¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Molecular dynamics simulations on the effect of
solvent and supersaturation on the aggregation
behaviour in carbamazepine

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 25342

Manju Sharma 2 * and Shampita Saha

Polymorphism in carbamazepine is a well-known phenomenon that can occur due to different factors,
such as solvent, supersaturation, temperature and external surface. We report molecular dynamics
simulation studies on the effect of supersaturation and solvent on the formation of different types of
carbamazepine (CBZ) dimers as a function of supersaturation in different solvents. The understanding
of the factors that affect the formation of different types of CBZ dimers in solution could help to gain
insight into factors that control the nucleation of different polymorphs of carbamazepine in solvent-
dependent crystallization. We propose that the presence of different types of CBZ dimers (FI-type, Fll-type
and Flll-type) with different angles between the 6-membered aromatic rings of different CBZ molecules act
as growth synthons for different CBZ polymorphs in solution. The simulation results show that there are four
types of species depending on hydrogen bonding in the CBZ clusters — single hydrogen bond (HB),
HB dimer, HB trimer and HB tetramer, based on the strength of the solvent—solvent and solvent—-CBZ
interactions. The HB dimers in the CBZ molecules lead to overlap between the 6-membered rings of CBZ
and thus, the formation of Flll-type CBZ dimers in all the supersaturations in acetone and in the high
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supersaturation system in ethyl lactate. In the presence of a single HB and depending on the strength of the
solvent—CBZ interactions there are two possibilities — Fll-type CBZ dimers in solvents like ethanol and anisole
that have similar CBZ-CBZ and solvent—CBZ interactions or Fl-type CBZ dimers in N,N-dimethylformamide if
the solvent—CBZ interactions are strong. Solvent—solvent interactions mainly govern the dynamics of the CBZ
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Introduction

Polymorphism has an essential role in the pharmaceutical
industry as the bioavailability of pharmaceutically relevant
polymorphs could be affected due to different physicochemical
properties of the polymorphs.'™ The solution crystallization
technique is often employed in crystallization of organic mole-
cules, where the solvent plays a substantial role in the poly-
morphism of the organic compound.*® Carbamazepine (CBZ)
is an anticonvulsant drug that is used to treat epilepsy, bipolar
disorder and trigeminal neuralgia and shows polymorphism.
Carbamazepine has five anhydrous (FI, FII, FIII, FIV and FV)
polymorphs and among these polymorphs, the FIII (monocli-
nic) form is the only bioavailable and thermodynamically stable
API form. On the other hand, FI (triclinic), FII (trigonal), FIV
(C-centered monoclinic) and FV (orthorhombic) are metastable
polymorphs of carbamazepine.®*° The FIV and FV forms of CBZ
are formed via template growth from a polymeric substrate and
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molecules and CBZ-solvent interactions play an important role in the size of the CBZ clusters.

single crystal of dihydrocarbamazepine, respectively.'’** The
stability of the CBZ polymorphs observed in solution decreases
as FIII > FI > FIL'*>' The FI form of CBZ is enantiotropically
related to the FIII form with a transition temperature of 78 °C.**
Polymorphism in CBZ occurs due to several factors, such as
supersaturation, solvent, temperature, functional groups of the
surface and type of surface.">'® Ethyl acetate and 2-butanone
exhibit nucleation of only the FII form of CBZ, whereas ethanol
and methanol lead to concomitant nucleation of both the FII
and FIII forms of CBZ in a medium with supersaturation of
2.0."* Carbamazepine shows supersaturation-dependent and
solvent-independent polymorphism in cumene where different
polymorphs were observed with a change in supersaturation, S
and temperature, T; FIII (S < 2.0), FII (S = 2.0 and T = 60 °C),
mixture of different polymorphs (60 °C < T < 80 °C) and FI
(I > 80 °C, independent of S)."” Similarly, saturation-
dependent polymorphism in carbamazepine was observed in
ethanol where concomitant crystallization of both FI and FII
forms occurred when S = 1.63, the FIII form when S < 2.0 and
concomitant crystallization of the FII and FIII forms when
S = 2.0 and polymorphic transformation from FIII to FII was
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observed when 2.0 < S < 4.0.'® Interestingly, only the FIII form
of CBZ was observed in acetone over a range of supersaturations;
1.6 < S < 4.0."°

An atomic level understanding of the factors that lead to
polymorphism in organic compounds could be beneficial to
design experiments for selective crystallization of the desired
polymorphs. However, experimental insight into nucleation
of small organic molecules is a challenge as nucleation in these
systems occurs at smaller length and time scales that are
beyond the scope of current state-of-the-art experimental
techniques.?® The classical nucleation theory (CNT) assumes
that nucleation occurs via a single-step due to simultaneous
fluctuations in density and structure that lead to a crystalline
nucleus.?® However, recent studies have shown that nucleation
in solution occurs via two- or multi-nucleation steps with initial
formation of loose aggregates due to density fluctuations and
later formation of a crystalline nucleus due to structural
fluctuations.>* The nucleation rate equation does not
include solute-solvent interactions, and thus cannot capture
the role of the solvent in the nucleation in solvent-dependent
crystallization of organic molecules."> Supramolecular syn-
thons are kinetically formed units, also called growth synthons
formed in solution prior to nucleation, and could be related
due to the type of interactions with the repeating units in a
crystal, known as the structural synthon.>**® These growth
synthons act as primary units and could participate in the
formation of pre-nucleation clusters that would lead to nuclea-
tion. Thus, understanding the formation of supramolecular
synthons as a function of supersaturation and solvent could be
a key to understanding the nucleation of different polymorphs.
The molecular dynamics (MD) simulation techniques can be
employed to study the formation of supramolecular synthons of
API in solution as a function of supersaturation, solvent
and temperature. These studies could provide molecular-level
insight into factors that influence the formation of supramole-
cular synthons in solution.>*! We report molecular dynamics
simulation studies to elucidate the role of supersaturation
and solvent in the formation of pre-nucleation aggregates of
carbamazepine in a homogeneous medium. The present work
explores the atomic factors that affect the formation of FI-,
FII- and FIII-type CBZ dimers in solution. FIV- and FV-type poly-
morphs of CBZ do not crystallize in homogeneous medium and
thus, are not studied in the present work.

Simulation details

The simulation systems consist of a supersaturated solution
of CBZ in nine different solvents - methanol (METH), ethanol
(ETH), tetrahydrofuran (THF), anisole (ANI), acetone (ACE),
2-butanone (2-BUT), N,N-dimethylformamide (DMF), ethyl
acetate (EA) and ethyl lactate (EL). The total number of CBZ
molecules and solvent molecules for different supersaturations
and the final simulation box dimensions of all the systems are
reported in Table 1.">?? The solubility of CBZ in ethyl lactate is
not reported in the literature, and thus three model systems
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Table 1 Number of carbamazepine (Ncgz) and solvent (Nsq) molecules,
and final box dimensions (L, L, and L,) after NPT simulations in systems
with different supersaturations (S) and solvents

Solvent N Ncez Nsow Ly=Ly=1L, (ASJ
Methanol (METH) 1.5 41 1861 52.3098
Ethanol (ETH) 2.0 17 1289 48.7586
2.8 24 1289 49.0308
Acetone (ACE) 1.5 16 2032 58.9094
20 21 2032 59.0572
3.0 31 2032  59.3598
4.0 41 2032 59.6194
2-Butanone (2-BUT) 1.5 29 1300 55.5670
N,N-Dimethylformamide (DMF) 2.0 30 1861 60.9804
2.6 40 1861 61.2874
Anisole (ANT) 2.5 20 1000 58.1752
3.7 30 1000 58.3264
50 41 1000 58.5319
Tetrahydrofuran (THF) 1.5 25 928  52.0416
Ethyl acetate (EA) 3.5 26 1542  62.8562
50 38 1542 63.1506
Ethyl lactate (EL) M3 27 1542 64.3334
M4 32 1542 66.6382
M5 48 1542 64.8540

were chosen and labelled as M3, M4 and M5. The polymer
consistence force field (PCFF) parameter was employed to
model carbamazepine (CBZ) and all the solvent molecules.*?
PCFF is a second-generation forcefield that includes cross-term
potentials for bond, angle and dihedral terms and models van
der Waals interactions as a 9-6 Lennard Jones potential. All the
simulations were performed using the LAMMPS package.**
The timestep for integration was chosen as 1.0 fs. The cut-off
distance for both van der Waals and electrostatic interactions
was chosen as 14 A respectively and pppm style was chosen for
the calculation of long-range Coulomb interactions. The relaxa-
tion times for the Nose-Hoover barostat and thermostat were
chosen as 2 ps and 0.04 ps, respectively. All the systems were
initially simulated at 300 K using the NPT ensemble for 4 ns
followed by NVT simulations for 4 ns. Furthermore, all the
systems were simulated at 265 K using the NPT ensemble for
2 ns followed by NVT simulations for 60 ns. The NVT simula-
tions in a few of the solvents (ethanol, acetone, anisole and
ethyl lactate) were further continued for another 10 ns at 265 K.
The data were stored at every 1 ps during the NVT simulations
at 265 K and were used to calculate the radial distribution and
correlation function plots. The final configurations from 265 K
NVT runs were used as initial configurations to perform NPT
simulations for 2 ns followed by NVT simulations for 20 ns
being performed at 298 K in all the systems. The final config-
urations from 60 ns of NVT simulations were used as the initial
configurations to run NVT simulations for 50 ps with a storage
interval of 1 fs to store velocities of the lowest supersaturation
systems to calculate velocity autocorrelation functions. The
final configurations from NVT simulations at 265 K and
298 K, respectively, were used to perform NVT simulations
at 50 K for 1 ps to calculate the angle distributions between
the 6-membered aromatic rings of different CBZ molecules.
The energy analysis was performed using group/group keyword
in LAMMPS by simulating the final configurations of 265 K data
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at 50 K followed by 5 K for 0.5 ns using NVT simulations. The
different types of intermolecular interaction energies were also
calculated for crystalline forms of FI, FII and FIII of CBZ using
576, 576 and 600 molecules, respectively.

Results and discussion

Interactions between carbamazepine molecules in anhydrous
polymorphs of CBZ could be analysed in terms of hydrogen
bonding between atoms of the carboxamide group of CBZ and
pi-pi interactions between 6-membered rings (6-M) of CBZ
molecules as shown in Fig. 1(a-c). There are both symmetric
(FII and FIII forms) and asymmetric (FI) hydrogen bonding
between CBZ dimers in different polymorphs where the hydro-
gen bonding distances, dyp are 1.98 A and 2.09 A in FI, 1.94 A in
FII and 2.11 A in the FIII form of CBZ, respectively. The pi-pi
interactions between six-membered (6-M) rings of CBZ mole-
cules occur at a minimum distance, dpp of 5.05 A, 5.25 A and
3.93 A in the FI, FII and FIII forms of CBZ, respectively. Table 2
shows different intermolecular interaction energies per CBZ
molecule where hydrogen bond energy, Eyg is the most favour-
able in the FI form (—34.09 kcal mol ') followed by FII
(—28.22 kecal mol™") and less favourable in the FIII form
(~—25 kecal mol ") of CBZ. These results are consistent with
the earlier reported simulation studies where hydrogen bond-
ing between CBZ molecules is more favorable in the FII than the
FIII CBZ polymorph.®® On the other hand, pi-pi energy, Epp is the
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Table 2 Different types of intermolecular interaction energies per CBZ

molecule, Enp, Epp and Ei; (kcal mol™) between carbamazepine mole-
cules in different polymorphs (Fl, Fll and Flll) of carbamazepine

CBZ polymorph  Eyg (kcal mol™) E (kcal mol™")  Epp (kcal mol™)

FI —34.09 —24.24 —8.47
FII —28.23 —22.36 —8.51
FIII —24.75 —37.30 —11.80

most favourable in the FIII form (—37.29 kcal mol '), less
favourable in other polymorphs of CBZ between
—22.0 keal mol™* < Epp < —26.0 keal mol . These results
suggest that the orientation of the 6-M rings in the CBZ dimers
is unique for FIII as compared to other anhydrous forms of
CBZ. The total energy, E.,: between CBZ molecules also shows a
trend similar to Epp and is the most favourable in the FIII form
of CBZ among the four anhydrous polymorphs of CBZ. The
hydrogen bond energy is more favourable than the pi—pi energy
in the FI and FII forms of CBZ and the opposite is observed in
the FIII form of CBZ. The hydrogen bond (HB) distance between
the carboxamide atoms of the CBZ molecules shows a small
difference among the crystalline forms of CBZ and thus, the
HB distance would not be a better choice as a quantitative
parameter to differentiate CBZ dimers of different forms in
solution. We chose angle, 0 between the 6-M rings of the CBZ
molecules as a quantitative parameter to differentiate the
FI, FII and FIII polymorphs of CBZ. The angle, 0 was calculated
as a scalar-product between two unit vectors (v; that are
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Fig. 1 Hydrogen bonding and pi—pi overlap between dimers in (a) Fl, (b) FIl and (c) Flll of carbamazepine. Here pi—pi overlap is shown between two CBZ
molecules with minimum distance between centroids of 6-membered rings between CBZ molecules as 5.05 A, 5.25 A, 3.93 A and 3.81 A in the FI, Fll and
FIll forms of CBZ, respectively, (d) schematic showing the distance between two 6-membered rings (dpp) of a carbamazepine dimer and vectors [; and [,
used to calculate the unit vector v, (k = i, j) from the plane of the 6-membered phenyl ring of a carbamazepine molecule and (e) angle distribution
between the 6-membered rings at a particular minimum distance, dpp between different carbamazepine molecules in the F1, FIl and Flll forms of

carbamazepine, probability of angle distribution, P(0).
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perpendicular to the planes of the 6-M rings that are at a
minimum distance in a CBZ dimer of a given polymorph. The
unit vector (v;) is calculated as a cross product between two
vectors, [, and [, between the chosen carbon atoms of the 6-M
ring as shown in Fig. 1d. Fig. 1e reports the probability of angle
distribution, P(0) between different polymorphs of CBZ where 0
is between 90°-110° in FI, 60° in FII and 150° in the FIII form of
CBZ and we assume these dimers could be one of the possible
growth synthons involved in the polymorphism in carba-
mazepine.

The dynamics of carbamazepine molecules in solution is
one of the important factors that could affect the aggregation
behaviour of CBZ molecules in solution. Fig. 2a reports the
velocity autocorrelation function (VACF) plots of CBZ molecules
in low supersaturation systems in different solvents as the
probability of large-sized CBZ clusters that could affect diffu-
sivity is low at low supersaturation. The velocity autocorrelation
function was calculated using eqn (1), where v,(0) and v¢) are
the center-of-mass velocity of the ith carbamazepine molecule
at time 0 and ¢ and the diffusion coefficient was calculated
using the Green-Kubo relation (eqn (2)).

Cy(t) = (v{0)v(1)) 1)

D= lrc Cy(r)ds (2)

The mobility of CBZ molecules in ethyl lactate is restricted
due to large cage effect and the opposite was observed for CBZ
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molecules in acetone, methanol and ethanol. There is a weak
cage effect for CBZ molecules in 2-butanone, ethyl acetate,
anisole and N,N-dimethylformamide. Fig. 2b reports self-
diffusivity, D of CBZ molecules obtained by integration of VACF
plots where the largest and the lowest D values of 13.92 x
1077 m>s " and 0.71 x 1077 m” s~ were observed in acetone
and ethyl lactate, respectively. The range of D values in all other
solvents varied from 7.00 to 8.00 x 1077 m? s ' except for
4.9 x 1077 m> s™' in DMF and 6.3 x 107’ m”® s ' in ethyl
acetate. The diffusion coefficient is not reported for CBZ in tetra-
hydrofuran due to the presence of large fluctuations in the
VACF plot in this system. Fig. 2c reports the solvent-solvent
interaction energy per solvent molecule, Ess, which varies from
—67.56 keal mol ! in ethyl lactate to —11.4 keal mol " in ethanol
and Egg decreases as EL » EA > DMF > METH > 2-BUT =~
ACE ~ ANI > THF > ETH. This is consistent with an increase in
the diffusivity of CBZ molecules with a decrease in Ess and
suggests that solvent-solvent interactions are one of the important
factors that control the dynamics of CBZ molecules in homoge-
neous medium. Fig. 2d shows the largest size of CBZ cluster,
nge observed in different systems and the probability distribution
plots of cluster size in different systems are reported in Fig. S1.
The size of a CBZ cluster was calculated by choosing a minimum
cut-off distance, d., < 9.0 A between the center-of-masses of
CBZ molecules. The radial distribution function plots between the
center-of-mass of CBZ molecules in different systems show no RDF
peak at 7 > 9.0 A as shown in Fig. S2 and thus, this was chosen as
the cut-off distance for cluster size calculations. The size of the
largest CBZ cluster, ng " is the same for different supersaturations
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Fig. 2 (a) Velocity autocorrelation function plot of carbamazepine (CBZ) molecules, (b) diffusion coefficient of CBZ molecules at the lowest
supersaturation in different solvents, (c) Ess (kcal mol™) solvent-solvent interaction energy per solvent molecule in low supersaturation systems in

max

different solvents and (d) largest size (n¢ie™) of the CBZ cluster as a function of supersaturation in different solvents.
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Fig. 3 Probability distribution plots for hydrogen bonding (a) distance and (b,

in different solvents.

in a solvent with the exception of ethanol and anisole where
aggregate size increases with supersaturation. The largest aggre-
gate with nge™ = 10 was observed in the 2-butanone (S = 2.0) and
anisole (S = 5.0) systems. On the other hand, the size of the largest
CBZ cluster varies between 3 < nge~ < 5 in all other solvent
systems.

The role of hydrogen bonding between CBZ aggregates is
also an important factor that could affect polymorphism. Fig. 3
reports the distribution of hydrogen bond (HB) distances,
P(dyg) and angles, P(0ygp) between CBZ dimers in different
systems. The distributions of HB distances and angles were
similar for different supersaturations in a solvent. Hence, we
report the distributions of HB distances and angles between
CBZ molecules in low supersaturation systems. The minimum
value of the hydrogen bond distance, dy; was observed at 1.5 A
in most of the solvents with the exception of 1.75 A in alcohol-
based solvents. The largest value of dyp of 2.25 A was observed
only in DMF-based systems as compared to 2.0 A in other
solvent systems. The hydrogen bond angle distribution shows a
peak at 0 = 165° in acetone-based and ethyl lactate-based
systems though the angle distribution is narrower in the former
than the latter system. The angle distribution in P(0yg) is
broader in all other solvents with § < 150°. The carbamazepine
molecules show four different types of hydrogen bondings in
different solvents as reported in Fig. 4: (i) a single hydrogen
bond between oxygen and one of the hydrogens of carboxamide
groups, (ii) hydrogen bond, HB dimer, (iii) HB trimer and (iv)
HB tetramer. The hydrogen bond dimers were observed only in
S = 2.0 and 3.0 supersaturations in acetone; however, both HB
dimers and single hydrogen bonds between CBZ molecules
were observed in the S = 1.5 and 4.0 systems in acetone. The
observed hydrogen bond angle of 6 = 165° in acetone-based
systems is expected due to the presence of HB dimers. Hydro-
gen bond (HB) trimers were observed in ethyl acetate (S = 5.0),
anisole, tetrahydrofuran and 2-butanone and only S = 4.0
supersaturation in acetone. The hydrogen bonding between
CBZ molecules in a HB trimer occurs due to both the carbox-
amide hydrogens of one of the CBZ molecules and one of the
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carboxamide hydrogens of the other two CBZ molecules. On the
other hand, only one of the carboxamide hydrogens of each of
the four CBZ molecules participates in hydrogen bonding in the
HB tetramer and this type of hydrogen bonding was observed
only in the S = 1.5 system in acetone. The presence of the HB
tetramer of CBZ is in agreement with experimental reports of
the observation of a CBZ tetramer from STM images of mono-
layer deposition of the CBZ solution on the Au(111) surface.*
The alcohol-based solvents show only single hydrogen bonds
(HB) between CBZ molecules. The CBZ molecules in tetrahy-
drofuran show single HBs and HB dimers. Ethyl lactate-based
systems show both single hydrogen bonds and HB dimers
whereas only one CBZ dimer was observed in the § = 2.6 system
in DMF. The presence of hydrogen bond dimers leads to pi—pi
overlap between the 6-M rings of the CBZ molecules as shown
in acetone in Fig. 4c and d. On the other hand, the presence of a
single HB and HB trimers leads to different orientations among
the 6-M rings of the CBZ molecules.

Fig. 5 reports the radial distribution function plots between
carboxamide oxygen atoms of CBZ molecules, go_o(7). The first
RDF peak is broad with a peak at 7 > 4.0 A in alcohol-based
systems due to single hydrogen bonds as shown in Fig. 5a. The
intensity of the go_o(r) plot is low in methane as in the § = 1.5
system in methanol and DMF-based systems (Fig. 5d) due to a
smaller number of hydrogen bonds between CBZ molecules in
these systems. Fig. 5b shows that the first RDF peak in the
Zo-o(r) plot occurs at 3.73 A in acetone-based systems due to
hydrogen bond dimers and a small shoulder peak at r > 5.0 A
due to the carboxamide oxygen of neighboring CBZ molecules
in a cluster. Similarly, Fig. 5¢ shows the presence of dual peaks
in the S = 5.0 system in anisole due to neighboring CBZ
molecules, but the intensity of the second peak is low in anisole
(S = 2.5 and 3.7) and tetrahydrofuran systems. The go_o(r) plot
is broad in 2-butanone (Fig. 5b) and ethyl acetate systems
(Fig. 5d) due to the presence of HB trimers in these systems.
There are two sharp peaks at 3.7 A and 5.0 A in the S = 2.5
system in the ethyl lactate systems (Fig. 5e) due to the presence
of both single HBs and a HB dimer, respectively.
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Fig. 5 Radial distribution function plots, go_o(r) between carboxamide oxygens of carbamazepine molecules in different systems; (a) methanol (METH)
and ethanol (ETH), (b) acetone (ACE) and 2-butanone (2-BUT), (c) anisole (ANI) and tetrahydrofuran (THF), (d) N,N-dimethylformamide (DMF) and ethyl
acetate (EA) and (e) ethyl lactate (EL).

Solvent-CBZ interactions were elucidated by calculating the Fig. S3. Table 3 reports the distance, r; at which the maximum
radial distribution function plots between the carboxamide in the first RDF peak was observed in the CBZ-solvent radial
oxygen (O) and hydrogens (H;/H,) of CBZ and polar atomic distribution function plots. The first RDF peak maximum in the
sites (oxygen, Os and hydrogen, Hg) of the solvent as shown in  RDF plot of Hs-O occurs at r;; < 2.0 A in alcohol-based
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Table 3 Distance, ris; at which the maximum in the first peak occurs in
the radial distribution function plot between atomic sites of the solvent (Hg
or Os) and carboxamide hydrogens (H; and H,) in different systems. Also
reported are relaxation times (z; and 1) for second order reorientational
correlation function plots for O—H; and O—-H, hydrogen bonds in different
systems

I'isty A T4, NS Ty, NS

System He-O Os-H,; Os-H, O-H, O-H, O-H,; O-H,

0.0267 0.0239 0.0397 0.0499
0.0492 0.0595 0.1113 0.1018
0.0558 0.0558 0.1102 0.1102

METH, §=1.5 1.88 2.07 2.15
ETH, S =2.0 1.97 2.07 2.07
ETH, S =2.8 1.93 2.17 2.10

ACE, §=1.5 — 2.07 2.05 0.0508 0.0499 0.0181 0.0224
ACE, $=2.0 — 2.12 2.12 0.0623 0.0646 0.0193 0.0249
ACE, § = 3.0 — 2.17 2.10 0.0646 0.0814 0.0249 0.0222
ACE, § = 4.0 — 2.10 2.12 0.1176 0.1162 0.0222 0.0306
2-BUT, § =2.0 — 1.90 1.90 0.0832 0.0960 0.4490 0.3830
ANI, § = 2.5 — 2.51 — 0.0755 0.0949 0.2436 0.2206
ANI, S = 3.7 — 2.49 — 0.0915 0.1176 0.2052 0.1876
ANI, § = 5.0 — 2.36 — 0.0497 0.0630 0.2067 0.2494
THF, § =1.25 — 2.36 2.36 0.0567 0.1291 0.2103 0.1310
DMF, S=2.0 — 1.95 1.95 1.1237 1.0846 0.1459 0.1785
DMF, S=2.6 — 1.95 1.95 0.0317 0.0516 0.2902 0.3754
EA, S=3.5 — 1.90 1.90 0.1247 0.0940 0.0750 0.0952
EA, §=5.0 — 1.93 1.93 0.0733 0.0905 0.1804 0.1466
EL, M3 2.10  2.10 2.10 2.3455 1.7436 1.4290 1.7268
EL, M4 1.93 2.5 2.17 1.6292 1.7552 1.6289 1.7548
EL, M5 1.93 2.13 2.03 1.6473 1.5627 1.6448 1.5949

systems, and M4 and M5 systems in ethyl lactate. Similarly,
re < 2.0 A occurs for Os-H; and Og-H, RDF plots in N,N-
dimethylformamide and ethyl acetate-based systems, and thus
both CBZ-CBZ and CBZ-solvent hydrogen bonding occurs in
these solvents due to which the probability of formation of
hydrogen bond dimers is less in these solvents. The solvent-
drug RDF plots in acetone, tetrahydrofuran, anisole, and the
M3 system in EL show the first RDF peak at ryi > 2.0 A, due to
which only CBZ-CBZ hydrogen bonding is observed in these
systems that enhances the probability of the formation of
hydrogen bond dimers. Fig. S4a shows that drug-solvent inter-
action energy (Epg) decreases as EA > DMF > EL > METH =
ETH > ACE > ANI > 2-BUT > THF, which is consistent with
the trend in which r;¢ changes in these solvents. The inter-
action energy between CBZ and the solvent molecules is similar
to the change in supersaturation in a solvent and increases with
time with the exception of the EA-based systems where Epg is
more favourable for the S = 5.0 than S = 3.7 system with time.
Fig. S4b reports that the CBZ-CBZ interaction energy per CBZ
molecule, Epp < —110 keal mol ™ in most of the systems. The
most favorable CBZ-CBZ interactions occur in tetrahydrofuran
(Epp = —183.86 kcal mol %), followed by ethyl acetate-based
(Epp = —116.28 kcal mol ™) systems and are least favourable in
the N,N-dimethylformamide (S = 2.6, Epp = —71.84 kcal mol ")
system. Thus, CBZ-CBZ interactions are the most favourable in
systems that have the least favourable CBZ-solvent interaction
energies.

Fig. 6 shows VMD snapshots of hydrogen bonds between
CBZ molecules and solvent-CBZ in different systems at low
supersaturations. The hydrogen bonds between the solvent and
CBZ molecules exist at dyz < 2.0 A in ethanol (Fig. 6a),
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2-butanone (Fig. 6¢), N,N-dimethylformamide (Fig. 6f) and ethyl
acetate (Fig. 6g) and thus, solvent polar atomic sites in these
solvents compete with polar sites of carboxamide groups of
CBZ, which avoids participation of both oxygen and hydrogen
of the carboxamide group in forming a hydrogen bond dimer
between CBZ molecules in these solvents. The hydrogen bonds
between CBZ and solvents like acetone, tetrahydrofuran and
ethyl lactate occur at dyg > 2.2 A; as a result, the probability of
formation of CBZ hydrogen bond dimers is higher in these
systems (Fig. 6b, d and h). There are no hydrogen bonds
between the anisole and CBZ molecules as reported in
Fig. 6e; however, the presence of interactions between aromatic
groups of CBZ and anisole is possible, but is not explored in the
present work as systems are modelled using classical force
fields and similarly no hydrogen bonds were observed between
the tetrahydrofuran and CBZ molecules.

The lifetime of hydrogen bonds between CBZ molecules
could be an important factor that governs the transformation
between different types of CBZ aggregates. The hydrogen bond
distances between CBZ dimers vary with time, where hydrogen
bonds, dyy > 2.25 A after 4-5 ps in most of the systems.
However, the CBZ molecules in a dimer have a short-memory
effect and hydrogen bonds are again reformed (dyp < 2.25 A)
leading to CBZ dimers. As a result, the lifetime of a hydrogen
bonded CBZ dimer in acetone-based systems is >2 ns; on the
other hand, single hydrogen bonds have lifetime of >0.5 ns as
shown for the S = 1.5 system in acetone in Fig. S5a. There are a
smaller number of single hydrogen bonds and only one dimer
in ethyl lactate for the S = 5.0 system, but the lifetime of these
hydrogen bonds is longer in ethyl lactate than in acetone as
shown in Fig. S5b for the S = 5.0 system in ethyl lactate, where
both dimers and single hydrogen bonds have lifetimes of 4 ns.
The larger CBZ clusters are mainly formed by CBZ dimers and
monomers where the hydrogen bonds between dimers and
monomers are dynamic in nature. These dimers and mono-
mers also show a short-memory effect where a cluster is
formed, broken, again reformed and is stable for MD steps >
10 ns as shown for aggregates of size, n =5 in the S = 1.5 system
in acetone in Fig. S6. This breaking and reformation of hydro-
gen bonds and thus, short-memory effect between hydrogen
bonded CBZ molecules could be related to the reorientation of
the CBZ molecules. Table 3 reports relaxation times, 7, and 7, of
hydrogen bonds, O---H; and O---H, between carboxamide
groups of CBZ molecules obtained using bi-exponential fit to
the second-order reorientational correlation functions in dif-
ferent systems (details are reported in Table S1 and Fig. S7).
The relaxation times, 7, or 7, are similar for both O---H; and
O---H, hydrogen bonds in different solvents except for THF,
DMF and EL. The relaxation times for the O---H;/O- - -H, bond
between CBZ molecules decreases as EL > DMF > EA > 2-BUT =~
ANI ~ THF > ACE > ETH > METH in different solvents, which
suggests that the stability of the hydrogen bond between CBZ
molecules depends on both solvent-solvent and solvent-CBZ inter-
actions rather than CBZ-CBZ interactions.

Angle distribution, P(0) between 6-membered rings of a
CBZ dimer was calculated based on minimum distance, dpp
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Fig. 6 VMD snapshots of hydrogen bonding distances between carbamazepine molecules in (a) ethanol (S = 2.0), (b) acetone (S = 1.5), (c) 2-butanone
(S = 2.0), (d) tetrahydrofuran (S = 1.25), (e) anisole (S = 2.5), (f) N,N-dimethylformamide (S = 2.0), (g) ethyl acetate (S = 3.5) and (h) ethyl lactate (M3).

observed between 6-membered rings (dpp = 4.25 A) in different
systems with an exception of dpp = 5.0 A in EA-based systems
and dpp = 4.75 A in M3 and M4 systems of EL-based systems
after t = 70 ns as there were no CBZ dimers with dpp = 4.25 A in
these systems. Fig. 6 reports different types of CBZ dimers
observed in different solvents as a function of supersaturation
and time (all the angle distribution plots are reported in
Fig. S8-S14). There was only one type of CBZ dimer in most
of the solvents after 60 ns of NVT simulation - FIII-type CBZ
dimers in METH (S = 1.5), THF (S = 1.25), acetone (S = 1.5, 2.0,
3.0 and 4.0), 2-BUT (S = 2.0), ANI (S = 2.5 and 5.0), EA (S = 3.5)
and EL (M3 and M5); FII-type CBZ dimers in ETH (S = 2.0), ANI
(S = 3.7) and EL (M4) and FI-type CBZ dimers in the DMF (S =
2.6) system. There were mixtures of both FII- and FIII-type CBZ
dimers in a few of the systems; DMF (S = 2.0), ETH (S = 2.8) and
EA (S = 5.0). FIII-type CBZ dimers were observed in both the low
supersaturation systems (THF, S = 1.25 and METH, S = 1.5),
which is in agreement with the reported experiments. The type
of CBZ dimer observed in a solvent changes with supersatura-
tion in different solvents except for acetone, which is in agree-
ment with the reported experiments.® FIII-type CBZ dimers are
present at both low and high supersaturations in anisole (S =
2.5 and 5.0) and ethyl lactate (M3 and M5) but the FII-type CBZ
dimers exist for the intermediate supersaturations (ANI, S = 3.7
and EL, S = M5) in these systems.

Transformation of CBZ dimers to other forms was further
evaluated by simulating different systems (ethanol, 2-butanone,
acetone, anisole, ethyl acetate and ethyl lactate) for another 10
ns using the NVT ensemble as reported in Fig. 7. The FIII-type
dimers were present only in the S = 2.0 and 3.0 systems in
acetone and M5 system in ethyl lactate with an increase in time.
There are 20% FII-type CBZ dimers and 80% FIII-type dimers in
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Fig. 7 CBZ dimers of Fl-, FlI-, and FllI-type as a function of supersatura-
tion (S) in different solvents after t = 60 ns and 70 ns of NVT simulations;
also shown are mixtures of different forms as M; lines are shown as a guide
to show different supersaturation systems with the same solvent system.

both the S = 1.5 and 4.0 systems in acetone after 70 ns as shown
in Fig. S8. There were only FII-type CBZ dimers observed in the
ETH (S = 2.0), which is consistent with reported experiments,"?
ANI (S = 3.7) and EL (M4) systems with an increase in time.
There is transformation of the CBZ dimers to other types with
time in a few of the systems; FIII- to FI-type CBZ dimers in the
S = 3.5 system in EA, a mixture of FIII-type CBZ dimers in the
S = 2.8 system in ETH, FIII- to FII-type CBZ dimers at S = 3.5 in
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EA and S = 2.5 in ANI systems and FIII-type to a mixture of
FIII-type and FI-type CBZ dimers in 2-butanone."®

Hydrogen bonding between CBZ molecules and CBZ-solvent
molecules is one of the main factors that affects aggregation of
CBZ molecules. The presence of weak CBZ-acetone interactions
and HB dimers between CBZ molecules in acetone causes
overlap between the 6-M rings of the CBZ molecules that lead
to formation of FIII-type CBZ dimers. However, at low (S = 1.5)
and high (S = 4.0) supersaturations in acetone, other types of
hydrogen bonding were observed - single HB, HB dimers and
HB trimers that lead to a mixture of FII-type and FIII-type CBZ
dimers. On the other hand, intermediate supersaturations
(S = 2.0 and 3.0) in acetone show only HB dimers and thus,
FII-type CBZ dimers were observed in these systems. The
presence of favourable hydrogen bonding between carboxa-
mide atoms of CBZ with oxygen and polar hydrogen of solvent
molecules reduces the probability of HB dimers and thus,
single hydrogen bonds were observed in ethanol (Fig. S15a
and b). This provides orientation flexibility among CBZ mole-
cules due to which a mixture of CBZ dimers or Fll-type CBZ
dimers were observed for different supersaturation (S = 2.0 and
2.8) systems in ethanol. There were a smaller number of HBs
between CBZ molecules (one hydrogen bond) observed at very
low supersaturation in methanol (Fig. S15c) as both oxygen and
hydrogens of the carboxamide group of CBZ form hydrogen
bonds with methanol, due to which FIII-type CBZ dimers were
observed in the § = 1.5 system in methanol. The CBZ-CBZ
hydrogen bonding is more favourable in in low supersaturation
(S = 1.25) systems in tetrahydrofuran and mainly HB dimers
and trimers (Fig. S15d) are present among the CBZ molecules.
The tetrahydrofuran-CBZ interactions are very weak, and thus
only FIlI-type CBZ dimers were observed in tetrahydrofuran.
Fig. S16 shows that there are single HBs, HB dimers and
trimers in solvents like 2-butanone, anisole and ethyl acetate
and solvent-CBZ interactions are also favourable; as a result, a
mixture of types of CBZ dimers was observed in these systems
both as a function of supersaturation and time. There are no
CBZ-CBZ hydrogen bonds in N,N-dimethylformamide but a HB
dimer was observed in the S = 2.6 system (Fig. S16a and b). The
solvent-CBZ interactions are highly favourable in N,N-
dimethylformamide and 2-butanone unlike methanol, due to
which a mixture of CBZ dimers were observed in the low
supersaturation, S = 2.0 system, and FI-type CBZ dimers were
observed in the S = 2.6 system in N,N-dimethylformamide and
S = 2.0 in 2-butanone. Interestingly, only HB dimers were
observed in low (S = 2.5) and high (S = 5.0) supersaturation
systems in ethyl lactate but both single HBs and HB dimers
were observed in the intermediate (S = 3.7) system in this
solvent as shown in Fig. S16d-f due to which FIII-type was
observed in the S = 2.5 and 5.0 systems but FII-type CBZ dimers
were observed in the S = 3.7 system. However, single HBs were
observed in many systems with an increase in time due to
which a mixture of CBZ dimers was observed in these systems.
The angle distribution analysis was further performed at 298 K
as reported in Table S2, Fig. S17 and S18 and the results were
similar to the distributions observed at 265 K except for FI-type

25350 | Phys. Chem. Chem. Phys., 2025, 27, 25342-25351

View Article Online

Paper

dimers observed in the S = 2.0 system in DMF and FII-type CBZ
dimers in the S = 5.0 system in ethyl lactate.

Conclusions

Aggregation behaviour of carbamazepine molecules in different
solvents was studied using molecular dynamics simulation
studies at 265 K and 298 K. The dynamics of CBZ molecules
is governed mainly by the solvent-solvent interactions whereas
the size of the CBZ aggregates is governed mainly by CBZ-
solvent interactions. The FI/FII/FIII-type CBZ dimers could be
correlated as growth synthons with the similar structural syn-
thons in different polymorphs of CBZ. The formation of these
growth synthons is mainly governed by the type of hydrogen
bonding between CBZ molecules and between CBZ-solvent
molecules. Future studies will investigate the role of these
growth synthons as possible collective variables in governing
the formation of different polymorphs of CBZ by calculating the
free energy of different CBZ polymorphs using rare event
simulation techniques. There are more hydrogen bonded CBZ
dimers when solvent-CBZ interactions are weak as observed in
acetone, which leads to the formation of FIII-type CBZ dimers
both at 265 K and 298 K. Similarly, hydrogen bonded CBZ
dimers with a longer lifetime exist in ethyl lactate (high super-
saturation system) that also favour the formation of FIII-
type CBZ dimers. The single hydrogen bonds and presence
of favourable solvent-CBZ interactions favour FII-type CBZ
dimers as was observed in ethanol, whereas systems where
solvent-CBZ interactions dominate favour FI-type CBZ dimers
as observed in N,N-dimethylformamide. The formation of FIII-
type CBZ dimers occurs in solvents that are weak hydrogen
bond acceptors, such as acetone. However, if the solvent is
both a hydrogen bond acceptor and donor but has CBZ
hydrogen bonded dimers, it could also facilitate nucleation
of FIlI-type CBZ dimers at high supersaturation as observed in
ethyl lactate. Ethyl lactate is a green solvent and pharmaceu-
tically relevant solvent and further experimental studies are
needed to assess if ethyl lactate could be a potential candidate
for selective polymorphism of FIII of carbamazepine at high
supersaturations.
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