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Crystal engineering of multicomponent crystals offers opportunities for both generic active 
pharmaceutical ingredients (APIs) and innovative APIs (under patent protection) to be noncovalently 
bound with a wide range of organic compounds, forming new solid phases such as salts or cocrystals. 
These multicomponent crystals can enhance the physicochemical properties, processibility, and 
bioavailability of the APIs. The purpose of this research is to correlate vibrational (FTIR and Raman) 
spectroscopy studies with the thermal behavior of new molecular salts of the drug model pyridoxine (PN), 
using salt formers from the group of hydroxybenzoic acid derivatives known for their potent antioxidant 
activity. The coformers include syringic acid (SA) and ferulic acid (FA), synthesized through eco-friendly 
mechanochemical methods by treating bulk powders of their stoichiometric mixture with PN. The 
assigned vibrational modes and thermal behaviors of the pyridoxonium syringate (PN/SA) and 
pyridoxonium ferulate (PN/FA∙H2O) reveal the protonation of the pyridoxine N-atom in both salts 
structures. This protonation results in structural alterations in the crystal packing of the counterions, 
which exhibit unique spectral fingerprints and thermal profiles compared to the starting compounds. 
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МЕХАНОХЕМИСКА СИНТЕЗА И КАРАКТЕРИЗАЦИЈА НА МОЛЕКУЛСКИ СОЛИ  
НА ПИРИДОКСИН ВО ЦВРСТА СОСТОЈБА:  

ВИБРАЦИСКО-СПЕКТРОСКОПСКИ И ТЕРМИЧКИ СОГЛЕДУВАЊА 
 

Кристалниот инженеринг на мултикомпонентните кристали отвора можност генеричките 
активни фармацевтски соединенија (API), но и иновативните API (патентно заштитени), 
нековалентно да се поврзуваат со широк спектар на органски соединенија, образувајќи нови 
цврсти фази како што се соли или кокристали. Овие мултикомпонентни кристали можат да ги 
подобрат физикохемиските својства, способноста за процесирање, како и биорасположливоста на 
самото API. Целта на ова истражување беше да се корелираат резултатите од вибрациската 
(инфрацрвена и раманска) спектроскопија со оние добиени од термичкото однесување на нови 
молекулски соли на пиридоксин (PN) користен како моделен лек. Како коформери беа користени 
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соли на сирингинска киселина (SA) и ферулинска киселина (FA), кои се деривати на хидрок-
сибензоеска киселина, а се познати по својата моќна антиоксидантна активност. Кокристалите беа 
синтетизирани со еколошки механохемиски методи преку третман на прашок од секој коформер 
со PN во стехиометриски однос. Асигнираните вибрациски модови и термичкото однесување на 
добиените продукти, пиридоксониум сирингат (PN/SA) и пиридоксониум ферулат (PN/FA∙H2O), го 
потврдија протонирањето на N-атомот на пиридоксин во структурата на двете соли. Ова 
протонирање внесува структурнa променa на кристалното пакување на контра-јоните, што 
доведува до различни спектри и термички профили во споредба со оние на почетните соединенија. 
 
Клучни зборови: пиридоксин; молекулски соли; спектроскопија; својства на цврста состојба  

 
 

1. INTRODUCTION 
 

For marketing authorization, regulatory au-
thorities have approved 9 out of 10 new active 
pharmaceutical ingredients (APIs) as solid phases.1 
Moreover, among all new drug candidates in deve-
lopment pipelines, 60 % possess high molecular 
weight and lipophilic structures, which compro-
mise their bioavailability. Among pharmaceutical 
formulations, 65–70 % of the market share belongs 
to solid dosage forms, with 50 % of these com-
prising the salt forms of APIs.2 

However, the concept of rational API salifi-
cation remains constrained by decision-tree proces-
ses that prioritize empirical matching of pKa values 
with a limited range of soluble atomic or molecular 
counterions. These counterions must effectively 
deprotonate acidic drugs or protonate basic drugs 
in solutions with specific solvent polarities.3–10 
Despite achieving solubility in solution, isolating 
such salts as solid multicomponent phases with 
cocrystallized cations and anions is not always 
feasible.11–13 

Additionally, for toxicological compliance 
in pharmaceutical salts, the selection of acidic or 
basic salt formers extends to the GRAS (Generally 
Recognized as Safe) list of FDA-approved food 
additives. These additives can act as coformers in 
cocrystallization with various APIs, facilitating 
neutral, noncovalent interactions through hydrogen 
bonding rather than ionized interactions.14–18 Con-
sequently, the design of multicomponent solids 
relies on crystal engineering principles, where non-
covalent molecular recognition drives the bottom-
up building of supramolecular structures into 
single-phase multicomponent crystals.19,20 

This approach allows tailored design of 
crystals to modulate the properties of APIs, such as 
solid-state form, hygroscopicity, particle size and 
shape, flowability, solubility, and pharmacokinetic 
profile. These properties differ significantly when 
APIs are transformed into crystallized multicom-
ponent phases with selected coformers. The smal-
lest spatial motifs of noncovalent interactions, 

known as synthons, connect API and conformer 
molecules in stoichiometric ratios. These synthons 
are directional and repeatable patterns extending 
throughout the long range crystal lattice, defining 
the structures of multicomponent crystals.21–23 

Regulatory authorities use the degree of 
proton transfer in noncovalent interactions as a 
benchmark for defining pharmaceutical salts and 
cocrystals. Salts are characterized by a complete 
charge transfer between cocrystallized ion pairs, 
while cocrystals involve neutral APIs and 
conformers formed through non-ionic interac-
tions.24–26 However, the variety of molecular and 
crystal structures of APIs and coformers enables a 
continuum of multicomponent crystal forms, 
including salt cocrystals, ionic cocrystals, or zwit-
terionic cocrystals.27,28 

Many coformers from natural or botanical 
sources, which are included in the GRAS list and 
used in nutraceuticals or food-supplements, exhibit 
biological activity, such as antioxidative proper-
ties. These coformers can cocrystallize with APIs, 
enhancing the thermodynamic and chemical stabi-
lity of the native API and modulating its therape-
utical effects while maintaining dose regimen 
safety.29–31  

Contributing to the growing trend of 
cocrystallizing APIs with natural-source cofor-
mers, we report a mechanochemical method for the 
large-scale preparation and solid-state characteri-
zation of two molecular salts of pyridoxine: 
pyridoxonium syringate and pyridoxonium feru-
late. The crystal structures of these compounds 
were previously resolved during screening invol-
ving derivatives of hydroxybenzoic acid.32–34 

Pyridoxine (PN), widely known as vitamin 
B6, is commonly used in mono- or combination 
therapies and is commercially available only as the 
hydrochloride salt of its protonated pyridoxonium 
ation. In this study, pyridoxine served as the model 
API for exploring cocrystallization with syringic 
acid and ferulic acid. 

PN is a water-soluble compound and one of 
three structural analogs, along with pyridoxal (PL) 
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and pyridoxamine (PM), all of which are converted 
in the body to the active form, pyridoxal 5-
phosphate (P5P). The electron-withdrawing mole-
cular structure of P5P destabilizes the alpha-carbon 
atom, enabling its role as a coenzyme in reactions 
such as transamination, decarboxylation, and eli-
mination in amino acid, protein, carbohydrate, and 
lipid metabolism, as well as in neurotransmitter 
synthesis.35,36 

Hydrochloride salts, including pyridoxine 
hydrochloride, offer many advantages, such as 
increased gastric absorption,37 enhanced water 
solubility of protonated weak bases,5 improved 
salt-excipient compatibility, and low-cost produc-
tion using hydrochloric acid as a counterion.38 
However, they also present several drawbacks, in-
cluding corrosiveness during powder processing,38 
high hygroscopicity, and a tendency for dispropor-
tionation.39 This is accompanied by volatility and 
drug precipitation under acidic pH conditions due 
to the common-ion effect.5,40 Additionally, poly-
morphic diversity41 and alternated pharmacokinetic 
profiles37 complicate the development of hydro-
chloride salts. 

To address these challenges, there is gro-
wing interest in the holistic approach to developing 
molecular salts of a pyridoxine-free base with 
counterions from natural organic acids that also 
possess therapeutic properties, potentially adding 
value to pyridoxine use. For example, syringic acid 
(SA) and ferulic acid (FA) are phenolic com-
pounds of natural origin with many therapeutic 
properties, including antioxidative. This activity is 
attributed to the stabilization of their phenolic rings 
through electron-donating methoxy groups.42,43 
The extended conjugation in the side chain of FA 
enhances its ability to quench resonance-stabilized 

phenoxy-free radicals, making FA an effective 
membrane antioxidant that scavenges free radical 
superoxide anions and inhibits lipid peroxidation.44 

Beyond their antioxidant activities, SA and 
FA demonstrate therapeutic potential through their 
capacity to modulate the dynamics of proteins, 
transcriptional factors, growth factors, and sign-
aling molecules as biological targets in diseases 
such as diabetes, cardiovascular diseases, cancer, 
cerebral ischemia, neurodegenerative disorders, 
and liver damage. They also exhibit antimicrobial, 
anti-inflammatory, and antiendotoxic effects.43 For 
instance, microencapsulation of pyridoxine in FA-
grafted chitosan microspheres has confirmed its 
anti-inflammatory activity and potential as a novel 
dietary supplement or a functional food ingre-
dient.45 Furthermore, the synergistic potential of 
vitamin B6 with other antioxidants is demonstrated 
in studies such as the influence of B6 vitamins on 
the antioxidant activity of catechins (polyphenols 
in green tea extract) using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay.46 This paves the way 
for exploring the synergistic effects between 
pyridoxine and syringic acid and ferulic acid.  

An innovative aspect of this research is the 
application of an eco-friendly mechanochemical 
treatment to solid binary mixtures of PN with SA 
or FA in stoichiometric ratios. This approach 
enables thermomechanical activation of the surface 
of the solid particles, facilitating their conversion 
into pyridoxonium syringate (PN/SA, Fig. 1a) and 
pyridoxonium ferulate (PN/FA·H2O, Fig. 1b) salts, 
respectively. By avoiding the use of toxic organic 
solvents typically used in conventional organic 
synthesis, this method significantly reduces envi-
ronmental and health risks. 

 
 

 
 

Fig. 1. ORTEP view of: (a) PN/SA and (b) PN/FA·H2O with displacement ellipsoids drawn at the 40 % probability level.  
Hydrogen bonds are drawn as dashed lines.34 

 
 

This study extends on previously determined 
crystallographic structures of these salts,34 shifting 
the focus to a sustainable synthesis approach and 

its potential benefits. Furthermore, the authenticity 
of these salts was rigorously confirmed through X-
ray powder diffraction, with the results meti-
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culously correlated to structures derived from single-
crystal growth. Beyond structural characterization, 
the study provides a comprehensive analysis 
integrating experimental vibrational spectroscopy 
with theoretical simulations, shedding light on the 
unique intermolecular interactions in these salts. 

Finally, detailed thermal profiling was 
performed to evaluate their stability and decompo-
sition behavior, advancing our understanding of 
their physicochemical properties and further 
highlighting the uniqueness of this research. 

 
 

2. EXPERIMENTAL SECTION 
 

2.1. Material and methods 
 

The pyridoxine-free base (PN) was isolated by 
treating an aqueous solution of PN hydrochloride 
with an equimolar amount of NaHCO3, followed by a 
two-step liquid-liquid extraction using methylene 
chloride. The methylene chloride extract was dried 
over anhydrous MgSO4 before roto-evaporation of 
the solvent, yielding a white solid phase confirmed as 
pyridoxine-free base. SA, FA, and all other 
substances were commercially available (Sigma-
Aldrich) and used without further purification. 
Solvents of analytical or chromatographic grade were 
obtained from a local supplier (Alkaloid AD). 
 
2.2. Mechanochemical synthesis of pharmaceutical 

salts: pyridoxonium syringate (PN/SA) and 
pyridoxonium ferulate monohydrate (PN/FA∙H2O) 

 
Manual mechanochemical grinding was 

performed separately for two mixtures: Mixture 1 
– PN and SA in a 1:1 stoichiometric ratio of PN 
(44.3 mg, 0.1 mmol) and SA (52 mg, 0.1 mmol); 
and Mixture 2 – PN and FA in a 1:1 stoichiometric 
ratio of PN (66.21 mg, 0.1 mmol) and FA (76 mg, 
0.1 mmol). Each mixture was ground in a mortar 
with pestle, and a few drops of 70% v/v ethanol 
were added to convert the powders into pastes 
during a kneading process that lasted 15 min. The 
resulting solid mixtures were then left to dry 
overnight in a desiccator. 
 

2.3. X-ray powder diffraction 
 

The reproducibility of the two preparation 
procedures (single-crystal growth vs. bulk powder 
synthesis) was optimized by comparing the calcu-
lated diffractograms of single crystals47 with the X-
ray powder diffraction (XRPD) patterns of the 
mechanochemically synthesized PN/SA and 
PN/FA∙H2O samples. 

X-ray powder diffraction measurements were 
carried using a Rigaku Ultima IV diffractometer 
equipped with a CuKα source (λ = 1.54178 Å) gen-
erated by an X-ray tube operating at 40 kV and a 
current of 40 mA. The Kβ filter was employed, and 
the following optical components were used: a 2/3° 
divergence slit, a 10 mm divergence height slit, and 
an 8 mm scattering slit. Diffraction data were col-
lected over a 2θ range of 4º to 50º at a constant 
scanning rate of 4°/min, utilizing a high-speed posi-
tion-sensitive linear (1D) D/teX Ultra detector. 
 

2.4. Vibrational spectroscopic analysis 
 

The Varian-660 Fourier transform infrared 
(FTIR) spectrometer was used to acquire the FTIR 
spectra. Attenuated total reflectance (ATR) spectra 
were collected at a resolution 4 cm−1, with 16 scans 
per spectrum at room temperature and 5 scans per 
spectrum for temperature-resolved measurements. 
The GladiATR module with a diamond crystal 
(PIKE Technologies) was used for these analyses.  

Raman spectra at room temperature (20 °C) 
were recorded using a Horiba JobinYvon LabRam 
300 micro-Raman multichannel spectrometer. An 
Olympus MPlanN confocal microscope with a ×50 
long-distance objective was chosen for magnifica-
tion. The position on the sample surface was ad-
justed with a motorized x-y stage. 

The Raman effect was obtained using the 
632.8 nm line of a He:Ne laser at a power of 1.9 
mW. Backscattered radiation was analyzed in a 
180° configuration using an 1800 lines/mm grating 
monochromator. Raman intensities were collected 
with a thermoelectrically cooled CCD array detec-
tor. The wavenumber accuracy was ±1 cm–1, cali-
brated using the Rayleigh line and the 520.5 cm–1 
line of the Si standard.  

FTIR and Raman spectra were recorded in 
the wavenumber regions of 4000 – 540 cm−1 and 
4000 – 100 cm−1, respectively. 
 

2.5. Thermal analysis 
 

Differential scanning calorimetry (DSC) 
measurements were performed using a Netzsch 
DSC 204 F1 Phoenix instrument, with samples (2 
– 3 mg) placed in pierced aluminum pans, under a 
dynamic nitrogen atmosphere (30 ml/min). 
Samples were heated from room temperature to 
200 °C or higher, depending on their thermal 
stability, at a heating rate of 10 °C/min.  

Thermogravimetric (TG)/DTG analyses were 
performed on a Netzsch TG 209 F1 Iris thermograv-
imetric analyzer, with open Al2O3 sample pans. The 
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temperature range for the analyses was 25 – 300 °C 
or 25 – 400 °C, depending on the thermal stability of 
the samples, at a heating rate of 10 °C/min, under 
dynamic nitrogen atmosphere (30 ml/min).  
 

2.6. Density functional tight binding (DFTB)  
calculations 

 
In the present study, we employed the 

density functional tight binding (DFTB) method.48 

The choice of this methodology was dictated by 
the size of the studied systems. It is compu-
tationally feasible and still sufficiently accurate to 
derive chemically relevant conclusions concerning 
molecular structure and dynamics features. 

As an approximation to the exact Kohn-
Sham (KS) method, the DFTB method shares 
common features with essentially all tight binding 
methods. The coefficients of the Linear combi-
nation of atomic orbitals-molecular orbital 
(LCAO-MO) expansion are obtained by solving 
the KS secular-type equation: 

 

∑ 𝑐ఔ௜൫𝐻ఓఔ − 𝜀௜𝑆ఓఔ൯ = 0ఔ ;  ∀𝜇, 𝑖        (1) 
 

where Sv is the overlap matrix element, and the 
Hamiltonian matrix elements Hv explicitly depend 
on the Mulliken charges. As these are dependent 
on the MO coefficients, equation (1) needs to be 
solved in a self-consistent manner. The Slater-
Koster approach, implemented in this study, uses 
precomputed values of Hv, along with tabulated 
values of the overlap matrix elements for different 
distances. 

Different variants of the DFTB method have 
been derived from expanding the electron 
density(r) around a reference density 0(r) in a 
perturbation-like manner: 

 

𝜌(𝑟) = 𝜌଴(𝑟) + 𝛿𝜌(𝑟)               (2) 
 

From equation (2), one can derive the Taylor 
expansion of the energy functional: 

 

    𝐸[𝜌(𝑟)] = 𝐸[𝜌଴(𝑟)] + ∫ ቀ
ఋா[ఘ(௥)]

ఋఘ(௥)
ቁ

ఘబ

𝛿𝜌(𝑟) +

                   
ଵ

ଶ
∬ ቀ

ఋమா[ఘ(௥)]

ఋఘ(௥)ఋఘ(௥ᇱ)
ቁ

ఘబ

𝛿𝜌(𝑟)𝛿𝜌(𝑟′) + . ..  (3) (3) 

 

In this study, we employed the third order 
DFTB method (DFTB3), which expands the total 
electronic energy in a Taylor series up to the third 
order with respect to charge fluctuations:49  

 

     𝐸ୈ୊୘୆ଷ = ∑ 𝑛௜ ∑ 𝑐ఓ௜ఓఔ 𝑐ఔ௜𝐻ఓఔ
଴

௜ +

       
ଵ

ଶ
∑ Δ𝑞௔Δ𝑞௕𝛾௔௕௔௕ +

ଵ

ଷ
∑ Δ𝑞௔

ଶΔ𝑞௕Γ௔௕௔௕ + 𝐸୰ୣ୮   (4) 

where ci and cvi are the wavefunction expansion 
coefficients, Hv

0 are the Hamiltonian matrix 
elements, and qa and qb, represent charge 
fluctuation at sites (atoms) a and b, respectively. 
Erep is the short-range repulsive energy term. The 
term Γ௔௕ is the derivative:  
 

        Γ௔௕ =  ቀ
డఊೌ್

డ௤ೌ
ቁ

௤ೌ
బ

= ቀ
డఊೌ್

డ௎ೌ

డ௎ೌ

డ௤ೌ
ቁ

௤ೌ
బ

, 𝑎 ≠ 𝑏    (5) 

 

The function ab represents the Coulomb 
repulsion between the density fluctuations (consi-
dering spherically constrained atomic densities) 
and is given by: 

 

𝛾௔௕ =
ଵ

௥ೌ್
− 𝑆(𝑟௔௕, 𝑈௔ , 𝑈௕) ∙ ℎ(𝑟௔௕ , 𝑈௔ , 𝑈௕)…(6) 

 

where S is a short-range function introduced to 
ensure the correct convergence behavior of  as rab 
 0, while h is a damping function. The parameters 
Ua and Ub denote the corresponding Hubbard 
parameters for atoms a and b, respectively. 

The DFTB+ code50 was used for all DFTB 
computations in the present study. The 3ob Slater-
Koster parameter set for bio- and organic 
molecules was used throughout the calculations.51–

53 Optimization of the atomic positions in the unit 
cell of the investigated 3D periodic system was 
conducted using a rational function-based opti-
mization algorithm. After carefully testing (con-
trolling) the convergence of energy, which was 
better than 10–4 eV, as well as the convergence of 
the geometry parameters, the productive calcu-
lations were performed with the -point-centered 8 
 8  8 Monkhorst-Pack k-point grids’ sampling. 
Charge self-consistent (SCC) tolerance was set to 
10−8 a.u. during geometry optimizations and at 10−8 
a.u. for Hessian computations.54 

 
3. RESULTS AND DISCUSION 

 
3.1. Authentication of the mechanically synthesized 

salts by XRPD with single crystals of the corre-
sponding compounds 

 
The calculated X-ray patterns of PN/SA and 

PN/FA∙H2O, obtained from single crystals,47 were 
compared with the experimental patterns of solid 
samples prepared by mechanochemistry. The XRPD 
pattern of the sample obtained from mixture 1 cor-
responded to the theoretical XRD pattern generated 
from the CIF of pyridoxonium syringate, PN/SA 
(Figure 1S). In contrast, mechanosynthesis of mix-
ture 2 resulted in cocrystallization into a salt whose 
structural identity corresponded to pyridoxonium 
ferulate monohydrate (PN/FA∙H2O, Fig. 2S). 
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3.2. IR/Raman spectra 
 

3.2.1. Deprotonated pyridoxine (neutral base), PN 
 

Characteristic vibrational bands in the FTIR 
spectra of deprotonated PN (neutral base as a drug 
model), the conformers SA and FA, and their cor-

responding salts (where the pyridoxonium cation is 
protonated) are shown in Figures 2 and 3, respec-
tively. The Raman spectra of these compounds are 
presented in Figure 4, while the characteristic bands 
in the FTIR and Raman spectra of all compounds 
are given in Tables 1S and 2S. 

 
 

 
 

Fig. 2. FTIR spectra of PN, SA, PN/SA (physical mixture), and PN/SA (salt) 
 
 

 
 

Fig. 3. FTIR spectra of PN, FA, PN/FA (physical mixture), and PN/FA∙H2O (salt) 
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Fig. 4. Raman spectra of PN, SA, PN/SA salt, FA, and PN/FA∙H2O salt 
 

3.2.1.1. CH3 group vibrational modes 

The CH stretching vibrations occur in the 
3100 – 3000 cm−1 range for aromatic structures, 
with bands in this region attributed to pure and 
highly localized modes that remain unaffected by 
the nature of the substituents.55 Asymmetric and 
symmetric CH3 stretching modes are assigned in 
the 2992 – 2818 cm−1 region in the FTIR and 
Raman spectra of PN, PN/SA, and PN/FA∙H2O 
salts. Additionally, bending modes are observed 
around 1460 cm−1 (Tables 1S and 2S).  

Our DFTB calculations predict a series of 
bands for methyl group stretching modes with 
centroids at 2987 cm–1, 2873 cm–1, and 2850 cm–1. 
The corresponding bending modes are predicted to 
appear at 1523 cm–1 and 1487 cm−1.  
 

3.2.1.2. C‒H group bands 
 

The CH stretching bands for pyridine are 
observed in the 3095 – 3030 cm–1 range.56 In-plane 
and out-of-plane bending vibrations, evidenced at 
1459/1448 cm–1 (Raman) and 884 cm–1 (FTIR) for 
PN57,58 are shifted to higher wavenumbers in the 
spectra for PN/SA and PN/FA∙H2O salts (Tables 
1S and 2S). The planar C‒H bending vibrations are 
observed in the 1350 – 950 cm–1 region.58 

DFTB predictions align with these empirical 
assignments, with the C–H stretching band cen-
troid predicted at 3072 cm−1, the in-plane bending 
at 1465 cm−1, and the out-of-plane bending mode 
at 834 cm−1. 

 
3.2.1.3. Pyridine ring bands 

 
The pyridine ring exhibits six stretching 

modes: five in the 1650 – 1200 cm–1 region, which 
are affected by the molecular structure of the 
substituents to the ring, and one in the 1100 – 600 
cm–1 region, known as ring breathing, which is also 
influenced by the substituents.59 In the Raman 
spectrum (Fig. 4, Table 2S), stretching vibrational 
modes of the PN ring [ν(C3–C4), ν(C2–C3), and 
ν(C4–C5)] are observed at 1620 cm–1, 1560 cm–1, 
and 1040 cm–1, respectively. 

Out-of-plane ring deformations are assigned 
at 749/741 cm–1 and 544 cm–1 in the Raman 
spectrum of PN (Table 2S), while an in-plane ring 
deformation band appears at 478 cm–1. In the FTIR 
spectrum of PN, these bands appear are observed 
in the 926 – 573 cm–1 range (Table 1S). However, 
these modes are not clearly evident in the spectra 
of PN/SA and PN/FA∙H2O due to coupling 
interference with other modes arising from the 
coformer structural units. 

Two stretching vibrations, ν(C2–C6 ) and 
ν(C3–C7), produce Raman bands at 1020 cm–1 and 
924 cm–1, respectively, while two medium-to-
strong deformation modes, γ(C3‒C7) and τ(C5‒
C8), appear at 273 cm–1 and 113 cm–1 for PN, 
respectively (Table 2S). 

Our DFTB calculations align well with these 
empirical assignments. The C–C stretching modes 
within the pyridine ring are predicted to result in 
bands with centroids at 1645 cm–1, 1585 cm–1, 1045 
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cm–1, 978 cm–1, and 900 cm–1, followed by in-plane 
deformations at 823 cm–1 and 734 cm–1 and out-of-
plane deformations at 432 cm–1 and 328 cm−1. 
 

3.2.1.4. CH2 bands 

The deformation bands for the modes δ(C6–
H), δ(C7–H), and δ(C6–H) are observed at 1083 
cm–1, 1052 cm–1, and 955 cm–1 in the PN FTIR 
spectrum, respectively (Table 1S).  

The corresponding DFTB predictions are 
1105 cm–1, 1097 cm–1, and 1044 cm–1, respectively. 
 

3.2.1.5. C‒OH bands 

The C4‒OH group vibration in the pyridine 
ring is characterized by its bending vibrations, 
β(C4‒O3) and γ(C4‒O3), observed at 517 cm–1 
and 571 cm–1, respectively, and a torsion mode, 
τ(C4–O3), at 692 cm–1 in the Raman spectrum of 
PN (Table 2S, Fig. 4). 

The corresponding DFTB-predicted values 
are 623 cm–1, 561 cm–1, and 495 cm–1, respectively. 
 

3.2.2. Syringic acid (SA) and PN/SA salt 

The absence of a center of symmetry in the 
studied salts contributes to their fundamental 
activity in both FTIR and Raman spectra (Fig. 2 
and Fig. 4; Tables 1S and 2S).  

Two broad bands at 3357 cm−1 and 3216 cm−1 
in SA, which also appear with weak intensities in 
the FTIR spectrum of the PN/SA physical mixture 
(Fig. 2), are related to the vibrational stretching 
ν(O–H) in the carboxylic group (COOH) and the 
phenol moiety. These bands diminish in the 
spectrum of PN/SA salt, indicating that the 
carboxylic and phenol groups participate in salt 
formation with the PN molecule via hydrogen 
bonding interactions. 

Additionally, weak bands at 3412 cm−1 and 
3343 cm−1 in the PN/SA salt, as well as at 3216 
cm−1 in SA (absent in the formed salt). The shifting 
of bands to 3007 cm–1 for SA, 2970 cm−1 for the 
PN/SA salt, 2938 cm−1 also for SA, and 2930 cm−1 
for the PN/SA salt, further confirms hydrogen 
bonding interactions in the salt (Fig. 2, Table 1S).60  

The molecular structure of SA, as observed 
in the FTIR spectrum, reveals strong, broad bands 
in the 1200 – 1000 cm−1 range due to ν(C–O), ν(C–
C), and in-plane β(C–H) vibrations. The in-plane 
C–H vibrations also extend over a broader range of 
1450 – 1000 cm−1, while strong out-of-plane C–H 
motions in aromatic compounds are observed in 
the 1000 – 750 cm−1 range (Figure 2, Table 1S). In 
the narrow range of 1420 – 1300 cm−1, β(O–H) in-

plane deformations, coupled with C–H bending 
and ring-stretching vibrations, appear as very 
broad bands. Additionally, the region between 710 
– 520 cm−1 is generally associated with out-of-
plane bending vibrations of the O–H group, 
characteristic of alcohols and phenols.61,62 

The FTIR spectrum of SA is characterized 
by narrow, medium-intensity bands in the 1456 – 
1317 cm−1 range, primarily attributed to in-plane 
deformations associated with the presence of 
methyl groups in its structure. Additionally, a band 
at 1692 cm−1, occurring as a strong band in the 
spectra of SA and a weak band in the PN/SA 
physical mixture, is related to ν(C=O) vibrations. 
This band is absent in the FTIR spectrum of the 
PN/SA salt, indicating that deprotonation of the 
carboxyl group has occurred (Fig. 2). As a result, 
charge delocalization across the carboxylate anion 
(toward O4 and O5) forms two hydrogen bonds 
with the PN molecule from tetrameric rings A and 
B in the crystal structure of this salt.34  

Comparing the Raman stretching vibrations 
related to the aromatic rings, in the 1650 – 1200 
cm−1 range, we see a ring stretching band at 1614 
cm−1 with a shoulder at 1593 cm−1, and 
banding/scissoring δ(C–OH) and δ(CH3) vibrati-
ons at 1515 cm−1 and 1455 cm−1, respectively, 
appear in the FTIR spectra of both SA and the 
PN/SA physical mixture as strong and weak bands. 
Moreover, the PN/SA salt exhibits a strong band at 
1565 cm−1, along with slightly shifted weak bands 
at lower wavenumbers, 1513 cm−1 and 1464 cm−1 
(Fig. 2 and Fig. 4, Tables 1S, 2S).  

Strong FTIR bands in the 1260 – 1000 cm−1 
region correspond to ν(C–O) stretching vibrations, 
which are also coupled with the adjacent ν(C–C) 
vibrations. A doublet band at 1194 /1173 cm−1 and 
at 1101 cm−1, strong for SA and weak for the 
PN/SA physical mixture, are observed in this 
region. In contrast, in the FTIR spectrum of the 
PN/SA salt, the former bands are intense and 
shifted to 1198 cm−1, being accompanied by very 
weak shoulders at 1213 cm−1 and 1181 cm−1, as 
well as a strong doublet at 1112/1097 cm−1.  

The FTIR band at 767 cm−1 and the doublet 
at 685/668 cm−1 in the SA and PN/SA physical 
mixture spectra are shifted to 786 cm−1 and to 674 
cm−1 in the spectrum of the PN/SA salt. These 
bands correspond to out-of-plane bending and 
twisting deformations of the O–H group.  

The Raman spectrum of SA shows bands 
due to C–H stretching vibrations at 2856/2833 
cm−1 (doublet), 2973 cm−1, and 2943 cm−1. These 
bands are absent in the Raman spectra of the 
PN/SA salt. 
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Two weak Raman bands related to aromatic 
C–H modes in SA, at 3096 cm−1 with a shoulder at 
3083 cm−1, are shifted in the spectrum of the PN/SA 
salt to a medium-intensity doublet 3083/3080 cm−1, 
accompanied by an additional very weak band at 
3065 cm−1. The most intense ν(C–H) band at 3034 
cm−1 (SA) does not appear in the PN/SA salt 
spectrum, where the strongest band is shifted to a 
lower wavenumber (2929 cm−1) and accompanied by 
medium-intensity bands at 3029 cm−1 and 3002 cm−1 
(Table 2S). This band in the FTIR spectra of SA and 
the PN/SA physical mixture is seen at 3028 cm−1 but 
is shifted to a lower wavenumber (3000 cm−1) as a 
medium-intensity signal in the PN/SA salt. 

Moreover, two broad peaks at 3357 cm−1 and 
3216 cm−1 in SA and PN/SA physical mixture, attri-
buted to the stretching ν(O–H) mode from the car-
boxylic group (COOH) and phenol moiety, diminish 
in the spectrum of the PN/SA salt. This indicates that 
carboxylic and phenol groups participate in salt 
formation with PN molecules through hydrogen 
bonding interactions (Fig. 4, Table 2S).  

The strong band at 1698 cm−1 in the Raman 
spectrum of SA, assigned to ν(C=O), is absent in 
the corresponding spectrum of the PN/SA salt (Fig. 
4, Table 2S).  
 

3.2.2.1. C–H vibrations 

The C–H stretching vibrations in the range 
of 3100 – 3000 cm−1 are a typical spectral 
fingerprint for aromatic compounds.64 Two weak 
bands assigned to aromatic C–H modes in the 
Raman spectra of SA, observed at 3096 cm−1 with 
a shoulder at 3083 cm−1, are shifted to a medium-
intensity doublet at 3083/3080 cm−1 and an 
additional very weak band at 3065 cm−1 in the 
spectra of the PN/SA salt. The most intense 
aromatic ν(C–H) band found at 3034 cm−1 in the 
Raman spectra for SA is largely suppressed in the 
PN/SA salt, where the strongest band from C–H 
stretching vibrations occurs at 2929 cm−1, 
accompanied by medium-intensity aromatic ν(C–
H) bands at 3002 and 3029 cm−1 (Fig. 4, Table 2S).  

In substituted benzenes, in-plane C–H 
bending vibrations occur in the frequency range of 
1300 – 1000 cm−1, while out-of-plane bending 
vibrations appear in the frequency range of 1000 – 
750 cm−1.65,66 
 

3.2.2.2. Benzene/aromatic ring vibrations 
 

The C–C stretching ring vibrations are 
expected to appear in the region from 1600 cm−1 to 
1585 cm−1. Additionally, the C–C stretching 

vibrations of the ring is also expected to appear 
between 1500 cm−1 and 1400 cm−1. The stretching 
vibrations related to the aromatic rings in the SA 
and PN/SA physical mixture appear in the Raman 
spectra in the 1650 – 1200 cm−1 range, whereas the 
ring stretching band at 1614 cm−1, and its shoulder 
at 1593 cm−1 appear in their corresponding FTIR 
spectra as strong and weak bands, respectively. 

On the other hand, the PN/SA salt exhibits a 
medium band at 1565 cm−1, as well as slightly 
shifted weak bands at lower wavenumbers of 1513 
cm−1 and 1464 cm−1 (Table 1S). The ring-stretching 
mode is evidenced by a strong band in the Raman 
spectra of both SA and PN/SA salt at 1591 cm−1. 
The weak bands in the SA at 1515 cm−1, 1466 cm−1, 
1441 cm−1, 1319 cm−1, and 1258 cm−1 shift to weak 
bands at 1459 cm−1 and 1418 cm−1, a medium-
intensity band at 1393 cm−1, a strong band at 1347 
cm−1, and a medium-intensity band at 1235 cm−1 
band in the PN/SA salt. Our DFTB calculations 
predict ring-stretching band appearance at 1530 cm–1. 

The C–H Raman bending modes of the 
methyl groups and the aromatic C–C–H defor-
mations67 in the SA are observed as weak doublet 
bands at 1183/1177 cm−1, a singlet at 1099 cm−1, 
and a strong doublet at 1195/1173 cm−1 and 1101 
cm−1. In the PN/SA salt, these bands are shifted to 
weak bands at 1111 cm−1 and 1049 cm−1 (Raman), 
and to 1111/1098 cm−1 and 1048 cm−1 (FTIR) 
(Tables 1S and 2S). Our DFTB calculations predict 
a band at similar wavenumber of 1074 cm–1. 

Vibrational modes with wavenumber below 
1000 cm−1 have contributions from several internal 
coordinates related to angle and dihedral angle 
deformations. Therefore, the strong ν(C‒COOH), 
γ(CH), weak γ(CH) + γ(OH), and γ(OH) modes at 
935 cm−1, 801 cm−1, 735 cm−1, and 691 cm−1, 
respectively, as a Raman fingerprint for SA, are 
shifted to medium-intensity bands at 912 cm−1, 
strong bands at 806 cm−1 and 739, and medium 
bands 687 cm−1 in the spectrum of the PN/SA salt 
(Table 2S). These modes also appear in the FTIR 
spectrum of SA as strong bands at 1018/994 cm−1, 
766 cm−1, and 685/688 cm−1, which are shifted to 
bands of the same intensity at 742 cm−1, but 
weaker at 674 cm−1 in the PN/SA salt (Table 1S). 

Additionally, out-of-plane ring bending, 
γ(ring), assigned as bands at 582 cm−1, 541 cm−1, 
478 cm−1 (weak), as well as out-of-plane-bending 
γ(C‒C‒C) at 296 cm−1 in the Raman spectrum of 
SA, emerge in the spectrum of the PN/SA at 585 
cm−1, a doublet at 541/536 cm−1, and additional 
bands at 509 cm−1, 495 cm−1, and 408 cm−1 for 
γ(ring), and at 159 cm−1 for γ(C‒C‒C). The broad 
torsional vibration mode for the PN/SA salt 
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appears at 574 cm−1 in the Raman spectrum and at 
575 cm−1 in the FTIR spectrum (Table 1S and 2S). 
According to our DFTB predictions, the ring 
breathing mode is expected to appear at 910 cm–1, 
while ring torsions are predicted at 595 cm−1, 540 
cm−1, 897 cm−1, and 912 cm−1. 
 

3.2.2.3. CH3 vibrations 
 

The stretching CH3 modes characteristic of 
Raman in the 3050 – 2900 cm−1 range for SA, 
attributed to the two methoxy groups (O–CH3), 
appear as a doublet at 2856/2833 cm−1 and at 2973 
cm−1 and 2943 cm−1 for symmetric and asymmetric 
stretching, respectively. These bands are absent in the 
Raman spectra of the PN/SA salt (Table 2S). Two 
weak Raman bands related to aromatic C–H modes 
in SA, observed at 3096 cm−1 with a shoulder at 3083 
cm−1, are shifted to a medium-intensity doublet at 
3083/3080 cm−1, with an additional very weak band 
at 3065 cm−1 in the spectrum of the PN/SA salt. The 
two medium-intensity asymmetric stretching modes 
in the Raman spectra at 2972 cm−1 and 3029 cm−1, as 
well as the symmetric mode at 3040 cm–1 in the SA 
spectrum are shifted to 2969 cm−1, 2999 cm−1, and 
2930 cm−1 in the corresponding spectrum of the 
PN/SA salt, respectively (Table 2S)1.  

The FTIR spectrum of SA is characterized 
by narrow, medium-intensity bands in the range of 
1456 – 1317 cm−1, attributed mainly to in-plane 
deformations associated with the presence of 
methyl groups in its structure (Table 1S). The out-
of-plane bending mode of H–C–H in CH3 group is 
assigned to the strong band at 1455 cm−1, which 
shifts to a medium-intensity band at 1465 cm−1 in 
the FTIR spectrum. DFTB calculations predict 
similar general trends, with in-plane deformations 
appearing at 1483 cm−1 and 1425 cm−1, and 
stretching vibrations at 3072 cm−1, 3034 cm−1, 
1487 cm−1, and 1439 cm−1. 
 

3.2.2.4. C=O vibrations 
 

The C=O stretching vibrations affect the 
dipole moment, resulting in a prominent peak in the 
FTIR spectra in the region of 1750 – 1650 cm−1.68 An 
intramolecular charge transfer from the donor to the 
acceptor group through a conjugated single-double 
bond pathway causes changes in the dipole moment 
and molecular polarizability, which, in turn, influence 
the FTIR and Raman characteristics. The C=O 
stretching mode is evidenced by the high values of 
computed FTIR intensity and Raman activity, which 
shows simultaneous activation of both FTIR and 
Raman modes, and reflects the charge transfer 

interaction between the donor and acceptor via the 
conjugated path. Our DFTB calculations support 
these observations, with the C=O stretching band 
centroid predicted to appear at 1687 cm–1.  

A strong band at 1692 cm−1 in the SA spec-
trum, with weak intensity in the PN/SA physical 
mixture, is associated with ν(C=O) vibrations. This 
band vanishes in the FTIR spectrum of the PN/SA 
salt (Figure 2), indicating complete deprotonation of 
the carboxyl group. Consequently, charge 
delocalization across the carboxylate anion (toward 
O4 and O5) forms two hydrogen bonds with the PN 
molecule, resulting in tetrameric rings A and B in 
the crystal structure of this salt.34 The absence of the 
1696 cm−1 band in the Raman spectrum of the 
PN/SA salt (Fig. 4, Table 2S), while it is present in 
the surface enhanced Raman spectrum (SERS) of 
SA63, confirms the deprotonation of carboxylic 
group and the presence of a carboxylate counterion 
in the structure of the PN/SA salt. Additionally, the 
strong and weak bands at 1591 cm–1 in the Raman 
and FTIR spectra of SA, as well as the strong 
(Raman) and weak (FTIR) band at 1392 cm–1 in 
PN/SA, confirms the existence of the carboxylate 
symmetric mode due to charge delocalization 
(Tables 1S and 2S, Fig. 2).  

In general, strong bands in the 1260 – 1000 
cm−1 region correspond to ν(C–O) stretching 
vibrations, which are also coupled with the 
adjacent ν(C–C) vibrations in the FTIR spectra. In 
this range, a doublet band at 1194/1173 cm−1 and 
1101 cm−1 is strong for SA and weak for the 
PN/SA physical mixture, respectively. In the FTIR 
spectrum of the PN/SA salt, these signals are 
recorded as intense bands shifted to 1198 cm−1, 
accompanied by very weak shoulders at 1213 cm−1 
and 1181 cm−1, as well as a strong doublet band at 
1112/1097 cm−1 (Table 1S).  

Very intense bands at 767 cm−1 and a doublet 
at 685/668 cm−1 in the Raman spectrum of SA, 
which appear as weak bands in the PN/SA physical 
mixture, are shifted, resulting in an intense 
maximum at 786 cm−1 and weak counterpart at 674 
cm−1 in the corresponding FTIR spectrum of the 
PN/SA salt. These bands are assigned to the out-of-
plane bending vibrations of the O–H group.  

The strong band at 1698 cm−1 in the Raman 
spectrum of SA, assigned to ν(C=O) is not 
observed in the corresponding spectrum of the 
PN/SA salt (Figure 4). However, the strong band at 
1591 cm−1, related to ring stretching and bending 
of C–H and C–O, appears in both spectra of the 
compounds. This suggests that SA molecules do 
not form dimers and exist in their carboxylate form 
in the PN/SA salt (Table 2S).60,63 
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Very intense bands at 767 cm−1 and a 
doublet at 685/668 cm−1 in the FTIR spectra of SA 
(weak in the PN/SA physical mixture) are shifted 
to 786 cm−1 and 674 cm−1 in the PN/SA salt, and 
are attributed to out-of-plane O–H bending 
vibrations (Fig. 2).  

For the PN/SA salt, the computed C–H bond 
length is 1.079 – 1.095 Å, while the experimental 
value ranges from 0.930 – 0.961 Å. The carboxylate 
C=O distance is 1.213 Å and C–O distance is 1.325 
Å by experiment, with the corresponding calculated 
values being 1.212 Å and 1.362 Å, respectively. The 
O–H distance is observed as 0.820 Å and calculated 
as 0.968 Å by DFT, indicating that the two O–H 
bonds in syringic acid are involved in inter-
molecular hydrogen bonding, stabilizing the 
structure. The O7–C13 distance is 1.362 Å/1.368 Å, 
as confirmed by DFT calculations and experiment, 
respectively. Similarly, the O8–C12 distance is 
1.372 Å/1.359 Å, as observed by the DFT method 
and experiment, respectively.69 For syringic acid, the 
C–C–C bond angles of the benzene ring range from 
118.94° and 120.77°, which closely match the DFT 
results of 119.4° to 120.9°. The carboxylate angle 
O4–C9–O5 calculated by DFT is 121.40°, while the 
experimental value is 122.47°. The tetrahedral angle 
O–CH3 in the salt structure is 109.5°, which agrees 
closely with the experimental value.34 The dihedral 
angle shows that the entire syringic acid molecule is 
planar,34 with a small deviation observed by 2.6°, 
from the adjacent PN molecule (Fig. 1a). 

 
3.2.3. Ferulic acid and PN/FA∙H2O salt 

 
The wavenumbers, intensities, and band 

assignments occurring in the FTIR and Raman 
spectra of ferulic acid and the studied PN/FA∙H2O 
salt are provided in Tables 1S and 2S and 
illustrated in Figures 3 and 4.  
 

3.2.3.1. O–H vibrations 
 

The band assigned to the ν(OH)Ar stretching 
vibrations of the substituent on the ring in the 
FTIR spectrum of FA appears at 3437 cm−1, while 
it is registered at 3459 cm−1 in the spectrum of the 
PN/FA∙H2O salt (Figure 3). This obvious band 
shift indicates hydrogen bond interactions with the 
cocrystallized water molecules that interact with 
the layers in the crystal structure of the salt.34 The 
hydrogen bonding effect through the hydroxyl 
group also leads to a dimer conformation, with the 
OH stretching mode calculated at 3283 cm−1, 
which is much closer to the FTIR experimental 
observation at 3437 cm−1 for FA (Fig. 3, Table 1S). 

The high polarity of this functional group (O6–H) 
influences the stretching vibrational mode in the 
Raman spectrum of FA at 3437 cm−1 (very weak), 
which is absent in the corresponding spectrum of 
the PN/FA∙H2O salt (Fig. 4 and Table 2S).  

The O–H in-plane bending vibrations in 
phenols is a characteristic mode that occurs in the 
1250 – 1150 cm−1 region. This mode is less 
sensitive due to the weak hydrogen bonding of the 
hydroxyl group compared to its stretching and out-
of-plane bending modes.70 The weak band assigned 
to the O6–H in-plane bending vibration in the 
FTIR spectrum of FA at 1155 cm−1 is shifted to a 
strong signal at 1131 cm−1 for the PN/FA∙H2O salt. 
A medium-intensity band assigned to the O–H out-
of-plane bending vibration observed in the FTIR 
spectrum of FA at 597 cm−1, is shifted to a very 
strong signal at 574 cm−1 in the PN/FA∙H2O 
spectrum (Fig. 3, Table 1S).  

 
3.2.3.2. C–H vibrations 

 
The aromatic moieties are detected in the 

vibrational spectra due to the bands from C–H 
stretching vibrations in the region of 3100 – 3000 
cm−1.59 The FTIR band from C–H stretching of the 
benzene ring for FA and PN/FA∙H2O salt is 
registered at 3077 cm−1 and 3000 cm−1, respectively 
(Table 1S). This observed position is also in 
agreement with the weak Raman band at 3061 cm−1 
for FA, though it is absent in the corresponding 
spectrum of PN/FA∙H2O (Figure 4). In line with the 
FTIR experimental data, DFTB predicts bands at 
3120 cm−1, 3034 cm−1, and 3028 cm–1. 

The aromatic C–H in-plane bending modes 
of benzene and its derivatives are typical vibrations 
seen as sharp, weak to medium intensity bands in 
the 1300 – 1000 cm−1 region. In the Raman 
spectrum of FA, C–H in-plane bending vibrations 
appear at 1312 cm−1, 1270 cm−1, and 1175 cm−1, 
which shifted to 1319 cm−1, 1270 cm−1, 1263 cm−1, 
and 1193/1162 cm−1 in the PN/FA∙H2O salt spectrum. 
The medium to strong intensity FTIR bands in FA at 
1461 cm−1, 1375 cm−1, 1265 cm−1, and 1200 cm−1 

appear at 1424 cm−1 (weak), 1321 cm–1 (strong), and 
1269 cm−1 (strong) in the corresponding spectrum 
of the PN/FA∙H2O salt.  

The Raman weak to medium intensity out-
of-plane bending vibrations in the 980 – 850 cm−1 

region of FA appear with same intensities at 974 
and 880 cm−1 in the spectrum of the PN/FA∙H2O 
salt. This vibrational mode agrees with the 
associated strong bands at 969 cm−1 and at 847 cm−1 
in the FTIR spectrum of FA and at 974 cm−1 and 
846 cm−1 in the PN/FA∙H2O salt.  
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3.2.3.3. COOH vibrations 
 

A single band observed in the 1800 – 1700 
cm−1 range corresponds to C=O stretching vibra-
tions. The nature of the carbonyl group arises from 
the presence of a lone pair of electrons on the more 
electronegative oxygen atom, along with the 
delocalization of bound electrons toward the less 
electronegative carbon atom, leading to the 
formation of the double bond.71 The carbonyl group, 
as part of a carboxylic acid, influences hydrogen 
bonding between carboxylic groups, potentially 
leading to dimer formation in the solid state.  

Two weak FTIR bands observed at 1821 
cm−1 and 1733 cm−1 in the spectra of FA and the 
PN/FA∙H2O physical mixture are assigned to C=O 
stretching vibrations, and is characteristic of the 
neutral form of the carboxylic acid, acting as a 
coformer in the synthesis of the PN/FA∙H2O salt 
(Fig. 3).  

The very strong stretching mode of the 
carbonyl group ν(C=O) at 1686/1660 cm−1, along 
with the in-plane deformation of the hydroxyl group 
within the carboxylic group at 1429/1407 cm−1, are 
observed in the FTIR spectrum of FA. The former 
band shifts to 1661 cm−1, while the latter is not 
evident in the corresponding spectrum of the 
PN/FA∙H2O salt (Fig. 3, Table 1S). However, the 
strong FTIR doublet for the ν(C=O) mode at 
1686/1660 cm−1 in the FA spectrum and its absence 
in the PN/FA∙H2O salt spectrum indicate the 
deprotonation of the carboxylic group (Fig. 3, Table 
1S). This deprotonation leads to electron deloca-
lization in the carboxylate anion, forming hydrogen 
bonds toward the O5 atom, by interacting with both 
the N1 atom of the pyridoxonium cation and the O1 
atom of a water molecule (Fig. 1b). 

Depending on whether FA exists as a 
monomeric form or as hydrogen-bonded dimers in 
the solid state, C–O stretching and C–O bending 
vibrations for carboxylic acids typically occur in 
the 1350 – 1200 cm−1 and 750 – 650 cm−1 regions, 
respectively. However, aromatic and aliphatic 
chain vibrations in the molecular structure of FA 
and PN/FA∙H2O salt overlap with these C–O 
vibrations, making assignments complex and 
ambiguous. Additionally, the strong band at 1201 
cm−1 in the FTIR spectra of FA and the 
PN/FA∙H2O physical mixture is represented by a 
weak band at 1223 cm−1 in the PN/FA∙H2O salt, 
confirming the presence of carboxylate anions that 
participate in hydrogen bonding within the salt 
structure (Fig. 3, Table 1S). 

In the Raman spectrum of FA, the bands at 
233 cm−1 and 157 cm−1 are assigned to the C–

COOH in-plane and out-of-plane bending 
vibrations, respectively, and are in agreement with 
both the literature and our DFTB calculations (258 
cm−1 and 193 cm–1).72 However, these two bands 
shift in the spectrum of PN/FA∙H2O, with the 
former splitting into two weak bands at 253/246 
cm−1 (doublet) and 227 cm−1, and the latter 
appearing as a medium-intensity shoulder band at 
159(w)/150(m) cm−1 (Figure 4, Table 2S).  
 

3.2.3.4. O–CH3 group vibrations 
 

The stretching O–CH3 mode in FA is 
observed as a very strong FTIR band at 1030 cm−1, 
while its intensity is significantly reduced in the 
spectrum of the PN/FA∙H2O salt. DFTB calculations 
predict this band to appear at 1063 cm-1. Although 
the C–O–CH3 angle bending mode for m-methoxy 
benzaldehydes overlaps with the ring planar C–C–C 
angle bending modes in the region of 300 – 670 cm−1, 
in the Raman spectrum of FA,73,74 this mode is 
observed as a strong band at 335 cm−1 but is absent 
in the spectrum of the PN/FA∙H2O salt. The 
torsional mode of the O–CH3 group in anisole was 
observed at 100 cm−1.75 In the Raman spectrum of 
the PN/FA∙H2O salt, it is observed as a strong band 
at 98 cm−1 (Table 2S). The calculated frequency for 
this mode at 87 – 76 cm−1, using the B3LYP/6-
31G(d,p) method (mode nos. 63 and 64), is in very 
good agreement with the experimental value. Our 
current DFTB calculations give slightly higher 
values for this mode, around 98 cm–1. 
 

3.2.3.5. CH3 vibrations 
 

The methyl hydrogen atoms in the electron 
density potential (EDP) are simultaneously sub-
jected to hyperconjugation and backdonation, 
leading to a decrease in stretching wavenumbers and 
infrared intensities, as reported in the literature76 for 
similar molecular systems. The stretching modes for 
the O–CH3 and CH3 groups appear in the 2870 – 
2825 cm−1 and 2953 – 2860 cm−1 regions, respec-
tively. Additionally, two asymmetric stretching 
modes for both groups are observed in nearly the 
same range 2985 – 2925 cm−1.76 

The FTIR spectrum of the PN/FA∙H2O salt 
exhibits bands corresponding to the asymmetric and 
symmetric C–H stretching vibrations of the CH3 
group at 2967 cm−1 and 2938 cm−1, respectively 
(Table 1S). Additionally, two weak bands observed 
at 2984 cm−1 and 2943 cm−1 are assigned to the C–H 
asymmetric and symmetric stretching vibrations of 
the CH3 group, respectively, in agreement with the 
DFTB predictions at 2990 cm−1, 2983 cm−1, and 
2967 cm–1. 
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The asymmetric CH3 and symmetric CH3 
deformation vibrations are observed as a strong band 
at 1461 cm−1 and a weak band at 1463 cm−1, 
respectively, in the FTIR and Raman spectra of FA. 
The former exhibits weak intensity at the same 
wavenumber in the PN/FA∙H2O salt, while the latter 
is absent in its Raman spectrum. The bands 
corresponding to symmetric CH3 deformations, 
occurring at 1375 cm−1 and 1374 cm−1 for FA, shift to 
1377 cm−1 and 1380 cm−1 for the PN/FA∙H2O salt in 
the FTIR and Raman spectra, respectively (Fig. 3 and 
Fig. 4). Additionally, the CH3 torsional mode is 
observed as a strong band at 157 cm−1 in the Raman 
spectra of FA, emerging as a medium-intensity band 
at 150 cm−1 in the PN/FA∙H2O salt (Fig. 4, Table 2S).  
 

3.2.3.6. Benzene/aromatic ring vibrations 
 

Six equal C–C bonds in the benzene and 
three C–C bonds in the substituent chain contribute 
to nine C–C stretching vibrational modes. 
Moreover, the in-plane and out-of-plane bending 
vibrations of the C–C–C ring contribute to the 
fingerprint region, though many of these modes are 
inactive in the IR wavelength range due to the high 
symmetry of the benzene ring. Skeletal stretching 
C–C bands for benzene derivatives typically 
appear around 1650 – 1400 cm−1.67 

The deformation of the phenyl ring's C–C–C 
angles give rise to bands at 1030 cm−1, 910 cm−1, 750 
cm−1, 684 cm−1, and 597 cm−1 in the FTIR spectrum 
of FA and at 749/741 cm−1 and 670 cm−1 in the 
Raman spectra (Fig. 3 and Fig. 4, Tables 1S and 2S), 
as compared to DFTB predictions at 1064 cm−1, 948 
cm−1, 824 cm−1, 732 cm−1, 678 cm−1, and 735 cm−1.  

The stretching vibrations of the C–C bonds 
in the aromatic ring and the substituted chain in 
FA, appearing at 1588 cm−1 and 1617 cm−1, shift to 
a strong band at 1547 cm−1, with a shoulder at 
1525 cm–1 in the FTIR spectrum of the PN/FA∙H2O 
salt. The corresponding DFTB predictions are at 
1612 cm−1 and 1548 cm−1. 

 
3.3. Thermal analyses 

 
The TG/DTG and DSC curves of PN/SA in 

Figure 5 confirm the anhydrous nature of the salt. 
Specifically, the DSC curve (Fig. 5c) shows a 
single melting endotherm (Tonset = 130.0 °C and 
Tpeak = 132.5 °C), while the TG curve (Fig. 5a) 
exhibits a mass loss of only 0.34 % up to 110 °C, 
which is typical for anhydrous substances. The 
melting of the salt is followed by thermal decom-
position, evident in the TG curve as a significant 
mass loss peaking around 200 °C, as shown in the 
DTG curve (Fig. 5b). 

 

 
 

Fig. 5. TG (a), DTG (b), and DSC (c) curves of PN/SA salt and TG (d), DTG (e), and DSC (f) curves of PN/FA∙H2O salt 
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The TG/DTG and DSC curves of PN/FA∙H2O 
are also presented in Figure 5. The DSC curve (Fig. 
5f) shows an asymmetric endotherm (Tonset = 73.5 °C 
and Tpeak = 91.1 °C), which is attributed to the 
evaporation of one water molecule from the salt 
structure. This is followed by the melting of the 
anhydrous cocrystal, characterized by a sharp 
endotherm (Tonset = 153.8 °C and Tpeak = 157.1 °C). 
The TG curve (Figure 5d) shows a mass loss of 
4.61 % up to 110 °C, which closely matches the 
theoretically calculated mass fraction of 4.72 % for 
one water molecule in the structure of PN/FA∙H2O. 
The monohydrate salt melts and decomposes, as 
indicated by a significant mass loss on the TG curve 
(with the maximum rate around 160 °C, Fig. 5e), 
which coincides approximately with the melting 
temperature of the salt. 

 
4. CONCLUSIONS 

 
The FTIR spectra of the PN/SA and 

PN/FA∙H2O salts reveal the appearance of modes 
related to carboxylate anion vibrations, specifically 
asymmetric and symmetric stretching vibrations at 
1567 cm−1 and 1550 cm−1 and 1390 cm−1 and 1377 
cm−1, respectively. These bands are absent in the 
corresponding spectra of the SA and FA 
coformers.77 Differences between the FTIR and 
Raman spectra of the starting deprotonated 
pyridoxine base (PN) and the obtained PN/SA and 
PN/FA∙H2O salts are also observed in the 
deformation mode regions at 992 cm−1 (PN/SA) 
and 974 cm−1 (PN/FA∙H2O), which do not appear 
in the PN spectrum. This finding confirms the 
presence of the protonated pyridoxonium cation in 
the salt structures, as also evidenced by the Raman 
spectra of the salts.  

The protonation of the N-atom is marked by 
a characteristic intense narrow band for the 
pyridinium cation at 1520 – 1530 cm−1, which is 
observed in the FTIR spectra78 of the mechano-
chemically synthesized PN/SA and PN/FA∙H2O 
salts at 1515 cm−1 and 1532 cm−1, respectively. 
This band is absent in the FTIR spectrum of PN, 
further distinguishing the FTIR spectral signature 
of the salts from that of the neutral PN base. 
Thermal analysis complements the spectroscopic 
findings, confirming the authenticity of both 
mechanochemically synthetized salts. 

The thermal profiles of PN/SA and 
PN/FA∙H2O, attributed to the assigned vibrational 
modes in the spectral fingerprints, confirms the 
unique solid-state properties of pyridoxine salts 
with hydroxy derivatives of benzoic acid from 
natural sources. Further research on the kinetics of 

PN release in vitro and in vivo is expected to guide 
the development of new solid forms of PN as an 
active pharmaceutical ingredient. 
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