the Structure of 2-N-Phenylamino-3-nitro-4-methylpyridine

2-N-phenylamino-3-nitro-4-methylpyridine (PA3N4MP) crystallizes in the centrosym-
metric space group of the triclinic system with two molecules per unit cell. Its X-ray
molecular structure together with the optimized one, for comparison, is shown in Figure 1—
selected geometrical parameters are listed in Table 1. The conformation of the 2-N-
phenylamino-3-nitro-4-methylpyridine molecule is not planar. The planar NO2 group
is slightly twisted in relation to the plane of the pyridine ring by 3.84(15)◦, whereas the
dihedral angle between the average plane of pyridine ring and the average plane of phenyl
ring is 6.20(15)◦. A weak intramolecular N–H···O is observed. This is reflected in the N–O
bond lengths of the NO2 group (Table 1).

The geometry of the 2-N-phenylamino-3-nitro-4-methylpyridine molecule in the
gaseous phase obtained from the DFT calculations also shows a non-planar conforma-
tion. The dihedral angle between the plane of NO2 group and the plane of the pyridine
ring of ~25◦ is significantly greater than that in the crystal. A quite similar correlation
also occurs for the dihedral angle between the planes of the pyridine and phenyl rings
between the conformations of the molecule in the gas phase and the solid phase. Selected
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geometrical DFT parameters are included in Table 1, but full details are listed in Table S1
(in the Supplementary Materials).
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Figure 1. View of the X-ray structure of PA3N4MP (a) and DFT optimized molecule (b).

Table 1. Selected geometrical parameters (Å, ◦) for PA3N4MP.

X-Ray DFT

N3–O1 1.2412(15) 1.242
N3–O2 1.2272 (14) 1.226
C3–N3 1.4508 (16) 1.454
C2–N2–C7 131.01 (11) 131.64
Dihedral angle between the planes:
NO2 (O1N3O2)/pyridine ring (N1,C2–C6) 3.84(15) 25.50
pyridine ring (N1,C2–C6)/phenyl ring (C7–C12) 6.20(15) 15.70
D–H···A D–H H···A D···A D–H···A
N2–H2···O1 0.900(16) 1.860(15) 2.5877(14) 136.4(13) X-ray
N2–H2···O1 1.014 1.814 2.632 135.17 DFT

The arrangement of the molecules in the PA3N4MP crystal is mainly determined by
electrostatic interactions and van der Waals forces because there are no strong directional
interactions (except of intramolecular N–H···O hydrogen bond) between the molecules
(Figure 2). The inversion-related molecules along the stacks are separated by ~4.70 Å,
which indicates a π-π interaction between the π-clouds of the pyridine and phenyl rings
that is too weak. However, the electrostatic interactions between the molecules within the
stacks, as can be seen from the three-dimensional electrostatic potential map (Figure 2b),
take place. The three-dimensional molecular map of the electrostatic potential (3D-MESP)
is related with the electron density within the molecule and is helpful in the nucleation
and crystal growth processes. The calculated 3D MESP is mapped onto the total electron
density isosurface (0.008 eÅ−3) and illustrates the size, shape, charge density, and the sites
of the chemical reactivity. Arrangement of the neighboring molecules within the stacks as
well as between the stacks results from electrostatic interactions between the fragments of
molecules with opposite signs of EP (Figure 2b).
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2.1.2. Description of the Structure of 2-N-Phenylamino-3-nitro-6-methylpyridine

The 2-N-phenylamino-3-nitro-6-methylpyridine, PA3N6MP, crystallizes in the cen-
trosymmetric space group P21/n of the monoclinic system with four molecules per unit
cell. Its asymmetric unit contains one 2-phenylamino-3-nitro-6-methylpyridine molecule.
Its X-ray molecular structure together with the optimized one, for comparison, is shown
in Figure 3, and selected geometrical parameters are listed in Table 2, but full details of
the optimized DFT parameters are given in Table S2 (in Supplementary Materials). The
conformation of the 2-N-phenylamino-3-nitro-6-methylpyridine molecule is not planar.
The planar NO2 group is slightly twisted in relation to the plane of the pyridine ring by
10.30(12)◦, whereas the dihedral angle between the average plane of pyridine ring and the
average plane of phenyl ring is 2.90(14)◦. A weak intramolecular N–H···O is observed. This
is reflected in the N–O bond lengths of the NO2 group (Table 2). In contrast to the X-ray
structure, the gas-phase conformation obtained from DFT calculations shows its strictly
planar arrangement. In general, the bond lengths and angles, without that described of the
dihedral angles described above, correlate well with that in the crystal.
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Figure 3. (a) View of the X-ray structure of PA3N6MP, (b) DFT optimized molecule, and (c) 3D EP
map; color coded as in Figure 2.

Table 2. Selected geometrical parameters (Å, ◦) for PA3N6MP.

X-Ray DFT

N3–O1 1.249 (2) 1.243
N3–O2 1.230 (2) 1.226
C3–N3 1.447 (3) 1.450
C2–N2–C7 132.0 (2) 132.24
Dihedral angle between the planes:
NO2 (O1N3O2)/pyridine ring
(N1,C2–C6) 3.84 (15) 0.00

pyridine ring (N1,C2–C6)/phenyl
ring (C7–C12) 6.20 (15) 0.00

D–H···A D–H H···A D···A D–H···A
N2–H2···O1 0.84 (2) 1.96 (2) 2.649 (3) 139 (2) X-ray
N2–H2···O1 1.016 1.816 2.649 136.58 DFT

Arrangement of the molecules in the crystal are mainly determined by the van der
Waals forces and by the stacking interactions along the direction between adjacent molecules
(Figure 4). Within the stack there is an alternating arrangement of pyridine and benzene
rings with a distance of ~3.670 Å between the centroids of the rings. This alternating
arrangement of adjacent molecules is consistent with the 3D MESP, illustrated in Figure 4.
This distance indicates quite weak π-π interactions along the stack.
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2.1.3. Comparison of the Structures of PA3N4MP and PA3N6MP

Hirshfeld surface analysis, HS [33], and its corresponding two-dimensional fingerprint
plot [34] provide a convenient method for comparing interactions within crystal structures
for different isomers, revealing important similarities and differences between them [35,36].
The Hirsfeld surface mapped with dborm for the molecules of both isomers in the crystals
and their 2D fingerprint plots are illustrated in Figure 5.

The normalized contact distance (dborm) is based on the distances from the nearest
atom inside (di) and outside (de) the surface. In the HS, the de value corresponds to the
distance between the external atom and the surface, and di value corresponds to the
distance between the internal atom and the surface. The red spots in the HS correspond to
the contact distances between the atoms inside and outside the surface, which are smaller
than the sum of the van der Waals radii. Blue and white areas represent the distances
longer and equal than the sum of the respective van der Waals radii. The deconvolution of
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the 2D-fingerprint plots for individual types of interactions is given in Figures S1 and S2
(in Supplementary Materials) for PA3N4MP and PA3N6MP, respectively. In the crystal of
both isomers (PA3N4MP and PA3N6MP), the main interactions between the molecules are
the H···H dispersive forces with the contribution of 43.8% and 42.7% in the HS of PA3N4MP
and PA3N6MP, respectively. The second type of interactions between the molecules in
the crystals are H···O/O···H, which constitute 21.2% and 23.7%, respectively, in the HS
of PA3N4MP and PA3N6MP. The next types of intermolecular interactions in the crystals
PA3N4MP and PA3N6MP are C···H/H···C, C···C, and C···N/N···C, which constitute 13.9%,
8.7%, and 5.0% for PA3N4MP and 14.4, 7.5, and 5.8% for PA3N6MP. The contribution of the
respective interactions to the HS in the crystals of PA3N4MP and PA3N6MP is illustrated
in Figure 5 on the right. In general, the contribution of the individual interactions is quite
comparable in the crystals of both isomers, but there is a visible difference between them. In
the PA3N4MP crystal, the contribution of the H···O/O···H interactions associated with the
hydrogen bonds is about 2.5% smaller than in the crystal of the second isomer, PA3N6MP,
while in the PA3N4MP crystal, the contribution of the C···C interactions is 8.7% and is
almost 20% larger than in the PA3N6MP crystal, where it is 7.5%.
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2.2. Vibration Characterization
2.2.1. Vibrational Spectra

The IR and Raman spectra of the studied compounds are shown in Figure 6.
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Figure 6. Experimental and calculated IR (a) and Raman (b) spectra of the studied phenyl–
aminopyridines in the range of 3500–100 cm−1.

2.2.2. Vibrational Modes of Pyridine and Phenyl Systems

Given the structural homology between the investigated isomeric systems, character-
istic vibrational signatures of the pyridine moiety are anticipated to fall within established
spectral ranges for such aromatic frameworks. Vibrational mode assignments were per-
formed using a dual approach: (1) guided by spectral benchmarks from pyridine derivatives
documented in the classification schemes of Ureña et al. [37] and Wiberg et al. [38], comple-
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mented by comparative analysis of related systems [39–41]; (2) quantum chemical modeling
of the target molecules.

Computational simulations at the DFT level reveal two distinct categories of vibra-
tional behavior:

• Localized modes arising from discrete atomic displacements, including the following:

◦ N–H stretching (ν(NH));
◦ Aromatic C–H stretching (ν(CH));
◦ Out-of-plane C–H bending (γ(CH));
◦ Methyl group vibrations (ν(CH3;), δ(CH3;), ρ(CH3;)).

• Collective vibrational modes involving coupled displacements across multiple atomic
coordinates. The following ranges are proposed as the pyridine ring vibrations for
derivatives PA3N4MP and PA3N6MP (in parenthesis), respectively: ν(CH): 3036–3056,
3130 (3047–3146); ν(ϕ): 1148–1486 (1458–1491); ν(ϕ) + δ(CNH)ϕ: 1579–1596
(1580–1596); ν(ϕ) + δ(CϕNCΘ): 1500–1548 (1500–1548); δ(ϕ) and δ(ϕ) + δ(CH):
1238–1286 (1236–1271); δ(CH)ϕ: 1048–1063. 810 (1073, 813); τ(ϕ): 600 (592); γ(ϕ):
536–541 (534–536) and δ(ϕ) + ν(Cϕ-NO2): 386 (394–395) cm−1.

These assignments align with experimental observations and theoretical predictions
for π-conjugated systems, confirming the minimal structural perturbation induced by
methyl positional isomerism.

The vibrational signatures of the phenyl aromatic system are detected within their
characteristic spectral regions [42]. A systematic correlation between the experimentally
observed absorption bands and specific normal vibrational modes of the investigated
isomeric systems is provided in Table 3.

Table 3. Chosen experimental and calculated wavenumbers with assignment of the observed bands
to respective normal modes for monomer.

PA3N4MP PA3N6MP

Calc. Exp. Calc. Exp.

IR RS IR RS IR RS IR RS Assignment

3367 3367 3433m 3344 3344 3311w νN–H····O
1585 1585 1579s 1579w 1589 1589 1580vs 1585w δ(CNH)ϕ + ν(ϕ)
1574 1574 1566s 1567w 1578 1578 1578w δ(CNH)θ + ν(ϕ) + νas(NO2)
1549 1549 1548s 1547m 1548 1548 1548vw 1545w νas(NO2) + ν(ϕ) + ν(θ) + δ(Cϕ NCθ)
1350 1350 1361 1357 1357 1357w ν(CN)ϕ + νs(NO2) + δ(ϕ) + δs(CH3)

1226 1226 1237m 1212s 1227 1227 1219vs 1216s ν(ϕ) + νs(NO) + ν(CN)ϕα +
ν(CNH)ϕ

1197 1197 1220s 1192sh 1195 1195 1186s 1188s νs(NO2) + (CNH)θ
1184 1184 1203sh νs(NO2) + ν(NCN)ϕ
807 807 807m ν(CNHC)
790 790 ν(CNHC)ϕ+θ + δs(NO)ϕ
707 707 710 710 δ(NH)
699 699 691m 694m δ(CNHC)ϕ+θ
395 395 386w 386 386 394w 395vw δ(CCH3) + δ(CNO)ϕ
290 290 289w 295m 295vw δ(CNHC)ϕ+θ
187 187 184 184 188w δ(CNHC)ϕ+θ
107 107 94 94 177w δ(CNHC)ϕ+θ
83 83 84 84 150m δs(NO)ϕ + δ(CNHC)ϕ+θ
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2.2.3. Methyl Group Vibrational Modes

The methyl substituents, attached at 4- or 6-position of the pyridine ring, exhibit
characteristic vibrational features. Mode assignments were guided by comparative DFT
analysis and experimental benchmarks from structurally analogous pyridine deriva-
tives [39–41,43,44]. Key vibrational parameters for PA3N4MP and PA3N6MP (in brackets)
are as follows:

• Asymmetric stretching (νas(CH3;)): 2981–3005 cm−1 (2980–3006 cm−1);
• Symmetric stretching (νs(CH3;)): 2932–2935 cm−1 (2914–2915 cm−1);
• Asymmetric bending (δas(CH3;)): 1429–1437 cm−1 (1430–1434 cm−1);
• Symmetric bending (δs(CH3;)): 1326–1278 cm−1 (1315–1373 cm−1);
• In-plane rocking (ρ(CH3;)): 1001–1027 cm−1 (1002–1025 cm−1);
• Torsional modes (τ(CH3;)): ~270 cm−1 (264–278 cm−1).

These vibrational bands exhibit moderate intensity and frequently overlap with
pyridine ring vibrational modes, reflecting coupling between the aromatic system and
substituent dynamics.

2.2.4. Nitro Group Vibrations

The nitro substituent (–NO2) attached to the pyridine ring exhibits nine fundamental
vibrational modes, categorized as follows:

• Stretching vibrations:

◦ Asymmetric (νas(NO2));
◦ Symmetric (νs(NO2));
◦ C–N linkage stretching (ν(C–NO2)).

• In-plane deformations:

◦ Bending (δ(NO2));
◦ Rocking (ρ(NO2));
◦ Pyridine ring–NO2 bending (δ(φ–NO2)).

• Out-of-plane motions:

◦ Wagging (ω(NO2));
◦ Twisting (τ(NO2));
◦ Pyridine ring–NO2 torsional (γ(φ–NO2))

(where φ denotes the pyridine ring framework)
These vibrational modes demonstrate significant coupling with pyridine ring dynam-

ics, producing hybrid spectral signatures. Nitro group vibrations are characterized by
intense IR absorption bands (strong to very strong) and weak Raman activity. Key experi-
mental frequencies for PA3N4MP and PA3N6MP (in parentheses) include the following:

• νas(NO2): 1378–1567 cm−1 (1434–1578 cm−1);
• νs(NO2): 1162–1378 cm−1 (1156–1373 cm−1);
• Scissoring (δ(NO2)): 833–845 cm−1;
• Wagging (ω(NO2)): 720–725 cm−1.

Additional in-plane and out-of-plane deformation modes reside within their character-
istic frequency ranges, consistent with nitro-functionalized aromatic systems. The observed
vibrational coupling underscores the electronic conjugation between the nitro group and
the π-electron system of the pyridine ring.

2.2.5. Vibrations of the Amino Bridge

The vibrations of the amino-bridging moiety (-NH-) connecting the phenyl and pyri-
dine rings were analyzed with emphasis on molecular conformation and its role in facil-



Int. J. Mol. Sci. 2025, 26, 2874 10 of 24

itating intramolecular hydrogen bonding. In the solid-state architecture, the NH group
serves as the primary proton donor, critically stabilizing the molecular framework through
moderate-strength N–H···O hydrogen bonds involving the nitro group’s oxygen atom.

Spectral features in the 3500–3100 cm−1 region are attributed to N–H···O interactions
between the amino bridge and the 3-position nitro substituent on the pyridine ring. Distinct
N–H stretching modes (ν(NH)) are observed:

• PA3N4MP: 3433 cm−1 and 3304 cm−1;
• PA3N6MP: 3430 cm−1 and 3311 cm−1.

These values align closely with reported data for analogous hydrogen-bonded sys-
tems [39–41]. The bifurcation of ν(NH) bands into doublet components arises from crystal-
lographic packing differences: PA3N4MP contains two symmetry-independent molecules
per unit cell, while PA3N6MP exhibits four discrete molecular units in its crystalline lattice.
This structural dichotomy directly correlates with the observed splitting magnitude in
vibrational spectra.

2.3. Electron Reflectance and Emission Spectra

Figure 7 displays the electronic reflectance profiles of the investigated compounds,
which are characterized by prominent electronic transitions manifesting as broad absorp-
tion contour spanning the 200–600 nm wavelength region. These spectral features were
assigned to specific electronic excitations through comparative analysis with prior inves-
tigations on structurally related pyridine-based systems [41–46], further supported by
DFT computational modeling performed for the current derivatives. Table 4 summarizes
the theoretically derived energy levels for both singlet and triplet excited states, along
with their corresponding oscillator strength values (f ). Notably, several singlet excita-
tions exhibit exceptionally high oscillator strength values, indicating their pronounced
contribution to the observed optical activity. For the PA3N4MP isomer, this appeared
for the S5 (296 nm, 33,730 cm−1, S6 (292 nm, 34,260 cm−1), S8 (267 nm, 37,408 cm−1), and
S10 (251 nm, 39,830 cm−1) states observed in the range 100–400 nm, and for the S1 state
(464 nm, 21,552 cm−1) this appeared as the very broad band in the range 200–600. Similar
spectroscopic contours appear for the PA3N6MP derivative. The calculated values of the
singlet levels appear for the S5 (294 nm, 34,056 cm−1, S6 (288 nm, 34,739 cm−1), S8 (264 nm,
37,890 cm−1), and S10 (245 nm, 40,853 cm−1) states–they should be assigned to the bands
observed in the ranges 250–300 nm and 200–290 nm. The S1 state is located at 454 nm
(22,031 cm−1), which corresponds to the broad band observed in the range 300–500 nm.
These spectral contours originate from electronic transitions localized within the π-system
of the pyridine ring, as well as charge-transfer interactions between the nitro-chromophore
and the aromatic system. These absorption bands correlate with π→π* electronic excita-
tions, which aligns with the calculated energy difference between the HOMO and LUMO
orbitals derived from quantum chemical modeling. The atomic composition of the molecu-
lar orbitals obtained for the studied compounds is similar to those determined for other
amino-methyl-nitro-pyridine derivatives repeated in our earlier works [30–32,43–46]. In
the HOMO orbital, the electron distribution is mainly scattered over the N-amine group
and pyridine C–C and C–N bonds, whereas the LUMO is mainly over the pyridine nitro
group. The theoretical HOMO-LUMO energy gap equals 3.13 eV (25,245 cm−1, 396 nm)
for the PA3N4PT isomer and 3.1617 eV (25,501 cm−1, 392 nm) for the PA3N6MP isomer. It
fits well to the very strong and broad bands observed in the 200–600 nm range with the
maximum at about 400 nm (25,000 cm−1)—see Figure 7.
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Table 4. Calculated singlet and triplet electron levels of the PA3N4MP (a) and PA3N6MP (b)
molecules.

(a)

Electron levels eV nm cm−1 Oscillator strength

singlets

(1) 2.6717 464.06 21,552 0.1230

(2) 2.7783 446.25 22,409 0.1648

(3) 3.6225 342.26 29,218 0.0008

(4) 3.6351 341.07 29,319 0.0009

(5) 3.7309 332.32 30,092 0.0022

(6) 3.7385 331.64 30,153 0.0026

(7) 4.0091 309.26 32,336 0.0038

(8) 4.1820 296.47 33,730 0.1643

(9) 4.2399 292.42 34,197 0.1730

(10) 4.2476 291.89 34,260 0.0935

(11) 4.3350 286.00 34,965 0.1234

(12) 4.5328 273.53 36,559 0.0007

(13) 4.6380 267.32 37,408 0.1533

(14) 4.8088 257.83 38,785 0.0237

(15) 4.9383 251.07 39,830 0.2944

(16) 5.0938 243.40 41,085 0.3909

(17) 5.2701 235.26 42,506 0.0019

(18) 5.3092 233.53 42,821 0.0295

(19) 5.5492 223.43 44,757 0.0007

(20) 5.8961 210.28 47,556 0.0212
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Table 4. Cont.

(a)

Electron levels eV nm cm−1 Oscillator strength

triplets

(1) 1.6711 741.93 13,478 0.0000

(2) 1.7361 714.16 14,002 0.0000

(3) 1.8193 681.49 14,674 0.0000

(4) 1.9895 623.19 16,046 0.0000

(5) 2.1489 576.96 17,332 0.0000

(6) 2.7649 448.42 22,300 0.0000

(b)

Electron levels eV nm cm−1 Oscillator strength

singlets

(1) 2.7315 453.91 22,031 0.1285

(2) 2.8418 436.28 22,921 0.1693

(3) 3.7076 334.40 29,904 0.0000

(4) 3.7191 333.37 29,997 0.0001

(5) 3.7537 330.30 30,030 0.0007

(6) 3.7585 329.88 30,314 0.0010

(7) 3.9573 313.31 31,917 0.0000

(8) 3.9688 312.40 32,010 0.0001

(9) 4.2224 293.63 34,056 0.2176

(10) 4.3072 287.86 34,739 0.2413

(11) 4.5014 275.43 36,307 0.0007

(12) 4.6978 263.92 37,890 0.0396

(13) 4.9311 251.43 39,773 0.0334

(14) 5.0652 244.78 40,853 0.2846

(15) 5.2259 237.25 42,150 0.4088

(16) 5.3044 233.74 42,783 0.0018

(17) 5.5145 224.83 44,478 0.0449

(18) 5.6807 218.25 45,819 0.0095

(19) 5.8055 213.56 46,825 0.0101

(20) 5.9308 209.05 47,835 0.0233

triplets

(1) 1.6560 748.71 13,356 0.0000

(2) 1.7222 719.90 13,891 0.0000

(3) 1.7516 707.82 14,128 0.0000

(4) 1.9444 637.65 15,683 0.0000

(5) 2.0811 595.77 16,785 0.0000

(6) 2.2669 546.94 18,284 0.0000

(7) 2.5069 494.58 20,219 0.0000

(8) 2.5736 481.76 20,757 0.0000

(9) 2.8381 436.86 22,891 0.0000

(10) 3.0912 401.08 24,933 0.0000
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The emission spectra were measured using excitation at 350 nm. This wavelength
was chosen because it falls into the 290–450 nm range in which the singlets with great-
est oscillator strengths appear. Such procedure allows to recognize the possibility of the
triplet→singlet transition phosphorescence in the studied compounds which arises predom-
inantly through intersystem crossing mechanism. Therefore, the complete DFT calculations
should give the singlet and triplet transitions in which also are those with zero oscillator
strengths. They are important for the discussion of the luminescence spectra activated by
the inter-crossing energy transfer process.

The emission spectra of the derivatives studied are shown in Figure 8.
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Figure 8. Emission spectra of measured for studied isomers under excitation at 350 nm: (a) PA3N4MP,
(b) PA3N6MP.

The emission spectra of the studied compounds excited at 350 nm (28,571 cm−1)
contain a very broad spectral contour observed for PA3N4MP in the range 400–700 nm and
two intense bands in the ranges 400–550 and 550–700 nm for PA3N6MP. Their positions
are clearly shifted into red in comparison to the observed S0 Sm absorption transition at
200–600 nm (16,666–50,000 cm−1), because the depopulation T1,T2 S0 mechanism of the
excited levels was probably proceeded by the inter-system crossing of S1 T1,T2. Room
temperature phosphorescence is generally not observed from excited triplet states; however,
keeping in mind the calculated energies of the singlet and triplet levels (Table 4), such an
explanation of the nature of these transitions is reasonable. The calculated energies of the
T1 and T2 triplet states are localized within the 13,000–14,000 cm−1 range, closely matching
theoretical predictions for triplet-mediated luminescence in π-conjugated systems. The
modest energetic separation between these states (~1000 cm−1) likely drives significant
spectral overlap, manifesting experimentally as a broad composite T1–T2 emission band.

This observation agrees with a depopulation mechanism governed by spin–orbit
coupling effects, where intersystem crossing (ISC) facilitates efficient energy transfer from
singlet to triplet manifolds–a hallmark process in the Jablonski framework for luminescent
organic systems. The near-degeneracy of T1 and T2 energies relative to the ground state
(S0) results in quasi-simultaneous T1→S0 and T2→S0 transitions. Their energetic proximity
(∆E < kT at ambient conditions) prevents discrete spectral resolution, yielding the observed
broadened emission profile characteristic of multi-state relaxation pathways.

2.4. 13C and 1H NMR Spectra Measurements

The 1H and 13C NMR spectra of the investigated derivatives are presented in
Figures 9 and 10, respectively (full-length spectra are available in the Supplementary
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Materials—Figure S3 for 1H and Figure S4 for 13C). The observed spectral pattern–
specifically, the number of distinct resonance lines–agrees with predictions derived from the
molecular architecture of these systems. Each chemically inequivalent nucleus generates a
discrete resonance signal, enabling unambiguous assignment of proton and carbon envi-
ronments. For the 2-N-phenylamino-4-methyl-3-nitro-, and 2-N-phenylamino-6-methyl-
3-nitro-pyridines, 13C chemical shifts are expected for the carbon atoms constituting the
pyridine ring, phenyl ring, and one from the methyl group.
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The molecular composition of the studied isomers predicts ten distinct 13C NMR
resonances:

• Pyridine ring: five unique carbons;
• methyl group: one resonance;
• phenyl ring: four signals (with two symmetry-equivalent carbon pairs).

Experimental 13C NMR spectra for both PA3N4MP and PA3N6MP isomers corroborate
this theoretical framework, exhibiting ten resolved signals that map directly to their respec-
tive chemical environments. This agreement validates the proposed structural symmetry
and atomic degeneracy within the aromatic systems.
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For PA3N4MP, the chemical shifts in the pyridine ring are observed at 151.76, 150.08,
131.92, 122.26, and 118.13 ppm but for PA3N6MP at 166.33, 149.664, 128.98, 122.01, and
140.19 ppm. The chemical shifts in the phenyl carbon atoms appear at 146.45, 138.60, 129.09,
and 124.47 ppm for the PA3N4MP isomer and 138.41, 135.75, 126.67, and 124.36 ppm for
the PA3N6MP isomer. The line at 21.51 ppm corresponds to the carbon atom of the methyl
chromophore in the PA3N4MP derivative and at 25.30 ppm in the PA3N6NP isomer. These
carbon atoms are located in the vicinity of three hydrogen atoms and, therefore, show the
greatest chemical shifts.

Similar analysis can be carried out for the proton units. In the 1H NMR spectra of the
studied isomers, nine lines are expected: two from the pyridine ring, five from the phenyl
ring, one from the methyl group, and one of the NH chromophore. They are observed
at the following chemical shifts: at 7.55, 7.37, 7.14, 6.85, and 6.67 ppm originated from
the phenyl protons of the PA3N4MP isomer and at 7.73, 7.31, 7.15, 6.85, and 6.68 ppm
in the PA3N6MP isomer. The chemical shifts in the pyridine protons appear at 9.14 and
8.20 ppm for PA3N4MP and at 10.25 and 8.41 ppm for PA3N6MP. The protons of the NH
chromophores give rise to the peaks at 5.93 and 5.93 ppm for the PA3N4MP and PA3N6MP
isomers, respectively, and those of methyl groups at 1.56 and 1.55 ppm.

Proposed here, assignment of the chemical shifts observed for the studied derivatives
fit well to the reported earlier data reported for the similar compounds [47–50].
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3. Materials and Methods
3.1. Synthesis

Two isomers:

• 2-N-phenylamino-3-nitro-4-methylpyridine
• 2-N-phenylamino-3-nitro-6-methylpyridine

The two isomers were synthesized following a general procedure inspired by the
methodology outlined in [51]. However, due to the limited accessibility of this reference–it
is neither available online nor widely distributed–an overview of the synthetic approach is
provided here in the form of reaction schemes to aid reproducibility and comprehension.

The synthesis began with 2-amino-4-methylpyridine and 2-amino-6-methylpyridine,
which were nitrated and subsequently converted into 2-hydroxy derivatives. These inter-
mediates were then treated with phosphoryl chloride (POCl3) to yield the corresponding
2-chloro derivatives, which served as substrates for the final reaction with phenylamine
to form the target compounds. The final products were purified via multiple recrystal-
lizations from ethanol solutions to ensure high purity. Synthesis schemes are presented in
Schemes 1 and 2.
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The synthesis began with 2-amino-4-methylpyridine and 2-amino-6-methylpyridine,
which were nitrated and subsequently converted into 2-hydroxy derivatives. These inter-
mediates were then treated with phosphoryl chloride (POCl3) to yield the corresponding
2-chloro derivatives, which served as substrates for the final reaction with phenylamine to
form the target compounds. The final products were purified via multiple recrystallizations
from ethanol solutions to ensure high purity.
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Scheme 2. Synthesis of 2-N-phenylamino-3-nitro-6-methylpyridine.

The chemical composition of the synthesized compounds was verified through micro-
analysis, which confirmed a good agreement with theoretical stoichiometry. The following
are the chemical names, formulas, and abbreviations used in this study:

• 2-N-phenylamino-3-nitro-4-methylpyridine

Chemical formula: C12H11N3O2

Abbreviation: PA3N4MP
Description: Red crystals

• 2-N-phenylamino-3-nitro-6-methylpyridine

Chemical formula: C12H11N3O2

Abbreviation: PA3N6MP
Description: Red crystals
Elemental chemical analysis:

• PA3N4MP (red crystals):

◦ Calculated: C 62.87%, H 4.84%, N 18.33%
◦ Experimental: C 62.51%, H 4.79%, N 18.17%
◦ Melting point: 395 K, 122 ◦C
◦ Synthetic yield: 79.0%

• PA3N6MP (red crystals):

◦ Calculated: C 62.87%, H 4.84%, N 18.33%
◦ Experimental: C 62.55%, H 4.88%, N 18.12%
◦ Melting point: 405 K, 132 ◦C
◦ Synthetic yield: 71.0%
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The inclusion of reaction schemes in this work ensures that the general synthetic
route, as adapted from [51], is clearly understood and reproducible despite the restricted
availability of the original reference. These schemes highlight the key transformations and
provide a concise summary of the methodology employed.

The Figure 11 illustrates the uniform coloration of the gel, demonstrating the 2-N-
phenylamino-3-nitro-6-methylpyridine compound excellent solubility and color intensity,
confirming its potential application in the production of packaging films.
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3.2. Single-Crystal X-Ray Diffraction 128–142

Single crystals of PA3N4MP and PA3N6MP suitable for diffraction studies were grown
through slow solvent diffusion using a methanol/ethanol mixed system. X-ray intensity
data for both compounds were acquired on a κ-geometry Xcalibur diffractometer equipped
with a Sapphire2 CCD detector, employing graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å). Data acquisition and initial processing, including frame integration and
absorption corrections, were executed using the CrysAlis CCD and CrysAlis RED ver.
1.171.35.11 software suite [52].

Structural solutions were derived via direct methods (SHELXT-2014/7 [53]), followed
by iterative full-matrix least-squares refinement against F2 values (SHELXL-2018/3 [54]).
Hydrogen atoms bonded to carbon were geometrically positioned and constrained using
a riding model, while those participating in hydrogen bonds underwent unrestrained
refinement. Post-refinement difference Fourier analysis revealed no residual electron
density features exceeding 0.3 eÅ−3, confirming structural validity.

Critical experimental parameters, crystallographic metrics, and refinement statistics
are tabulated in Table 5. Molecular topology representations were generated using Diamond
3.0 [55], with thermal ellipsoids plotted at 50% probability.
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Table 5. Crystal data and refinement parameters for the studied crystals.

PA3N4MP PA3N6MP

Formula C12H11N3O2 C12H11N3O2

Mol. weight 229.24 229.24

Temperature (K) 100(2) 100(2)

Crystal system triclinic monoclinic

Crystal color red red

Space group P-1 P21/n

a (Å) 7.3285(5) 7.8874(5)

b (Å) 7.4403(6) 17.3681(11)

c (Å) 10.9340(11) 8.4396(7)

α (◦) 101.781(8)

β (◦) 102.348(7) 111.309(9)

γ (◦) 109.981(7)

V (Å3) 521.79(8) 1077.09(15)

Z 2 4

Dcal 1.459 1.414

θ range (◦) 3.056–29.312 2.844–29.331

µ (mm−1) 0.103 0.100

Crystal size 0.32 × 0.24 × 0.13 0.27 × 0.09 × 0.08

Tmin./Tmax. 0.9825/1.000 0.9792/1.000

Total/unique/obs. refls. 4590/2420/1955 7173/2565/1515

Rint 0.0158 0.0545

R [F2 > 2σ(F2)] a 0.0414 0.0650

wR [F2 all refls] a 0.1129 0.1359

S 0.978 1.001

∆ρmax, ∆ρmin (eÅ−3) +0.228; −0.324 +0.244; −0.247
a R = Σ ||Fo|–|Fc||/ΣFo, wR = {Σ [w(Fo

2–Fc
2)2]/ΣwFo

4}½; w−1 = σ2(Fo
2) + (aP)2 + bP where P = (Fo

2 + 2Fc
2)/3,

and the a = 0.0578 and b = 0.1467 for crystal 1, a = 0.0424 and b = 0.0 for crystal 2; a = 0.0333 and b = 1.2084 for
crystal 3 and a = 0.0481 and b = 0.1271 for crystal 4.

Hirshfeld surface analyses and 2D fingerprint plots as well as percentage contributions
for various intermolecular contacts in the investigated crystals were calculated using the
Crystal Explorer Ver. 3.1 program package [56].

3.3. Infrared and Raman Studies

IR spectra were measured using a Nicolet iS50 FT-IR (Thermo Fisher Scientific Inc.,
Warsaw, Poland) spectrometer equipped with an Automated Beamsplitter exchange system
(iS50 ABX containing DLaTGS KBr detector (Thermo Fisher Scientific Inc., Warsaw, Poland)
and DLaTGS Solid Substrate detector (Thermo Fisher Scientific Inc., Warsaw, Poland) for
mid-IR and far-IR regions, respectively). A built-in all-reflective diamond ATR module
(iS50 ATR), Thermo Scientific PolarisTM (Thermo Fisher Scientific Inc., Warsaw, Poland),
and a HeNe laser were used as an IR radiation source. Polycrystalline IR spectra were
collected in the 4000–100 cm−1 range. The advanced ATR correction software, part of
the OMNICTM 6.2 program attached to the NicoletTM FT-IR spectrometer (Thermo Fisher
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Scientific Inc., Warsaw, Poland), was used in the studies of polycrystalline samples. A
spectral resolution of 4 cm−1 was applied in the measurements.

Raman spectra in the 4000–80 cm−1 range were measured in backscattering ge-
ometry with a FT Bruker 110/S spectrometer (Bruker, Warsaw, Poland). The resolu-
tion was 2.0 cm−1. The YAG:Nd (excitation wavelength 1064 nm) laser was used as an
excitation source.

3.4. Electronic Absorption Spectroscopy

Electronic absorption spectra in 200–1500 nm spectral range were measured at am-
bient temperature using a Cary Varian 5E UV-Vis-NIR spectrophotometer (SpectraLab
Scientific Inc., Warsaw, Poland). For samples exhibiting low absorption intensity, diffuse
reflectance spectroscopy was employed with a Praying Mantis accessory (Harrick Scientific
Products Inc., Warsaw, Poland). Prior to sample measurements, a baseline correction was
performed using high-purity Al2O3 powder as a reference standard, which was subse-
quently subtracted from the spectra to isolate specific absorption features, characteristic for
the studied isomers.

3.5. Time-Resolved Emission Spectroscopy

Time-dependent emission profiles were determined using a Princeton Instruments Ac-
ton 2500i spectrograph interfaced with a Hamamatsu C5680 streak camera (HAMAMATSU
Co., Ltd., Warsaw, Poland). Excitation of the spectra was achieved using a femtosecond
Ti:sapphire laser (Coherent, Inc., Warsaw, Poland), generating 89 fs pulses at 800 nm
(1 mJ/pulse, repetition rate adjustable up to 1 kHz). Wavelength tuning across the
230–2800 nm range was accomplished using an optical OPerA Solo parametric amplifier
(Coherent Inc., Warsaw, Poland), enabling selective excitation at targeted energies.

3.6. Computational Methodology

Initial molecular geometries for quantum chemical simulations were derived from
X-ray crystallographic data using Gaussian 03 [57]. Structural optimizations were executed
at the B3LYP/6-311G(2d,2p) level of theory [58–62], yielding a single conformer with
minimized vibrational energy. To facilitate comparison with prior studies on analogous
pyridine derivatives [30–32], harmonic vibrational frequencies were scaled by empirical
factors (Table 3, Table S3) compensating for anharmonicity and theoretical approximations.

Potential energy distribution (PED) analyses were performed using the BALGA al-
gorithm [63], while molecular orbital visualizations (HOMO/LUMO) and vibrational
mode animations were generated using GaussView 4.1 [64] and ChemCraft ver. 1.8 [65],
respectively. Raman intensities were computed with the RAINT program ver. 2003 [66],
employing a 0.965 scaling coefficient derived from established protocols [67].

3.7. NMR Spectroscopy
13C and 1H nuclear magnetic resonance spectra were acquired on a Bruker Avance III

600 MHz spectrometer fitted with a BBO Z-gradient probe. Liquid-state measurements uti-
lized a 3.2 mm magic-angle spinning (MAS) probe ((Bruker, Warsaw, Poland)), optimizing
resolution through high-speed sample rotation.

4. Conclusions
• In the present work, two new heterocyclic isomers, 2-N-phenylamino-4-methyl-3-nitro-

and 2-N-phenylamino-6-methyl-3-nitro-pyridines, were obtained. Their structures
were characterized on the basis of X-ray diffraction, IR and Raman spectra, as well
as electron UV-Vis and emission spectra measurements. They form new class of
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pyridine derivatives with several potential applications. This follows from their
peculiar structural, electronic, and optical properties.

• The specific structure of the studied compounds originates from the amino bridge
between the phenyl and pyridine rings, and this conformation is stabilized by the
intramolecular medium-strength hydrogen bond of N–H···O type formed by the O-
atom of the nitro group and the NH group. The NH group plays an important role
as the proton donor in the structural stabilization of the studied compounds in the
solid state. Such structure predisposes these derivatives as precursors of antihistamine
drugs, which can be used to oppose the activity of histamine receptors in the human
body, forming antihistaminic pharmaceutics for allergic disorders. Such drugs contain
the pyridine ring as an important part of their structure [68].

• Integrated spectroscopic analysis and DFT computational modeling reveal distinct
singlet-triplet state distributions governing the photophysical behavior of the investi-
gated pyridine isomers. Key findings include the following:

◦ Phosphorescence mechanism: electronic absorption and emission spectral data
confirm that triplet→singlet phosphorescence arises predominantly through
intersystem crossing machanism (ISC), a well-documented relaxation pathway
in nitro-functionalized pyridine systems.

◦ Structure–function correlation: unique electronic architecture of phenyl-
aminopyridine derivatives enables their dual functionality as follows:

■ Versatile synthetic building blocks for heterocyclic chemistry;
■ Efficient ligands for d-/f-block metal coordination complexes;
■ Tunable luminophores with tailorable ISC efficiency.

◦ Technological potential: engineered lanthanide complexes incorporating these
scaffolds demonstrate promise as follows:

■ Targeted bioimaging probes leveraging metal-centered luminescence;
■ Photosensitizers for photodynamic therapy applications;
■ Molecular sensors for environmental metal ion detection.

• The 13C and 1H NMR spectra fully confirm the structural XRD data reported in the
present work.

• The intense red color of the obtained materials allow for their use as new dyes for the
production of the color plastic foils for food packing.

• This work establishes foundational structure–property relationships critical for rational
design of next-generation luminescent materials in medicinal and materials chemistry.
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