Journal of Drug Delivery Science and Technology 115 (2026) 107762

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

ELSEVIER

Investigation of solid-state forms between p-aminosalicylic acid and
adenine: Exploring salts, cocrystals and their polymorphism

Beatrice Maiorca “®, Chiara Sabena “®, Emanuele Priola“®, Tlenia D’Abbrunzo " ®,
Beatrice Perissutti °®, Roberto Gobetto ™, Michele R. Chierotti "

& Department of Chemistry, University of Torino, Via Pietro Giuria 7, 10125, Torino, Italy
b Department of Chemical and Pharmaceutical Sciences, University of Trieste, P.le Europa 1, 34127, Trieste, Italy

ARTICLE INFO ABSTRACT

Keywords: This study investigates the polymorphic behavior of multi-component adducts formed between p-aminosalicylic

P 'amilnosalic}’lic acid acid (PAS), a second-line anti-tuberculosis drug, and adenine (ADE), a hydrogen bond-rich coformer. Given a

édemntel ApK, of 2.2 between PAS and ADE, within the salt-cocrystal uncertainty region, three distinct solid-state forms
ocrystals

(an anhydrous and two hydrates) were synthesized via solvent-tuned liquid-assisted grinding and solution
evaporation. Comprehensive characterization was performed using solid-state NMR, FT-IR and Raman spec-
troscopy, X-ray diffraction (SCXRD and PXRD), DSC, TGA, and in vitro dissolution tests. Results revealed sig-
nificant differences in structure, hydrogen-bonding networks, and thermal properties among the forms, with
PAS:ADE stoichiometries of 3:2 for the anhydrous form and 1:1 for the hydrated forms. These findings
demonstrate the critical role of solvent and stoichiometry in directing adduct formation and polymorphism,
offering insights for optimizing drug formulation and expanding intellectual property strategies in pharmaceu-

Molecular salts
Solid-state NMR
Polymorphism
pK, rule

tical development.

1. Introduction

Polymorphism, i.e., the ability of a substance to adopt different ar-
rangements or conformations of the molecules in the crystal lattice [1],
extends from single-component to multi-component systems. This phe-
nomenon is a crucial aspect of solid-state chemistry, particularly in the
pharmaceutical field, where different solid forms can have a significant
impact on drug properties [2-7]. Indeed, polymorphs of an Active
Pharmaceutical Ingredient (API) or its multi-component adducts can
exhibit substantial differences in their physical and chemical properties,
such as stability, solubility, dissolution rate, and bioavailability [2,8,9].
These variations directly influence drug performance, affecting not only
efficacy but also manufacturability, shelf life, and regulatory approval
[10-13]. Since regulatory agencies, including the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA),
recognize different polymorphs of a drug as distinct entities in patent
submissions, the ability to identify and control polymorphism has
become a key aspect for pharmaceutical development [12,14].

Among the various crystal forms, multi-component adducts, such as
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salts and cocrystals, represent a promising strategy for modulating and
optimizing the solid-state properties of an API [15]. In particular,
pharmaceutical cocrystals represent a more recent approach that is
attracting significant interest from pharmaceutical companies. Indeed,
cocrystals are crystalline materials composed of two or more distinct
molecules, typically an API and a coformer, that are held together
through non-covalent neutral interactions, e.g., hydrogen bonds, van der
Waals forces, or z-stacking interactions, in the same crystal lattice
[16-18]. Thus, unlike salts, cocrystals do not involve a proton transfer
between the components, allowing their formation even with weakly
ionizable or non-ionizable molecules [15]. This makes cocrystals a
versatile and valuable tool for achieving desirable changes in their
solid-state properties and overcoming physicochemical properties
issues.

The control and prediction of salt/cocrystal formation remains a
challenge. Indeed, it is well known that polymorphic outcomes can be
highly sensitive to crystallization conditions, e.g. solvent, temperature,
and synthetic technique, making the production of a desired polymorph
difficult to reproduce [5,19,20]. Recent developments in continuous
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crystallization processes aim to address these challenges by offering
more  controlled  crystallization  environments, = minimizing
batch-to-batch variability and improving reproducibility of polymorphic
forms [20,21]. For instance, the most widespread approach to control
the polymorph formation is through the use of different solvents in su-
pramolecular syntheses [22]. Traditionally, the formation of an adduct
as a salt or a cocrystal is predicted using the empirical “ApK, rule”,
which states that a proton transfer is expected to occur if the difference
between the pK, values of the protonated base and the acid (ApK, = pK,
of the protonated base — pKj, of the acid) exceeds a certain threshold,
typically around 3 or 4 [23]. However, several studies have demon-
strated that this rule includes a region of uncertainty, when ApK, falls
within the range of —1 to 4, where the probability to obtain a salt or a
cocrystal is extremely similar [24-26]. Rather than being a limitation,
this region of uncertainty is of particular interest, since it enables to
obtain different solid-state forms from the same pair of molecules. By
selecting coformers with appropriate pK, values to achieve a ApK,
within this region and by carefully tuning crystallization and synthesis
conditions, one can selectively access either salt or cocrystal forms,
expanding opportunities to tailor pharmaceutical properties and opti-
mize intellectual property strategies [24]. Despite its potential, this re-
gion remains only partially explored. The very limited number of
reported cases already reveals a notable diversity of outcomes, ranging
from distinct salt and cocrystal forms with the same stoichiometry (i.e.,
salt/cocrystal polymorphism) [8,9,27-30] to adducts differing in stoi-
chiometric ratio or solvation [31-33]. The scarcity of systematically
investigated examples hampers the development of general principles to
rationalize proton transfer and solid-form selection within this uncer-
tainty window. Thus, a broader and well-characterized set of case
studies is essential to elucidate governing factors and enhance predictive
capability.

Furthermore, the characterization of solid forms falling within this
ApK, uncertainty range poses further challenges. The subtle differences
between salts, cocrystals, and their polymorphs can be difficult to
detected when using a single analytical technique. Consequently, a
comprehensive understanding requires an integrated multi-technique
approach combining complementary methods. Classical methods such
as single-crystal and powder X-ray diffraction (SCXRD and PXRD) offer
direct insight into molecular packing, long-range order, and structural
elucidation [34-40]. More recently, vibrational spectroscopies, partic-
ularly Raman and terahertz (THz) spectroscopy, have been widely
applied as non-destructive probes of hydrogen-bonding environments,
lattice dynamics, and, when combined with modeling, indicators of
ionic vs neutral character in pharmaceutical solids [41-46]. Indeed,
they are especially sensitive to low-frequency phonon modes and
intermolecular vibrations, enabling reliable polymorph discrimination
and the identification of supramolecular synthons in pharmaceutical
multicomponent adducts [37,44,45,47-49]. Moreover, solid-state NMR
(SSNMR) spectroscopy, due to its sensitivity to subtle variations in the
electronic environment, allows for accurate localization of hydrogen
atoms along hydrogen bonds, which is crucial for differentiating be-
tween salt and cocrystal forms [8,9,37,50-53]. Taken together, these
techniques provide complementary insights essential for developing a
comprehensive understanding of pharmaceutical multicomponent sys-
tems, especially in the presence of polymorphism, solvation, and
protonation-state ambiguities.

This work focused on adducts obtained from p-aminosalicylic acid
(PAS) and adenine (ADE), whose molecular structures are reported in
Scheme 1. PAS is a well-known second-line API in the treatment of
multidrug-resistant tuberculosis (MDR-TB). According to the Biophar-
maceutical Classification System (BCS), PAS falls between classes II and
IV due to low solubility in aqueous solutions [54]. Furthermore, the
compound is susceptible to irreversible decarboxylation under acidic
conditions [55], heat exposure, or moisture, resulting in the formation of
m-aminophenol, a substance known for its toxicity [56,57]. Goswami
et al. have been actively engaged in studying the interactions of new
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a) PAS

a) ADE

Scheme 1. Molecular structures of (a) PAS and (b) ADE, with atom numbering.

forms of PAS cocrystals with pyridine and its derivatives, to overcome
these problems [58,59]. ADE was strategically chosen as a coformer
primarily based on the ApKj, rule. The pKj, of the basic nitrogen N1’ of
ADE is 4.2,% while the pK; of the carboxylic group in PAS is 2.0 [61],
giving a ApK, of 2.2, value which falls within the uncertainty region.
Moreover, ADE is a versatile coformer due to its ability to form multiple
hydrogen bonds, attributed to the presence of several additional
hydrogen-bond donor and acceptor sites in its molecular structure
(Fig. 1) [33,62]. In addition, from a biocompatibility perspective,
although ADE is not classified as a Generally Recognized as Safe (GRAS)
substance by the FDA, it is present in significant quantities in many foods
intended for human consumption [63]. ADE is known to form crystalline
adducts with molecules that exhibit carboxylic functionality, such as
salicylic acid [33], benzoic acid [64] and oxalic acid [65]. ADE solvates
have also been reported [64].

Based on this evidence, PAS and ADE were considered ideal candi-
dates for the present research study [33].

Here, we report a comprehensive characterization that allowed to
detect and precisely assess three new distinct solid forms of the PAS-ADE
adduct obtained by varying the synthesis conditions and the solvent: an
anhydrous form (Form A) with 3:2 stoichiometry, and two hydrated
forms (Forms B and C) with 1:1 stoichiometry. Their polymorphic
behavior, molecular packing, ionic or neutral character, thermal sta-
bility and dissolution behavior were investigated using a combination of
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Fig. 1. The possible hydrogen bond interactions of adenine through the
Watson-Crick, Hoogsteen, and Sugar faces [33].
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complementary techniques, i.e., solid-state NMR (SSNMR), Fourier-
Transform Infrared (FT-IR) and Raman spectroscopies, Single-Crystal
and Powder X-Ray Diffraction (SCXRD and PXRD), Differential Scan-
ning Calorimetry (DSC) and Thermogravimetric Analysis (TGA), as well
as in vitro dissolution tests.

2. Materials and methods

PAS (purity 99%), ADE (purity >99%) and all used solvents were
purchased from Sigma-Aldrich. All the starting materials were used for
the preparation of adducts without further purification.

2.1. Synthesis of adducts

The syntheses of the adducts were carried out using liquid-assisted
grinding (LAG). To achieve complete conversion of the starting mate-
rials, LAG time and the stoichiometric ratios of the adducts were opti-
mized. The optimization process involved monitoring the reactions
every 10 min by FT-IR ATR and Raman spectroscopy. For more complex
stoichiometries, such as the 3:2 PAS:ADE ratio of Form A, SSNMR was
essential for detecting the excess of unreacted ADE and driving the
synthesis toward the correct stoichiometry. The reproducibility of the
syntheses was confirmed by three independent batches for each form, all
exhibiting superimposable FTIR-ATR and '3C SSNMR spectra.

2.1.1. Form A: Anhydrous cocrystal of PAS-ADE [(ADE);-(PAS)3)]

A white powder was obtained by LAG technique: 170 mg (1.11
mmol) of PAS and 100 mg (0.74 mmol) of ADE were manually ground
with 5 drops of acetonitrile (85 pL; 1 = liquid (pL)/sample (mg) = 0.3)°
added every 10 min for 1 h and 30 min.

2.1.2. Form B: Hydrate salt of PAS-ADE (ADEPAS™-2H,0_B)

A white powder was obtained by LAG technique: 120 mg (0.78
mmol) of PAS and 105.9 mg (0.78 mmol) of ADE were manually ground
with 5 drops of deionized water (125 pL; = 0.5) added every 10 min for
30 min.

Crystals, suitable for SCXRD, were obtained by the slow solvent
evaporation technique: 34 mg of PAS (0.22 mmol) and 30 mg of ADE
(0.22 mmol) were dissolved in deionized water (2 ml). The solubiliza-
tion of the starting materials was facilitated by stirring and heating (T =
50-80 °C).

2.1.3. Form C: Hydrate salt of PAS-ADE (ADE"PAS™-2H,0_C)

A white powder was obtained by LAG technique: 120 mg (0.78
mmol) of PAS and 105.9 mg (0.78 mmol) of ADE were manually ground
with 5 drops of a 1:1 (v/v) mixture of ethanol and deionized water (100
pL; 1 = 0.4) every 10 min for 30 min.

Crystals, suitable for SCXRD, were obtained by the slow solvent
evaporation technique: 34 mg of PAS (0.22 mmol) and 30 mg of ADE
(0.22 mmol) were dissolved in a 1:1 (v/v) mixture of ethanol and
deionized water (2 ml). The solubilization of the starting materials was
facilitated by stirring and heating (T = 50-80 °C).

2.2. Characterization techniques

2.2.1. FT-IR ATR spectroscopy

FT-IR spectra were recorded on an Equinox 55 (Bruker) spectrometer
with an ATR reflectance attachment. Spectra were collected in the
400-4000 cm ! range with a resolution of 4 cm™* and 16 scans.

2.2.2. Raman spectroscopy

Raman spectra were registered with a Bruker Vertex 70 instrument
(Bruker, Billerica, MA, USA), equipped with a RAM II module. An
excitation source at 1064 nm was used, with a laser power between 10
and 50 mW and a number of scans between 80 and 500, depending on
the analyzed sample, with a resolution of 4 cm™*. The employed spectral
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range is comprised between 50 and 4500 cm ™!

splitter.

, using a CaF, beam

2.2.3. Powder X-ray diffraction

PXRD patterns were recorded on an Xpert Pro (45 kV, 40,000 pA)
diffractometer in the Bragg-Brentano geometry, using Cu-Ka radiation
(A = 1.5418 ;\) in the 20 range between 5° and 50° (continuous scan
mode, step size 0.0167°, counting time 40 s).

2.2.4. Single-crystal X-ray diffraction

SCXRD analyses were performed on selected single-crystal samples.
Single crystal data were collected on a Gemini R Ultra diffractometer
(Agilent Technologies UK Ltd., Oxford, U.K.) using a graphite-
monochromatic Cu Ko radiation (I = 1.5406 10\) with the w-scan
method. The copper-derived radiation was preferred for the cases of
very weakly diffracting crystals. The CrysAlisPro software was used for
retrieving cell parameters, for performing data reduction, and for the
absorption correction (with multi-scan technique). All structures were
solved by direct methods using ShelXS-14 [66] and refined with
full-matrix least-squares on F2 using SHELXL-14 [67] and the Olex2
program [68]. All non-hydrogen atoms were anisotropically refined.
Hydrogen atoms were calculated and riding on the corresponding atom.
Structure images were obtained using the Mercury software [69,70].
Crystal data and refinement, selected bond lengths, and angle ampli-
tudes are reported in the Supplementary material (Table S1-S5). The
crystallographic data for the crystallized compounds were deposited
within the Cambridge Crystallographic Data Centre as supplementary
publications under the CCDC numbers 2447188 and 2447189. This in-
formation can be obtained free of charge from the Cambridge Crystal-
lographic Data Centre via www.ccde.cam.ac.uk/data_request/ci
fcodeCCDC.

2.2.5. Hirshfeld surface and energy framework analyses

The Hirshfeld surface analysis, and calculations of intermolecular
interaction energies and energy frameworks were performed by using
Mercury [69,70] and CrystalExplorerl?7 suites [71-74]. All the results
are reported in the SI. The B3LYP/6-311G(d,p) method, as implemented
in the Mercury and CrystalExplorerl7 programs, was used to calculate
pairwise interaction energies.

2.2.6. Solid-state NMR

The '3C CPMAS SSNMR spectra of Form A, B, and C, as well as the
15N CPMAS SSNMR spectrum of Form A, were recorded at room tem-
perature using a Bruker Avance II 400 Ultra Shield spectrometer. The
spectrometer operated at 400.23, 100.63, and 40.56 MHz for lH, 13C,
and '°N, respectively. The powder samples were packed into 4 mm o.d.
zirconia rotors without further preparation. The '3C and !N CPMAS
spectra were acquired at spinning speeds of 12 kHz and 9 kHz respec-
tively, using a ramp cross-polarization pulse sequence. A 90° 'H pulse of
3.80 ps and a two-pulse phase modulation (TPPM) decoupling scheme
with a radiofrequency field of 69.4 kHz were employed. The contact
time was set to 3 ms for 3C and 4 ms for '°N spectra. Optimized recycle
delays of 30 s for Form A, of 15.2 s for Form B, and of 60 s for Form C,
and a number of scans from 44 to 140 for the '>C CPMAS spectra, and
24710 scans for the >N CPMAS spectrum of Form A were used. The 3¢
and '°N chemical shift scales were calibrated using y-glycine as a sec-
ondary external standard, with the 13C methylene peak at 43.7 ppm and
the >N peak at 33.4 ppm (referenced to liquid NHs).

1H-13C 2D CP FSLG HETCOR measurements were acquired on the
same spectrometer at a spinning speed of 12 kHz, with a contact time of
0.1 or 2.5 ms to allow only short-range or also long-range magnetization
transfer, respectively. FSLG homonuclear decoupling was applied dur-
ing t;. For each spectrum, a two-pulse phase modulation (TPPM)
decoupling scheme was used, with a radiofrequency field of 69.4 kHz.

The 13C CPMAS SSNMR spectra of Form B and C after heating and
15N CPMAS SSNMR spectra of Form B and C and were collected using a
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Jeol ECZR 600 instrument, operating at 600.17, 150.91 MHz and 60.82
MHz for 'H, '3C and '°N nuclei, respectively. The powder samples were
packed directly into 3.2 mm zirconia rotors without further preparation.
The 13C spectra were recorded at room temperature at a spinning speed
of 20 kHz, employing a ramped cross-polarization pulse sequence with a
90° 'H pulse of 2 ps, a contact time of 3.5 ms, and optimized recycle
delays of 37.3 s for Form B and 32.6 s for Form C. The '°N spectra were
recorded at room temperature at a spinning speed of 9 kHz, employing a
ramped cross-polarization pulse sequence with a 90° 'H pulse of 2.5 s, a
contact time of 7 ms, and optimized recycle delays of 18.7 s for Form B
and 76.2 s for Form C. A number of scans of 400 for the '3C CPMAS
spectra and of 6460 (for Form C) and 28510 (for Form B) for 15N CPMAS
SSNMR was used. The TPPM decoupling scheme was used, with a
radiofrequency field of 125 kHz and 100 kHz for '3C and N spectra,
respectively. The 13C and >N chemical shift scales were calibrated using
the signal of external standard y-glycine (*3C methylenic peak at 43.7
ppm and '°N peak at 33.4 ppm with reference to liquid NHg).

The '3C T;-'H analysis, 10 spectra were acquired for 200 scans with
different relaxation delays, included in the range 0.1-400 s and calcu-
lated by the Delta v5.2.1 software through an exponential algorithm.
The spectra were acquired at a spinning speed of 20 kHz at probe tem-
perature using a ramp cross polarization pulse sequence with a 90° 'H
pulse of 2 ps and a contact time of 3.5 ms.

2.2.7. Differential Scanning Calorimetry

DSC analyses were performed on the raw materials and each adduct
sample. Accurately weighed amounts (2-4 mg) were introduced into 40
pL sealed and pierced aluminum crucibles and analyzed using a Mettler
Toledo DSC 3 Star System (Milan, Italy) equipped with STAR® software.
The heating program ranged from 30 to 380 °C at 10 °C/min, under a
nitrogen atmosphere with a flow rate of 50 mL/min.

2.2.8. Thermogravimetric Analysis

TGA measurements were performed over a temperature range of
25-400 °C under a 100 mL/min N5 flow, on a Q600 SDT TA Instruments
equipped with a DSC heat flow analyzer. Samples (approximately 10 mg
of weight) were placed in alumina crucibles and heated with a ramp of
5 °C/min.

2.2.9. In Vitro Dissolution Tests

Prior to dissolution, solubility measurements of raw PAS were car-
ried out by adding an excess amount (approximately 50 mg) of the drug
to 5 mL of phosphate buffer (pH 7.4) and maintaining the suspension in
a thermostated bath at 37 °C under agitation for 2 h. The solution was
then filtered through a 0.45 pm membrane filter. The solubility of PAS at
pH 7.4 was found to be 8.15 + 0.015 g/L (mean + S.D., n = 3), in
agreement with literature data [56].

For the in vitro dissolution test, each experiment was performed using
150 mL of pH 7.4 phosphate buffer solution, according to ref [56], in a
vessel directly connected to a thermostatic bath (37 °C), with a constant
agitation provided by a magnetic stirrer. 3 mg of pure PAS or an
equivalent PAS amount from each adduct (calculated based on the
stoichiometry: Form A 3:2, Form B 1:1, Form C 1:1) was added to the
dissolution medium ensuring sink conditions (C < 0.2 Cs). The experi-
ment lasted for 1 h, and the absorbance was measured in situ through a
fiber optic apparatus (HELLMA, Italy) connected to a spectrophotometer
(ZEISS, Germany). The absorbance values were recorded at 299 nm (not
overlapping with ADE, whose maximum absorption falls within the
same spectral range as PAS. A Tyndall — Rayleigh scattering correction
was applied to the recorded spectra to exclude the scattering occurring
at every wavelength of undissolved particles. The results are reported as
the average of three replicates, with standard deviations not exceeding
5% of the mean value.
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3. Results and discussion

The PAS-ADE system yielded three distinct solid forms, depending
on the synthetic method and solvent employed. The syntheses of the
three adducts were carried out using both neat grinding (NG) and LAG
[75] at room temperature, employing various solvents (Table 1). Only a
few of the tested solvents enabled the selective formation of pure ad-
ducts: specifically, acetonitrile, ethanol, methanol and isopropanol
yielded Form A, deionized water led to Form B, and a 1:1 (v/v) mixture
of ethanol-deionized water or methanol-deionized water was effective
for Form C. In contrast, NG and the remaining solvents listed in Table 1
resulted in heterogeneous mixtures of the starting materials.

Form A is an anhydrous cocrystal with a stoichiometric ratio of 3:2
(PAS:ADE), whereas Form B and C are hydrated salts, both with a 1:1:2
stoichiometric ratio (PAS:ADE:H50). As shown in Table 1, the absence of
a solvent or the use of apolar/low-polarity solvents results in a mixture
of the starting materials, whereas solvents with a higher dipole moment
promote the formation of the three forms [22,76,77]. Form A is obtained
with anhydrous high-dipole-moment solvents, while Form B and C are
achieved when water or aqueous mixtures are used, leading to its
incorporation into the crystal lattice and the formation of two poly-
morphic solvate adducts [78]. Thus, the solvent, whether protic/aprotic,
seems not to affect the ionic/neutral character of the resulting product
but, rather it allows or not its formation and hydration state (anhydrous
or dihydrate).

The formation and key properties of these adducts were unequivo-
cally confirmed and thoroughly characterized by a combination of
techniques, including FTIR-ATR (see below FT-IR ATR and Raman
spectroscopy Analysis), Raman spectroscopy (see below FT-IR ATR
and Raman spectroscopy Analysis), PXRD (Fig. S3 in the Supple-
mentary material), SCXRD (see below Crystal structure Analysis for
Form B and C), SSNMR (see below Solid-state NMR Characterization),
Thermal analysis (see below Thermal Analysis) and in vitro dissolution
testing (see below In Vitro Dissolution Tests). Despite extensive at-
tempts with different techniques and solvents, suitable single crystals of
Form A for SCXRD analysis could not be obtained, due to the solubility
properties of ADE, which is highly soluble in water and only sparingly
soluble in organic solvents [79]. Slow evaporation of aqueous solutions
of PAS and ADE invariably led to hydrated adducts, whereas experi-
ments in organic solvents resulted in rapid precipitation and exclusively
microcrystalline powders.

3.1. FT-IR ATR and Raman spectroscopy analysis

FT-IR ATR and Raman spectra of PAS, ADE, and the three adducts
were acquired as a preliminary screening tool (Fig. 2; full-range spectra
are reported in the Supplementary material, Fig. S1 and S2). As a
representative example, Fig. 2 shows the corresponding spectra, where
the characteristic FT-IR bands at 3493 and 3385 cm ™! (PAS) and 1671
em ! (ADE), together with the Raman peaks at 1126 (ADE) and at 1664
and 786 cm™! (PAS), disappear or strongly decrease in the adducts,
confirming the formation of new solid forms. Moreover, the spectral
comparison clearly distinguishes three different adducts (Form A, B, and
C) [80].

Examination of the Raman spectra (Fig. 2b) reveals that Form A
exhibits characteristic peaks at 1486 and 1251 cm™! (purple rectangular
shadows) of the neutral N9'H tautomer as in pure ADE. In contrast, in
Form B and C, these peaks disappear, indicating the presence of the
N1'H" cationic tautomer of ADE [60,81,82].

FT-IR ATR spectra (Fig. 2a) highlight the presence of water in Form B
and C, as evidenced by the broad bands around 3000 cm™! (cyan rect-
angular shadow), which are absent in Form A. Moreover, the modifi-
cation of the PAS carbonyl C=0 stretching band at 1609 cm™! (red
rectangular shadow) suggests the salification of Form B and C, while in
Form A this peak remains substantially unaltered [83].

This primary investigation, together with SCXRD analysis (see
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Table 1
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Adducts obtained through NG (first line) and LAG, and their stoichiometric ratios. Each test was

analyzed by FTIR-ATR (data not shown).

SOLVENT

STOICHIOMETRIC
RATIO PAS:ADE

OUTCOME PAS-ADE

- SM* heterogeneous mixture -

acetonitrile
methanol
ethanol
isopropanol
tetrahydrofuran
chloroform
ethylacetate
hexane
deionized water
mixture 1:1 (v/v) methanol/deionized water
mixture 1:1 (v/v) ethanol/deionized water
@ SM = Starting Materials

(a) SM = Starting Materials.

a Form C

Form B

ADE

1671
PAS

—

3385

3493

Transmittance [%]

T T T T T
3500 3000 2500 2000 1500
Wavenumber cm '

b
LT
& e 61126
bﬁw ..

A

Mo N )\ J
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Wavenumber cm !

Fig. 2. Comparison of (a) enlarged view FT-IR ATR (3800-1200 cm™ ) and (b)
enlarged view baseline-corrected Raman (2000-400 cm™') spectra of PAS,
ADE, and the three adducts (Form A, B, and C). For the whole FT-IR ATR and
Raman spectra see Supplementary material, Fig. S1 and S2.

FORM A 3:2
FORM A 3:2
FORM A 3:2
FORM A 3:2

SM* heterogeneous mixture -
SM* heterogeneous mixture -
SM* heterogeneous mixture -
SM* heterogeneous mixture -

FORM B 1:1
FORM C 1:1
FORM C 1:1

Crystal Structure Analysis) and SSNMR characterization (see Solid-
State NMR Characterization), confirms the formation of supramolec-
ular adducts and provides insight into their structural nature.

3.2. Crystal Structure Analysis

The comparison between experimental and simulated PXRD patterns
of Form B and C (Fig. S4 in the Supplementary material) confirmed that
the single-crystal structures are representative of the bulk materials.
Form B crystallizes in the non-centrosymmetric orthorhombic space
group type Fdd2, while Form C adopts the centrosymmetric triclinic
space group type P-1. Both contain one molecule each of ADE and PAS,
along with two water molecules in the asymmetric unit, as confirmed by
SSNMR (see below Solid-state NMR Characterization). Their
hydrogen-bonding networks (Fig. 3a and b) are complex, involving all
available hydrogen bond donors and acceptors through the Watson-
Crick, Hoogsteen, and sugar faces. Both structures feature the ex-
pected O---H:--N hydrogen bond between the COOH of PAS and the N1’
of ADE consistent with the considered ApK,. The C-O bond lengths in
PAS (1.263/1.277 A for Form B and 1.259/1.278 A for Form C) along
with the presence of a hydrogen electron density positioned close (<1.1
A) to the N5 atom of ADE indicate the ionic nature of the adducts, i.e. salt
formation, further confirmed by '3C and >N SSNMR analysis (see below
Solid-state NMR Characterization). The ionic character of the two
coformers significantly influences both the nature and strength of the
intermolecular interactions in the two crystal forms.

In both structures, ADE and PAS strongly interact through charge-
assisted m---m stacking (Fig. 4a and b) forming columns with the
sequence PAS™--ADE'...PAS™--ADE', and through strong inter-
columnar charge-assisted hydrogen bonds (Fig. 4c). As expected,
neighboring columns are staggered to maximize favorable anion-cation
and minimize repulsive anion-anion and cation-cation contacts. The
main differences between the two forms are as follows: a) in Form B, the
columns are not parallel (inter-columnar angle = 21.57°), whereas in
Form C, the molecules lie in coplanar arrangements forming layers
linked by water molecules (Fig. S5 in the Supplementary material); b)
the role of water differs: in Form B, water molecules bridge different
columns (Fig. 3a), whereas in Form C, they connect the layers by linking
molecules within the same column (Fig. 3b). In both forms, water
molecules are located within channels surrounding the PAS™---ADE™"
columns (Fig. 3c and d). However, their weak polarization via hydrogen
bonding contributes only marginally to the overall lattice energy, as
shown by intermolecular interaction energy calculations (Fig. 4d and
Fig. S6-S11 in the Supplementary material). In Form B, the two water
molecules differ in their hydrogen-bonding interactions, one being
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Fig. 3. Fragments of the crystal packing of Form B (a and ¢) and of Form C (b and d) (Ellipsoid probability: 70%). Color code: grey, carbon; blue, nitrogen; red,
oxygen; white, hydrogen. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

weakly and the other strongly bonded, while in Form C, their bonding
energies are similar (Fig. S12 in the Supplementary material).
Regarding the overall stabilization, the dominant contribution is
electrostatic, as expected for salt adducts. Despite the presence of aro-
matic moieties, the dispersion component is negligible (see Energy

Frameworks and intermolecular contacts in Tables S6 and S7 and
Fig. S6-S11 in the Supplementary material). Furthermore, the repulsive
PAS™---PAS™ and ADE"..-ADE™ interactions between adjacent columns
also contribute to the crystal packing and are minimized by the afore-
mentioned columnar staggering (see yellow components in Fig. S6, S7,
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a)

Fig. 4. Electrostatic potential projected on the Hirshfeld surface for the charge-assisted n---n stacking fragment in Form B (a) and in Form C (b), charge-assisted
hydrogen bond fragment (O-H---N1" and N10-H:--O) (c) with distances of O-N1’ = 2.666 (Form B) and 2.621 (Form C) and of N10-O = 2.805 (Form B) and
2.915 (Form C), (d) and for the hydrogen bonded water. Color code: red, negative regions; blue, positive regions [74]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

S9 and S10 in the Supplementary material) [71-73]. Form A contains three independent molecules of PAS and two of ADE
(3:2 stoichiometry), as highlighted in the 1*C CPMAS spectrum by the
presence of three signals (at 175.2, 174.3, and 173.3 ppm) attributable
to C7 of PAS and two signals (at 119.2 and 117.3 ppm) assignable to C5'
of ADE (Fig. 5). The 13C CPMAS spectra of Form B and C suggest the
presence of one independent molecule of each component in both forms
(ie., Z = 1), confirming a 1:1 stoichiometry.

3.3. Solid-state NMR characterization
All '3C and !N CPMAS SSNMR spectra are reported in Fig. 5 and 6,

respectively, while the chemical shifts are listed in Table S8 in the
Supplementary material.

Cc%

| T T | T T I T |
200 150 100 50 ppm
Fig. 5. '3C (100.63 MHz) CPMAS SSNMR spectra of Form A, B, and C, acquired at a spinning speed of 12 kHz and room temperature. The black dashed line indicates
the position of the COOH signal in the spectrum of pure PAS. Filled colored peaks correspond to signals assignable to PAS (red) and ADE (purple). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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N10’/N11

Form C

N10°/N11

Form B

N10’

LI LI LI LI ] LI T

200

150

T LI ] T L | [ T LI

100 50 ppm

Fig. 6. '°N (40.56 MHz) CPMAS SSNMR spectrum of ADE and Form A and °N (60.82 MHz) CPMAS spectra of Form B, and Form C, recorded at a spinning speed of 9
kHz and room temperature. The pyridinic-like N1’ signal of ADE is highlighted in purple to show the pronounced downfield shifts in Form B and C; by contrast, in
Form A the N1’ signal falls within the 240-203 ppm range, with also N3’ and N7’ signals. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

The chemical shift of the carboxylic group can be used to investigate
the protonation state of the adducts [50]. For 13C signals of carboxylic
groups, hydrogen bond formation typically causes a high-frequency shift
of about 3-7 ppm. When proton transfer occurs, resulting in a carbox-
ylate group and a charge-assisted hydrogen bond, the shift reaches a
maximum (around 6-7 ppm). However, very strong hydrogen bonds,
such as those in cyclic COOH dimers, often show chemical shifts similar
to those of carboxylate groups and this must be considered when
analyzing the shift upon adduct formation. This is the case of PAS which
exhibits the homodimerization of the COOH group [50]. As shown in
Fig. 5, Form A exhibits a shift toward lower frequencies (from 176.3 ppm
to 175.2,174.3, and 173.3 ppm) compared to pure PAS, consistent with
a neutral interaction. In contrast, a slight shift toward higher frequencies
was observed for the C7 signal of the carboxylic group in Form B and C
(from 176.3 ppm to 177.3 and 177.7 ppm, respectively), suggesting salt
formation.

Key evidence of the ionic or neutral character of the adducts is
provided by the >N CPMAS spectra. Indeed, aromatic '°N nuclei are
particularly sensitive to protonation, exhibiting shifts from 60 to 100
ppm toward lower frequencies [50].

In particular, in Form B and C, SCXRD analysis identified a supra-
molecular synthon wherein the carboxylic group of PAS interacts with
the Watson-Crick face of ADE, directly involving N1’ in a charge-transfer
N*-H---O~ hydrogen bond (see above Crystal Structure Analysis). This
evidence is supported by 1N CPMAS spectra (full signal assignment

discussed in Section S1 in the Supplementary material), where a signal,
assigned to N1’ based on SCXRD data, shifts by almost 65-70 ppm to
lower frequencies for both adducts (from 225.4 to 157.8/156 ppm for
Form B and to 160.5/154.3 ppm for Form C, Fig. 6), corroborating the
formation of salts. The assignment of N1' as protonation site is further
supported by its higher basicity compared to N7’ and N3' as evidenced
also through solution NMR studies on purine rings under acidic condi-
tions [84]. In contrast, for Form A, the signals of N1’ are observed in the
240-203 ppm range, where N3' and N7’ signals can also be detected
(Fig. 6). Notably, even the signal at lowest frequencies (207.4 ppm)
exhibits a limited deviation from that of pure ADE (225.4 ppm), thereby
confirming the identification of this form as a cocrystal, as also indicated
by the shift towards lower frequencies of the carboxylic group in the 13C
CPMAS spectra.

Since single crystals of Form A suitable for SCXRD could not be ob-
tained, additional 2D "short-range" and "long-range" 'H-'3C CP FSLG
HETCOR experiments were performed to probe the hydrogen bond
networks and refine the 1C chemical shift assignment (Fig. 513 and S14
in the Supplementary material). The “short-range” HETCOR spectrum
enabled precise identification of carbon atoms covalently bonded to
hydrogen atoms. Interpretation of the long-range HETCOR spectrum
was more challenging due to the five molecules in the asymmetric unit,
yet it revealed that the carboxyl groups of the three PAS molecules
participate in weak to moderate hydrogen bonds, as indicated by 'H
resonances at 15.73, 15.15, and 13.91 ppm [50]. Notably, the carboxylic
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proton at 15.73 ppm correlates with C8 and C5' of ADE, both bonded to
N7’. This supports the formation of a COO-H---N7’ hydrogen-bonding
synthon between PAS and the Hoogsteen face of ADE (Fig. S15 in Sup-
plementary material), consistent with the ability of ADE to engage not
only its most basic site, N1’, but also its additional acceptors, N7’ and N3’
[33].

3.4. Thermal Analysis

The starting materials and the three forms were analyzed by DSC and
TGA (Fig. 7 and S16 in the Supplementary material). Form A shows no
weight loss below 157 °C (TGA Topset-pas) When it starts to decompose,
confirming its anhydrous nature. Form B and C, instead, exhibita ~11%
weight loss below 110 °C, consistent with the release of two water
molecules from the crystal lattice. For Form B, TGA, DTG (first deriva-
tive of the TGA curve) and DSC analyses reveal two distinct dehydration
events (Fig. 7c and d). Highlighted in the TGA analysis, it shows a steady
loss (~5%) with a peak at 60 °C (T1y,) followed by a second loss (~5%)
at 89 °C (Tqy) (Fig. 7d). In contrast, Form C exhibits a sharper endo-
thermic peak in DSC and a corresponding weight loss at 95.3 °C (Ty,) in
TGA analysis (Fig. 7e and f). These observations are supported by
SCXRD data, which show that both forms contain two water molecules
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04
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o104
=
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50 100 150 200 250 300 350 400
Temperature °C
——DSC Form B &
o -
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-20 4
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in channel-like cavities [85]. In Form B, the crystallographic data reveal
that one molecule is more weakly coordinated, while the other one
participates in stronger hydrogen bonding (Fig. S12 in the Supplemen-
tary material). In Form C, the two water molecules participate in
hydrogen bonds of comparable strength, consistent with the observed
thermal behavior (Fig. S12 in the Supplementary material).

The TGA curve of PAS reveals a two-stage decomposition process,
culminating in complete mass loss (100%). The first event, with an onset
temperature (Topger) Of 146.3 °C (Fig. S16b in the Supplementary ma-
terial), corresponds for approximately 30% of the total mass loss [86].
This observation could be related to CO- release, as this value is close to
the theoretical CO, content in the API (28.7%). The TGA curves of the
new forms reveal distinct onset temperatures for the first PAS weight
loss (Tonset.pas): 157 °C for Form A, 145 °C for Form B, and 155 °C for
Form C (Fig. 7b—d and f). Additionally, in the adducts, a two-stage mass
loss of PAS is evident, followed by the degradation of ADE at 313 °C
(Tonset-ADE» Fig. 7b-d and f)

The DSC thermogram of PAS displays a melting endotherm with a
peak temperature (Ty,) at 146.3 °C, followed by a second endothermic
event attributed to thermal degradation (Fig. S16a in the Supplementary
material) [87]. In Form A, Ty, occurs at 162.7 °C and appears as the
sharpest peak among the three adducts (Fig. 7a). Form B, after
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Fig. 7. DSC, TGA and DTG profiles of Form A (a,b), Form B (c,d), and Form C (e,f). DSC thermograms display melting temperatures (T,,,), with temperature peaks
dehydration events observed for Form B and C. TGA profiles show onset temperatures (Tonset), temperature peaks of dehydration and percentage weight losses

consistent with the stoichiometry of the respective adducts.
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dehydration, shows an exothermic recrystallization event, followed by a
melting endotherm at 152.8 °C (Fig. 7c). In contrast, Form C does not
exhibit any recrystallization, displaying a single endothermic peak at
160.8 °C (Fig. 7e). In all cases, PAS degradation occurs after melting,
while ADE undergoes thermal degradation at 358.7 °C (Fig. 7a—c and e).

For a more detailed analysis, Form B and C were heated at 100 °C in
an oven while being monitored by Raman spectroscopy and SSNMR.
After 30 min of heating, both forms exhibited the same Raman and '3C
CPMAS SSNMR spectra (Fig. S17 and S18 in the Supplementary mate-
rial), different from the starting forms (B and C), the starting materials
and the anhydrous Form A (Fig. S19-S22 in the Supplementary mate-
rial). This suggests the occurrence of water release and a complete
conversion to the same product which seems to contain a small amount
of a different phase as suggested by 'H T; analyses (through 13C signal).
This highlights that the heating behavior in the oven, where both Form B
and C yield the same product after dehydration, differs from that
observed in DSC, where Form B undergoes recrystallization with melting
at 152.8 °C, whereas Form C shows no recrystallization and melts at
160.8 °C.

3.5. In Vitro Dissolution Tests

In vitro dissolution tests were performed on pure PAS and its three
adducts (Form A, B and C) in phosphate buffer (pH 7.4) at 37 °C to
evaluate the impact of solid-state modification on the dissolution
behavior. The dissolution experiments were performed over a total
period of 2 h; however, all samples reached their dissolution plateau
within the first 15 min. For clarity, Fig. 8 presents only the first 20 min,
which best highlights the differences in dissolution kinetics among the
forms. The complete 2 h profiles are provided in the Supplementary
material (Fig. S23), confirming that no further changes (i.e., evidence of
recrystallization or instability) occur after the plateau is reached. Spe-
cifically, all three adducts exhibit faster dissolution kinetics, reaching
their plateau concentrations in a shorter time. Among them, Form A
(yellow line) is the fastest, achieving complete dissolution within the
first 5 min. The hydrated adducts, Form B (green) and Form C (light
blue), also outperform pure PAS, though they reach the plateau slightly
later than Form A. These data confirm that all three adducts enhance the
dissolution rate of PAS.

4. Conclusions

This study comprehensively explored the behaviour and structural
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Fig. 8. Enlarged view of the early stage (0-20 min) of the dissolution profiles of
pure PAS (red) and the three adducts: Form A (yellow), Form B (green) and
Form C (light blue), expressed as % of PAS released. Profiles represent the
average of three replicates, with standard deviations not exceeding 5% of the
mean value. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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diversity of three crystalline adducts formed between p-aminosalicylic
acid and adenine (ApK, = 2.2): one cocrystal (2:3 ADE:PAS) and two
hydrated salts (both 1:1:2 ADE:PAS:H50). ADE revealed to be a versatile
coformer thanks to the presence of several hydrogen-bond donor and
acceptor sites in its molecular structure. By leveraging the region of salt-
cocrystal uncertainty, the three forms were successfully and selectively
accessed via mechanochemical methods and crystallizations by sys-
tematically varying the solvent environment and synthesis conditions.
In particular, the application of liquid-assisted grinding, paired with
selective solvents, proved to be a robust and reproducible method for
directing synthetic outcomes. An in-depth structural and spectroscopic
analysis confirmed differences in stoichiometry, hydration state, and
intermolecular interactions among the three forms, highlighting how
subtle changes in experimental conditions can influence the outcome
within the salt—cocrystal continuum. Overall, this work emphasized the
importance of the solvent and method selection in directing poly-
morphic outcomes, particularly when working within the ApK, uncer-
tainty range. We also demonstrated how this chemically ambiguous
region, although challenging for prediction, also enables access to
multiple forms. The ability to reproducibly isolate multiple solid-state
forms from the same molecular components not only enhances our un-
derstanding of crystal engineering principles but also opens new possi-
bilities for optimizing pharmaceutical formulations. Furthermore, the
findings contribute to the broader field of polymorphism control, of-
fering valuable insights not only in terms of performance enhancement
but also with respect to regulatory compliance and intellectual property
implications in drug development.
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