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It is generally accepted that water, as an effective plasticizer, decreases the glass transition temperatures
(T4s) of amorphous drugs, potentially resulting in physical instabilities. However, recent studies suggest
that water can also increase the T4s of the amorphous forms of the drugs prilocaine (PRL) and lidocaine
(LID), thus acting as an anti-plasticizer. To further understand the nature of the anti-plasticizing effect of
water, interactions with different solvents and the resulting structural features of PRL and LID were
investigated by Fourier transform infrared spectroscopy (FTIR) and quantum chemical simulations. Heavy
water (deuterium oxides) was chosen as a solvent, as the deuterium and hydrogen atoms are
electronically identical. It was found that substituting hydrogen with deuterium showed a minimal
impact on the anti-plasticization of water on PRL. Ethanol and ethylene glycol were chosen as solvents
to compare the hydrogen bonding patterns occurring between the hydroxyl groups of the solvents and
PRL and LID. Comparison of the various Tgs showed a weaker anti-plasticizing potential of these two
solvents on PRL and LID. The frequency shifts of the amide C—O groups of PRL and LID due to the
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Accepted 29th April 2024 showed a correlation with the binding energies calculated by quantum chemical simulations. Overall,
this study showed that the combination of weak hydrogen bonding and strong electrostatic

contributions in hydrated PRL and LID could play an important role in inducing the anti-plasticizing
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1. Introduction

Poor aqueous solubility of active pharmaceutical ingredients
(APIs) is recognized as a major challenge in the development of
orally administrated drugs.”” Converting crystalline drugs into
their high-energy amorphous counterparts exhibits promising
potential to enhance the solubility and bioavailability of poorly
water-soluble APIs.>! However, the absence of a crystal
lattice also renders the APIs thermodynamically unstable,
eventually resulting in crystallization, and thus loss of the
solubility advantage.”® This creates challenges in amorphous
drug development during manufacturing and storage.

Adding to the intrinsic thermodynamic instability of amor-
phous drugs is the fact that adsorbed water further plasticizes
amorphous drugs, thus decreasing their glass transition tem-
peratures (T,s), resulting in additional physical instability.”*
The plasticizing effect of water is believed to arise from the
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propensity of water to interact with various functional groups of
amorphous drugs through hydrogen bonding.® Water mole-
cules disrupt the intermolecular forces in the amorphous
solids, thus increasing the molecular mobility of amorphous
APIs, resulting in the reduced Tys of such drugs.'®'" However,
recent studies observed that water can also have an anti-
plasticizing effect on some APIs, including prilocaine (PRL)
and lidocaine (LID), resulting in higher Tgs of hydrated amor-
phous PRL and LID compared with the respective anhydrous
amorphous forms of these drugs.'>" Useful insights into the
anti-plasticizing nature of water on amorphous PRL were
gained from the work of Ruiz et al. who investigated the
molecular interactions between PRL and water by Fourier
transform infrared spectroscopy (FTIR)."? The anti-plasticizing
effect of water on PRL was ascribed to a dimeric structure of
PRL held together by a water bridge, evidenced by the red shift
of the amide C—0 group of amorphous PRL upon hydration."?

In this work, to further investigate the nature of the anti-
plasticizing effect of water on the amorphous drugs PRL and
LID, interactions and resulting structural properties of PRL and
LID were investigated in the presence of different solvents.
Heavy water (deuterium oxides) was chosen as a solvent
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because the deuterium and hydrogen atoms are electronically
identical. It was assumed in this study that the substitution of
water with heavy water would not affect the anti-plasticizing
effect of water for PRL. Ethanol and ethylene glycol were chosen
as solvents based on their varying abilities to form hydrogen
bonds with PRL and LID. Ethylene glycol was expected to be a
potential anti-plasticizer for PRL, because the two hydroxyl
groups of this molecule could facilitate the formation of a
dimeric structure of PRL bridged by ethylene glycol."”® In
contrast, ethanol was assumed to be a plasticizer for PRL and
LID due to the molecule only having a single hydroxyl group.
The interactions of the solvents with PRL and LID were experi-
mentally investigated by FTIR and theoretically calculated
based on density functional theory (DFT). To characterize the
quantitative nature of the interactions with different solvents,
symmetry-adapted perturbation theory (SAPT) was employed.
Overall, our findings indicate that the previous hypothesis,
attributing the anti-plasticizing effect of water to a dimer
formation through a water bridge, cannot sufficiently account
for the observed changes in the T,s of PRL and LID with water,
ethanol, and ethylene glycol.”® Further analysis suggested that
the combination of weak hydrogen bonding and strong electro-
static contributions could be an indicator of the anti-
plasticization of water in hydrated PRL and LID.

2. Materials and methods
2.1. Materials

Prilocaine (PRL, My, = 220.31 g mol ') was purchased from
Fluorochem Ltd (Hadfield, U.K.). Lidocaine (LID, My =
234.34 ¢ mol ') was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Water (18.2 MQ) was freshly prepared using a Milli-Q
water system from ELGA LabWater (High Wycombe, U.K.).
Absolute ethanol was purchased from VWR (Randnor, PA,
USA). Ethylene glycol and heavy water (deuterium oxides) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Methods

2.2.1. Sample preparation. Unsolvated amorphous PRL
and co-amorphous PRL-LID samples were prepared by melting
crystalline PRL or crystalline mixtures of PRL and LID with
mole fractions of LID from 0 to 0.7, followed by quench-cooling
at the maximal instrumental rate of a Discovery DSC (TA
instruments, New Castle, DE, USA), using non-hermetically
sealed pans.

For solvated amorphous PRL and co-amorphous PRL-LID
samples, a droplet of heavy water or ethanol was added to the
crystalline drug or crystalline mixtures of PRL and LID with
mole fractions of LID from 0 to 0.7, with the samples subse-
quently undergoing solvent evaporation monitored on a micro-
balance. The evaporation process allowed precise control of the
amount of added solvent to reach the desired total sample
mass."” This pathway could not be used for ethylene glycol, due
its non-volatile nature. Therefore, a specific amount of ethylene
glycol was added directly to the crystalline PRL. The DSC pans
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were subsequently hermetically sealed and subjected to melt-
quenching in a DSC.

For amorphous PRL samples combined with heavy water,
solvent-to-drug molar ratios from 10% to 100% were used,
corresponding to an earlier study on water."* For amorphous
PRL and co-amorphous PRL-LID samples with ethanol and
ethylene glycol, a solvent-to-drug molar ratio of 50% was used.

These unsolvated and solvated amorphous PRL and co-
amorphous PRL-LID samples were subsequently used for mea-
suring the T,s and conducting FTIR analysis.

2.2.2. Determination of the T,s of unsolvated and solvated
amorphous PRL and LID

2.2.2.1. Differential scanning calorimetry (DSC). The Tgs of
unsolvated and solvated amorphous PRL and co-amorphous
PRL-LID samples were measured using a temperature modu-
lated DSC (TA instruments, New Castle, DE, USA) under a
nitrogen gas flow of 50 mL min~". The samples were heated
to 353 K at a rate of 10 K min™*, and equilibrated at 193 K,
followed by quench-cooling. The T, was determined by reheat-
ing the sample at 2 K min~' with a modulation amplitude of
0.2120 K and a period of 40 s. The T, was taken at the midpoint
of the change in heat capacity (AC,). All T, values were
determined by three independent samples and are reported
as mean =+ standard deviation.

2.2.2.2. Calculation of the T,s of unsolvated and solvated
amorphous LID based on co-amorphous PRL-LID systems. It is
impossible to obtain pure unsolvated and solvated amorphous
LID as drug recrystallization is observed during cooling from
the drug melt."* In our previous study, an approach has been
established to calculate the Tgs of unsolvated LID and hydrated
LID at a water-to-drug molar ratio of 50%, based on the
experimental Ts of amorphous PRL and co-amorphous PRL-
LID systems with mole fractions of LID from 0 to 0.7.'* In that
study, the Tgs of unsolvated and hydrated LID at a water-to-drug
molar ratio of 50% were determined to be 209.8 + 0.5 K and
210.7 £ 0.7 K, respectively.'” The T, of LID solvated with
ethanol was calculated using that previously reported
approach, based on the experimental Ts of amorphous PRL
and co-amorphous PRL-LID systems.'> As shown in Table S1
(ESIY), at a solvent-to-drug molar ratio of 50%, the calculated
Tes of amorphous LID and co-amorphous PRL-LID systems
with ethanol were consistent with the experimental Tgs. Overall,
the T, of LID with ethanol at a solvent-to-drug molar ratio of
50% was found to be 188.9 + 0.5 K.

2.2.2.3. Calculations of the theoretical Tys of solvated amor-
phous PRL and LID. The theoretical T,s of PRL and LID with
ethanol and ethylene glycol were calculated by using the
Gordon-Taylor equation:*>

M Tgl + Kw, ng

Te12
& wi + Kwy

1)

where Ty, is the T, of a solvated sample. Ty, denotes the T, of
unsolvated pure PRL (219.4 K'?) or LID (209.8 K'?). Ty, denotes
the T, of ethanol (97.0 K'*'”) or ethylene glycol (155.0 K'”*%).
w; and w, are the weight fractions of the individual
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components. The parameter K can be estimated according to
the Simha-Boyer rule:"

T,
glpl (2)
Typ,

where p; and p, are the densities of the individual components
(ppr = 1.029 g em™>, pyp = 1.026 g M >, Pethanol
0.789 g M >, Pethyleneglycol = 1.114 g cm ™ *).%°

2.2.3. Fourier transform infrared spectroscopy (FTIR).
Interactions between the solvents and the amorphous drugs
were investigated by infrared spectroscopy using a MB3000
FTIR spectrometer (ABB Ltd, Zurich, Switzerland) in attenuated
total reflectance (ATR) mode. The spectra were recorded at a
wave number range from 400 to 4000 cm ™' with 16 scans at
4 cm™" resolution. Due to the low T,s of amorphous PRL and
LID,"* the supercooled liquid phase of unsolvated and solvated
samples at room temperature was used to investigate the
molecular interactions in the amorphous phase.>!

Previous studies have examined the FTIR spectra for unsol-
vated and hydrated amorphous PRL, as well as for co-
amorphous PRL-LID systems.'*?? In this study, the FTIR spec-
tra of amorphous unsolvated and solvated LID were investi-
gated based on the co-amorphous system of PRL and LID with a
mole fraction of LID of 0.7,%* due to fast crystallization of pure
amorphous LID." PRL and LID are compounds featuring
amino-amide structures, including the amide C=0 and amide
N-H groups within both compounds, a secondary amine group
specific to PRL, and a tertiary amine group specific to LID.
Furthermore, the amide C=O (1682 cm') and N-H
(3296 cm™") groups of amorphous PRL and LID, the amide
N-H (1519 cm ™) group of amorphous PRL, and the amide N-H
(1492 em™") group of amorphous LID, were chosen to analyze
molecular interaction with the hydroxyl groups of the solvents.

2.2.4. Quantum chemical simulations

2.2.4.1. Optimized structural models. One hundred starting
structural models of hydrated PRL, PRL with ethanol, PRL with
ethylene glycol, hydrated LID, and LID with ethanol were
initially generated by the genmer tool under Molclus
software.”® These structural models were optimized at the
PM6-DH+ level using the MOPAC program to get ten stable
structural models with low energies.”® Subsequently, the
obtained ten structural models were optimized at the B3LYP-
D3(BJ)/def2-TZVPP level using Gaussian 09 software to find the
lowest energy model.>® For the structural model of PRL with
heavy water, the hydrogen atoms of water in the structural
model of hydrated PRL were substituted by deuterium atoms,
as the equilibrium geometries are unaffected by isotopic
substitution.>®

2.2.4.2. Calculation of binding energy and FTIR spectra. For
the optimized structural models of solvated drugs, the total
electronic binding energies, were evaluated by the single-point
energies at the B3LYP-D3(BJ)/jul-cc-pVTZ level. The basis set
superposition error (BSSE) was corrected by the Boys and
Bernardi’s counterpoise (CP) technique.”” The vibrational
frequencies of structural models were calculated at the
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B3LYP-D3(B])/def2-TZVPP level. A scaling factor of 0.959 was
applied on the calculated vibrations in order to match the
experimental FTIR spectra.?® All the calculated vibrational
spectra were plotted in the Lorentzian line shape with a full
width at half-maximum (FWHM) of 20 cm ™" using the Multiwfn
program.”’

2.2.4.3. Energy decomposition analysis. Symmetry-adapted
perturbation theory (SAPT) was applied at the sSAPTO/jun-
ccpVDZ level on the optimized molecular structural models of
solvated drugs using the PSI4 program.>’>! The total electronic
binding energies, dominating by the interactions between the
drugs and solvents, were computed and decomposed into electro-
static, induction, exchange, and dispersion contributions.’*** The
electrostatic contribution describes the Coulombic interactions
between the static charge distributions of molecules. The induction
contribution arises from the polarization of one molecule by the
electric field of another. The exchange effect is strongly repulsive,
caused by the overlap of electron wavefunctions from different
atoms. The dispersion contribution arises from fluctuations in the
electron distribution within an atom or molecule.

3. Results and discussion

The Tgs of PRL and LID upon hydration have been investigated
previously with regard to the anti-plasticizing effect of
1213 Taking account of previous studies, to maximize
the anti-plasticizing effect of water, a water-to-drug molar ratio
of 50% was chosen to compare the T,s of anhydrous and
hydrated PRL and LID.'">' The T, of hydrated PRL was
increased by 4.1 K compared with that of anhydrous PRL, and
the T, of hydrated LID was increased by 0.9 K compared with
that of anhydrous LID investigated in a previous study.> Over-
all, the Tgs of PRL and LID increase upon hydration, indicating
an anti-plasticizing effect of water on PRL and LID. The extent
of the T, increase of PRL and LID upon hydration indicates that
the anti-plasticizing potentials of water can be ranked as
hydrated PRL > hydrated LID.

The interactions between water and PRL have previously
been investigated by Ruiz et al."® It has been shown that water
did only bind to the amide C=O0 group of PRL, which is visible
in the FTIR spectra of anhydrous versus hydrated amorphous
PRL by the red shift of the amide C=0 group of PRL."> In
our previous study, we also found that only the amide C=0O
groups of amorphous PRL and LID were involved in the
molecular interactions between water and co-amorphous sys-
tems of PRL and LID at mole fractions of LID from 0.1 to 0.7,
according to spectroscopic investigations and quantum
chemical simulations.?* Overall, it has been shown that water
only interacted with the amide C—O groups of PRL and LID.

Given that water only interacted with the amide C—O0 group
of PRL, Ruiz et al. pointed out that the addition of water led to a
preferential formation of PRL dimers held together by two
hydrogen bonds between one water molecule and the amide
C=O0 groups of two PRL molecules."® This hypothesis was
rationalized by the observations that the maximum hydration

water.
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ratio for liquid PRL was at a water-to-drug molar ratio of 50%,>
corresponding to one water molecule binding to two PRL
molecules.”® Since LID is structurally related to PRL, and
showed similar interactions between water and the amide
C=O0 group of LID to those of PRL,*® as well as showing
maximum hydration for liquid LID at a water-to-drug molar
ratio of 50%,>* a dimeric structure of LID with water could also
have been formed between water and the amide C—O groups
of LID.

3.1. Effect of heavy water on PRL

In order to closer investigate the influence of the hydrogen
bonding pattern on the observed and assumed anti-plasticizing
effect, water was firstly exchanged with heavy water. The
differences of deuterium and hydrogen atoms are associated
with their masses, resulting in changes of the vibrational
motions of the atoms.>® However, given that the deuterium
and hydrogen atoms are electronically identical, it was
assumed in this study that the interactions between PRL and
water would remain consistent upon substitution with heavy
water.”®*® Thus, it was expected that heavy water would exhibit
an identical anti-plasticizing impact on PRL as observed
with water.

3.1.1. Comparison of the T,s of PRL with water and heavy
water. Fig. 1 shows the influence of heavy water and water on
the T, of PRL. The T, of PRL was increased with the addition of
heavy water, indicating an anti-plasticizing effect also of heavy
water on PRL. The T, pattern of solvated PRL with heavy water
and water showed a similar trend. With the addition of water
and heavy water, the T,s of PRL showed a linear dependence on
the solvent-to-drug molar ratio up to 50%. The T, values of PRL
with heavy water, at the same molar ratios, were lower than
those with water; however, the differences were less than 1 K.
The anti-plasticizing effect of heavy water on PRL can thus be
considered to be nearly equal to that of water.

I
I
water
SR ESEEE
< %/%éa% é_Heavy water

= 220 - %
i g

210

T T T T
40% 50% 60% 80% 100%
Molar ratio of water/heavy water

T T
0% 20%

Fig. 1 Changes in the Tys of PRL with the addition of water and heavy
water. The solvent-to-drug molar ratios range from 0% to 100%.
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3.1.2. Investigation of spectral shifts due to interaction
with water and heavy water. The amide C—O group vibration
of PRL was chosen to investigate the molecular interaction of
PRL with water and heavy water, as the previous investigation
by Ruiz et al. indicated that water only interacted with the
amide C=O0 group of PRL."® The experimental FTIR spectra
show that the amide C—=O0 groups of PRL were red shifted with
the addition of water and heavy water at solvent-to-drug molar
ratios of 10%, 30%, and 50% (Fig. 2). A red shift of 2 cm " in
the amide C=O group of PRL was observed when comparing
the interactions of heavy water versus water at different solvent-
to-drug molar ratios, potentially due to the isotopic substitu-
tion with the heavier deuterium atom.®® This further suggests
that heavy water has identical binding sites to water, given that
the difference in the wavenumbers remained constant at
2 em ™! at different solvent-to-drug molar ratios.

To further investigate the isotopic effect on the interactions
of PRL with water, DFT calculations were performed to calcu-
late the vibrational frequencies of the amide C—O groups of
PRL with water and heavy water. Since only the interactions of
PRL with water and heavy water were of interest, a solvent-to-
drug molar ratio of 100% was used to construct the structural
models. It was assumed that the isotopic substitution had a
negligible effect on the molecular structures of hydrated PRL,
because heavy water and water have identical electronic
structures.”®*® Thus, the structural model of PRL-heavy water
was constructed by the substitution of hydrogen with deuter-
ium atoms, without configurational changes of the structural
model of hydrated PRL. In this regard, different interaction of
PRL with water and heavy water would result in a variation of
the shift between the two solvents, in contrast, a constant shift
can be seen as indication of similar hydrogen bonding pattern.
The binding sites of water and heavy water were restricted to
the amide C=O groups of PRL and LID. The simulated
structural models of PRL with water and heavy water are shown
in Fig. S2 (ESIt). Despite some differences in the wavenumbers
between the experimental and simulated FTIR spectra, both
experimental and theoretical analysis indicated that the inter-
actions of PRL with water and heavy water resulted in red shifts
of the amide C—0 groups of PRL (Fig. 2). A red shift of 2 cm™*
of the amide C—=O0 group of PRL with heavy water versus water
was observed in the simulated FTIR spectra, consistent with
those observed in the experimental FTIR spectra. Considering
that the simulated configuration of PRL remained unchanged
when interacting with water and heavy water, the difference of
2 em™" in the wavenumbers observed in the simulated FTIR
spectra of PRL with water and heavy water, was attributed to the
differences in the vibrational motions of the hydrogen and
deuterium atoms. These findings rationalized the observations
in the experimental FTIR spectra that the red shift of 2 cm ™" in
the amide C=0 group of PRL with heavy water versus water was
due to the isotopic substitution at the same binding sites
of PRL.

3.1.3. Hypothesis testing for the mechanism of anti-
plasticization. It has been shown that the binding sites of
PRL with heavy water were identical to those with water,

This journal is © the Owner Societies 2024
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Fig. 2 Experimental FTIR spectra of the amide C—0O groups of unsolvated and solvated PRL with a solvent-to-drug molar ratio of 10% (A), 30% (B), and
50% (C). Simulated FTIR spectra of amide C—0O groups of unsolvated and solvated PRL with a solvent-to-drug molar ratio of 100% (D). FTIR spectra of
unsolvated PRL are denoted in green, hydrated PRL in orange, and PRL with heavy water in blue. The wavenumbers corresponding to the amide C—=0O
groups of unsolvated and solvated PRL and LID are denoted in the respective colors.

notwithstanding the small differences observed in the FTIR
spectra of PRL with heavy water versus water. The T, pattern of
PRL with heavy water was also similar to that with water. This
comparison between water and heavy water validated Ruiz
et al.’s hypothesis that the anti-plasticizing effect of water arose
from the binding sites of water at the amide C=O group of
PRL."

3.2. Effect of ethanol and ethylene glycol on the T,s of PRL
and LID and on the molecular interactions with those drugs

Based on a previous study, the anti-plasticizing effect of water
was ascribed to a dimeric structure of PRL held together by a
water bridge."® The possible hydrated structure of PRL could be
formed by two hydrogen bonds between the two amide C=0
groups of two PRL molecules and the two hydroxyl groups of
one water molecule.”® From this consideration, the two hydro-
xyl groups in one water molecule could play an important role
in the anti-plasticizing effect, “binding together” two drug

This journal is © the Owner Societies 2024

molecules. Ethylene glycol thus was chosen as it contains two
hydroxyl groups, potentially also facilitating the formation of
ethylene glycol-bridged structures with PRL. Ethylene glycol
was thus expected to be a possible anti-plasticizer for PRL. In
contrast, ethanol was chosen because it only has one hydroxyl
group and was thus assumed to be a plasticizer for PRL
and LID.

3.2.1. Comparison of the T,s of PRL and LID solvated with
ethanol and ethylene glycol. To compare with the anti-
plasticizing effect of water on PRL to that of other solvents, a
solvent-to-drug molar ratio of 50% was chosen to investigate
the T,s of PRL and LID with ethanol and ethylene glycol.
Table 1 shows the experimental T,s of PRL and LID with these
solvents. The experimental T,s of PRL and LID with ethanol
and ethylene glycol were lower than the respective experimental
Tes of unsolvated PRL and LID, thus showing a plasticizing
effect of ethanol and ethylene glycol on both drugs. The
plasticizing effect of ethanol and ethylene glycol on PRL and

Phys. Chem. Chem. Phys., 2024, 26, 14149-14159 | 14153
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Table 1 Comparison between the experimental Tgs and the theoretical
Tgs of PRL and LID with ethanol and ethylene glycol with a solvent-to-drug
molar ratio of 50% based on the Gordon-Taylor equation

Experimental T, (K) Theoretical T, (K) AT, (K)

PRL 219.4 £ 0.1 — —
PRL with ethanol 204.1 0.3 190.5 13.6
PRL with ethylene glycol 215.4 £ 1.0 209.4 6.0
LID 209.8 + 0.5% — —
LID with ethanol 188.9 £+ 0.5° 185.9 3.0

“ The experimental T,s of unsolvated LID and LID with ethanol were
calculated based on the co-amorphous PRL-LID systems, using a
previously reported approach.

LID was further fitted using the Gordon-Taylor equation. The
theoretical T,s of PRL and LID with ethanol and ethylene glycol
were calculated by using the T,s of the individual components,
thus considering the solvent as a component which can only
plasticize the drug. As shown in Table 1, the experimental T,s of
PRL and LID with ethanol and ethylene glycol were higher
than the theoretical Tgs of the solvated drugs. These findings
contradict the assumptions that ethanol and ethylene glycol
acted purely as plasticizers for PRL and LID,’” but rather
indicate a certain anti-plasticizing potential. However, this
anti-plasticizing potential did not result in an increase of the
Tys of PRL and LID, but rather in a decrease that is less than
theoretically predicted. The anti-plasticizing potentials of etha-
nol and ethylene glycol were assessed by comparing the experi-
mental and theoretical T,s of solvated drugs and ranked as PRL
with ethanol < PRL with ethylene glycol < LID with ethanol.

3.2.2. Binding sites of PRL and LID with ethanol and
ethylene glycol. Interactions of the amide C—0, amide N-H,
and amine groups of PRL and LID with ethanol and ethylene
glycol were investigated first. As shown in Fig. 3, with the
addition of ethanol and ethylene glycol, red shifts of the amide
C—0O0 groups (1682 cm™ ') of PRL and LID were observed. For
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both solvated drugs, the shifts of the amide N-H groups of PRL
(1519 cm™ ") and LID (1492 cm™ ') were less profoundly changed
compared with those of the amide C—O0O groups. No shifts of
the N-H groups (3296 cm '), attributed to the amide N-H
groups of PRL and LID and the secondary amine group of PRL,
were observed for the solvated amorphous PRL and LID sam-
ples. The peak shifts of the amide C—O, amide N-H, and
amine groups of PRL and LID with ethanol and ethylene glycol
exhibited a similar trend as the changes reported in previous
studies for hydrated amorphous PRL and LID."*?* Zeglinski
et al. observed a pronounced shift of the amide C—=0 group in
the FTIR spectra of N-methylacetamide (NMA), in comparison
to the amide N-H group, indicating the formation of hydrogen
bonds at the amide C=0 group of NMA with water.>® Thus, the
amide C=0O0 groups of PRL and LID exhibited a higher potential
to interact with ethanol and ethylene glycol compared to the
amide N-H and amine groups, similarly to their interactions
with water.

3.2.3. Investigation of spectral shifts due to interaction
with ethanol and ethylene glycol. As stated above, the amide
C=O0 groups of PRL and LID exhibited a high potential to
interact with ethanol and ethylene glycol. The vibrational
frequencies of the amide C—O0 groups of the structural models
of PRL and LID with ethanol and ethylene glycol at a solvent-to-
drug molar ratio of 100% were calculated by DFT. The simu-
lated structural models of PRL and LID with ethanol and
ethylene glycol are shown in Fig. S2 (ESIf). In Fig. 4, the
experimental vibrational frequencies of the amide C—O0 groups
of solvated PRL and LID are compared with those of the
simulated frequencies. This comparative analysis involved
referencing against the vibrational frequencies of hydrated
PRL and LID. Although there are some differences in the
wavenumbers between the experimental and simulated FTIR
spectra, the shifts of the amide C—=O groups of PRL and LID
with water, ethanol and ethylene glycol exhibited a similar
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Fig. 3 Comparison of experimental FTIR spectra between unsolvated and solvated PRL (A) and LID (B) with a drug-to-solvent molar ratio of 50%. The
FTIR spectra of unsolvated PRL and LID are denoted in green, hydrated PRL and LID in yellow, PRL and LID with ethanol in blue, and PRL with ethylene
glycol in pink. The wavenumbers corresponding to the amide C—=0O, amide N—H, and amine groups of unsolvated and solvated PRL and LID are denoted

in the respective colors.
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trend. In both simulated and experimental FTIR spectra, the
amide C=O groups of hydrated PRL and LID exhibited the
smallest shifts, compared to those with ethanol and ethylene
glycol.

3.2.4. Hypothesis testing for the mechanism of anti-
plasticization. The experimental shifts of the amide C=O,
amide N-H, and amine groups of PRL and LID with ethanol
and ethylene glycol followed a similar trend as the shifts
observed in hydrated PRL and LID. According to the hypothesis
of “dimer formation”, the two hydroxyl groups of one ethylene
glycol molecule could interact with the two amide C=O0 groups
of two PRL molecules.'? These interactions of PRL with ethy-
lene glycol would then be expected to be similar to those
observed with water, leading to an anti-plasticizing effect of
ethylene glycol on PRL." In contrast, ethanol could not act as
an anti-plasticizer for PRL and LID, because one ethanol
molecule could not interact with the two amide C—=O groups
of PRL and LID."> However, it was found that although the
addition of ethanol and ethylene glycol resulted in a reduction

This journal is © the Owner Societies 2024

of the T,s of PRL and LID, the experimental T,s of those
solvated drugs were higher than the theoretical T,s calculated
using the Gordon-Taylor equation. These findings indicate that
although ethanol and ethylene glycol overall acted as plastici-
zers for PRL and LID, they also exhibited ‘‘anti-plasticizing
potential” due to the observed molecular interactions. In addi-
tion, the ‘“‘anti-plasticizing potential” of ethanol on PRL was
more pronounced compared to that of ethylene glycol, assessed
by comparing the experimental and theoretical T,s of PRL with
ethanol and ethylene glycol. Thus, the observations in this
study do not support the hypothesis that the anti-plasticizing
effect of water is related to a dimer formation with a solvent
bridge."?

3.3. Simulated structural models of PRL and LID at a solvent-
to-drug molar ratio of 50%

In order to visualize the molecular interactions of PRL and LID
with water, ethanol, and ethylene glycol at a solvent-to-drug
molar ratio of 50%, quantum chemical simulations were
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Fig. 5 Simulated structural models of hydrated PRL (A), PRL with ethanol
(B), PRL with ethylene glycol (C), hydrated LID (D), and LID with ethanol (E)
at a solvent-to-drug molar ratio of 50%. Carbon atoms are denoted in dark
grey, hydrogen in light grey, oxygen in red, and nitrogen in light purple. The
hydrogen bonding with the amide groups of PRL and LID is marked in
yellow.

performed. The structural models of solvated drugs were gen-
erated randomly, by changing the orientations and distances
among the components, using two drug molecules of PRL or
LID, and one solvent molecule of water, ethanol, or ethylene
glycol. The random orientations of molecules in an amorphous
phase result in numerous stationary conformational states on
the potential energy surface.’* The model with the lowest
binding energy was assumed to be the most reasonable model
on the potential energy surface for analyzing the structural
features, compared with the other constructed model.*® The
simulated structural models are shown in Fig. 5. The binding
energies of the investigated structural models are shown in
Table S2 (ESIt). Hydrogen bonding in hydrated PRL, PRL with
ethanol, PRL with ethylene glycol, and hydrated LID, was
formed via the acceptors from the amide C—O0O groups of PRL
and LID. The structural models thus gave an indication that the
amide C=O groups of PRL and LID were involved into the
interactions with water, ethanol, and ethylene glycol, respec-
tively, which is consistent with the observations in the experi-
mental FTIR spectra. However, for hydrated LID, the model
indicated the formation of another hydrogen bond between the
amide N-H group of LID and the hydroxyl group of water. In
addition, for LID with ethanol, the hydrogen bonding was
formed in a different way compared with the other structural
models and was based on the amide N-H groups from two LID
molecules as donors and the hydroxyl group from one ethanol
as an acceptor. The possible structural models of solvated LID
indicated that for pure amorphous LID, the amide N-H groups
of LID might be involved in the molecular interactions with
water and ethanol. However, in the experimental FTIR spectra
of solvated LID, the interactions involving the amide N-H
groups of LID with water and ethanol were not observed, which
were predicted from the experimental FTIR spectra of co-
amorphous systems of PRL and LID. Solvent-bridged structures
of PRL and LID, via two hydrogen bonds with the amide C=0
groups from two drug molecules of PRL and LID, were not
observed in any of simulated solvated structural models.

14156 | Phys. Chem. Chem. Phys., 2024, 26, 14149-14159
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Overall, these observations do not support the hypothesis that
the anti-plasticizing effect of water was due to the interactions
of one water molecule with the two amide C—=O0 groups of two
drug molecules of PRL and LID."?

It is known for crystalline structures that dimer formation
affects the stability of crystalline solids, specifically due to the
long-range order existing in the crystal.*’ Dimer structures in
the unit cell are repeated over many orders of magnitude in a
crystal, thus affecting its physicochemical properties.*” How-
ever, for amorphous PRL and LID, the order of the motifs such
as the dimeric structure of drugs, is not replicated due to the
lack of long-range order. Thus, the anti-plasticizing effect of
water on amorphous PRL and LID may not be solely correlated
with the individual dimeric structures of PRL and LID bridged
by water.

3.4. Binding energy consideration on the anti-plasticizing
effect of water

The plasticizing effect of water on amorphous drugs could
effectively raise the potential energy minima of the conforma-
tional states through the intermolecular interactions.”®* In a
previous study the plasticizing abilities of additives on proteins
according to the differences in their binding energies were
investigated based on a computer-aided molecular design
platform.** The results of that study indicated that a low
binding energy was indicative of a strong binding affinity
between a plasticizer and a protein, thus leading to a strong
plasticizing effect.** The strong interactions between plastici-
zers and amorphous drugs can break the original intra- and
inter-molecular network of the anhydrous drugs, leading to an
increase in molecular mobility and a subsequent decrease
in the T,s of the drugs.*> However, it has been shown
that intermolecular interactions with water can also reduce
the potential energy barrier of some macromolecules
more effectively than sterically hindered intramolecular
interactions,’®” and thus may show an anti-plasticizing
effect of water. In addition, Wang et al. have reported an anti-
plasticizing effect of urea/water mixtures on starch molecules.*®
The anti-plasticizing effect of urea/water mixtures benefited
from weak intermolecular interactions between water and
starch.*® These previous findings highlight the important
role of molecular interactions and the corresponding
binding energies in influencing the effect of water on
amorphous drugs.

As discussed above, in both simulated and experimental
FTIR spectra, the amide C—=O groups of hydrated PRL and LID
exhibited the smallest shifts, compared to those with ethanol
and ethylene glycol. In Fig. 6, the experimental and simulated
frequency shifts of PRL and LID solvated with water, ethanol,
and ethylene glycol are shown. The frequency shifts of the
amide C=O groups observed in the FTIR spectra showed a
linear correlation with the binding energies of the structural
models for both PRL and LID. However, an exception was noted
in the experimental frequency shift of LID with ethanol. This
deviation showed a potential unique interaction between LID
and ethanol, distinct from the other solvated drugs, as shown
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Fig. 6 Linear regression fitted to the experimental shifts (R> = 0.970) and
simulated shifts (R? = 0.955) of the amide C=0 groups of PRL and LID with
water, ethanol, and ethylene glycol, as a function of the corresponding
calculated binding energies. The experimental shift of LID with ethanol did
not follow the linear relationship with the calculated binding energy.

in Fig. 5. Overall, both the experimental and theoretical ana-
lyses indicated that increased binding energies of solvated
drugs led to smaller shifts in the amide C—=O groups of PRL
and LID, consistent with previous findings.***° The binding
energies of hydrated PRL and LID were higher than those with
ethanol and ethylene glycol. The higher binding energies of
hydrated PRL and hydrated LID indicated that the hydrogen
bonds formed in hydrated PRL and LID were weaker compared
to those formed with ethanol and ethylene glycol. In addition,
the binding energy of hydrated PRL, determined based on
the electronic structure calculations, remained constant with
the deuterium substitution, when replacing water with heavy
water. However, the increased mass of deuterium in the har-
monic oscillator results in a shallower potential energy well for
interactions with heavy water, compared with hydrogen.>!
Furthermore, the small red shifts observed in the amide
C=O0 group of PRL when comparing heavy water with water,
indicate that the binding strength with heavy water was slightly
stronger than with water.>® These findings are consistent with
the similar T, patterns observed for PRL with water and heavy
water, but the slightly lower T, values of PRL with heavy water
than with water.

Overall, the weak interactions of PRL and LID with water
could thus be favorable to induce an anti-plasticizing effect
of water.

A binding energy decomposition analysis was performed to
further explore the nature of the interactions between PRL and
LID with water, ethanol and ethylene glycol. Using the SAPT
approach, the binding energy was decomposed into electro-
static, induction, exchange, and dispersion contributions.
Within the formation of hydrogen bonding, the electrostatic,
induction, and dispersion effects contribute as attractive forces,
and the exchange effect contributes repulsively. The percentage

This journal is © the Owner Societies 2024
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Fig. 7 Contribution percentages of the electrostatic, induction, and dis-
persion effects to the total attractive forces for the structural models of
hydrated PRL, hydrated LID, PRL with ethanol, PRL with ethylene glycol,
and LID with ethanol, with a solvent-to-drug molar ratio of 100% com-
puted with SAPT. The binding sites of the investigated solvents were
restricted at the amide C=0O groups of PRL and LID.

of each contribution to the total attractive force was calculated

as:>®

Ex

E%)=—+——-"——
%) Eeist + Eina + Eais

(3)
where E (%) is the percentage of each contribution to the total
attractive forces. Eq:, Eing, and Egis are the electrostatic,
induction, and dispersion contributions, respectively. Ey sig-
nifies Eelsta Eing, O Egjs-

The binding energies and their decompositions obtained
with SAPT analysis are summarized in Table S3 (ESIt). The
contribution percentages to the total attractive forces are shown
in Fig. 7. The electrostatic effect was dominant in the molecular
interactions of PRL and LID for the selected solvents, contri-
buting 64.3% for hydrated PRL, 62.1% for hydrated LID, 59.0%
for PRL with ethanol, 58.5% for PRL with ethylene glycol, and
54.0% for LID with ethanol. The electrostatic contributions
decreased in the order of hydrated PRL > hydrated LID > PRL
with ethanol > PRL with ethylene glycol > LID with ethanol.
This was matched by the order of anti-plasticizing potentials of
hydrated PRL > hydrated LID > PRL with ethanol > PRL with
ethylene glycol > LID with ethanol, as discussed previously.
Overall, the binding energy decomposition analysis indicated
that the electrostatic contributions of hydrated PRL and LID
were higher compared with the other solvated drugs with
ethanol and ethylene glycol.

The percentage contributions of electrostatic forces of
hydrated PRL and LID were larger than those of the other
structural models. Some studies have already indicated a
potential correlation between high electrostatic contributions
and an increased T, of amorphous compounds. Wojnarowska
et al. suggested that electrostatic interactions, existing between
the hydrochloride salts of PRL and LID could induce an
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increased Ty of the co-amorphous systems of PRL-HCI and LID-
HCI compared with co-amorphous systems of PRL and LID.**>*
Chuang et al. found that the specific electrostatic interactions
between potato starch and calcium chloride could stabilize the
polymeric matrix and increase the T, of the potato starch.’® In
contrast, it was also found that bulky internal plasticizers
effectively plasticized (meth)acrylate polymers by weakening
the electrostatic interactions with the polymer.”” Thus, the
relative contribution from electrostatic interactions observed
in the solvated drugs could be a favorable indicator for asses-
sing the anti-plasticizing potentials of water, ethanol, and
ethylene glycol with respect to PRL and LID.

4. Conclusions

In this study, the nature of the anti-plasticizing effect of several
solvents on PRL and LID was investigated. Water was earlier
shown to increase the Tys of PRL and LID, and was ascribed for
PRL to a dimeric structure of drugs held together by a water
bridge. Heavy water was selected as a solvent, because the
deuterium and hydrogen atoms are electronically identical.
The binding sites of PRL with heavy water were identical to
those with water. Ethanol and ethylene glycol were chosen as
solvents based on their varying abilities to form hydrogen
bonds with the amide C—=O groups of PRL and LID. Although
both solvents showed a decrease in Ty, this decrease was less
than expected, thus the solvents showed a certain anti-
plasticizing potential. Experimental spectroscopic analysis
and quantum chemistry simulations showed that the combi-
nation of weak hydrogen bonding and strong electrostatic
forces contribute to an anti-plasticizing effect of water on PRL
and LID.
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