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Synopsis
The combined experimental and molecular dynamics simulation study discloses the

effects of solvents and supersaturations on tolbutamide polymorphs outcome.
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ABSTRACT: The rapid-cooling crystallization of tolbutamide (TB) was carried out
from ethanol and ethanol-water solutions at different initial supersaturations (3.5 and
2.7). PXRD and FTIR were used to characterize the polymorphs. It is found that the
metastable Form IV with advanced solubility and bioavailability was obtained in
ethanol-water solutions at higher supersaturation. While stable Form III directly
crystallized from ethanol at both supersaturations and ethanol-water solution at lower
supersaturation. Hirshfeld surface and the associated 2D fingerprint plots of five TB
polymorphs clearly quantify the interactions within the crystal structures. The
mechanism of the selective crystallization of the metastable polymorph of tolbutamide
in ethanol-water solution was disclosed by molecular dynamics simulation. It is
indicated that stronger interactions between TB and solvents weaken the TB-TB
intermolecular NH *:+ O hydrogen bonds and thus promote TB molecules to form
dimers by -+ 7 stacking. This work provides a feasible approach combining the
experimental with molecular dynamics simulation methods to understand deeply the
effects of solvents and supersaturations on polymorphs outcome by studying
competitive relationship between solute-solute and solute-solvent interaction, which is
fundamental to the rational design of experimental work on controlling organic crystal
polymorphs by simply varying solvents and supersaturations.

KEYWORDS: tolbutamide, molecular dynamics simulation, polymorph,

crystallization, solvent, supersaturation.
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1. INTRODUCTION

Polymorphism is the feature of a substance to exist two or more crystalline
phases that have different arrangements of the molecules in the crystal lattice. Though
chemically identical, different polymorphs exhibit distinct physic-chemical properties,
such as stability, solubility and bioavailability,> > which can affect the performance of
the drug. Therefore, it is significant to understand the mechanism of polymorphic
nucleation in order to selectively obtain the desired polymorph with advanced
solubility and bioavailability in pharmaceuticals.

The crystallization process of polymorphs is composed of the competitive
nucleation and growth. This process is influenced by various operational factors of

8-10 : 11, 12
, seeding'"

crystallizations, such as temperature® 4, supersaturation>’, solvents
and additives'*'>. In solution crystallization, as the first step in the formation of a
crystal, nucleation can lead the way to different arrangements of atoms, ions and/or
molecules in the solid state!® and therefore plays a decisive role in determining the
crystal structure. However, it is difficult to separate nucleation from the growth
process in the experimental studies'” and the nucleation mechanism of polymorphs
under different conditions is still elusive. With the advantages of tracking the motion
of each atom, molecular dynamics (MD) simulation has been used widely to
investigate the molecular self-assembly in the prenucleation process.'3?! For instance,
the effect of different solvents on the initial association of 5-fluorouracil has been

studied by MD simulation and the simulation results provided an explanation for

experimental observation'®. Interaction between tetrolic acid and solvent molecules
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has been proved to play an important role in solute self-assembly process, which has a
major effect on the polymorphic outcome'. The link hypothesis that there exists a
link between the growth synthon formed in solution and the structural synthon packed
in the crystal can successfully explain crystal output of many systems, such as
glycine??, 2,6-dihydroxylbenzoicacid?®, and tetrolic acid'®. Hence, it is vital to study
intensively how the crystallization conditions affect the interaction between solute and
solvents as well as the solute self-assembly in the initial nucleation process by MD
simulation, which may facilitate the rational design of experimental work on selective
crystallization of polymorphic drugs through the combination of experimental data
and molecular modeling methods.

In this work, tolbutamide (1-butyl-3-(4-methylphenylsulfonyl) urea, TB) was
selected as a model system, which is an oral hypoglycemic agent and used in the
treatment towards insulin-dependent diabetic patients. The molecular structure of TB
is shown in Figure 1. According to the reported literature, as a representative case of
conformational polymorphism, TB crystallizes in five polymorphic forms?*2?’ (see
Table S1 in supporting information), which differ in their mode of packing and in
molecular conformation but with similar hydrogen bonding synthon. In 2010, the
X-ray crystal structures of Form I-IV were solved by Tan and coworkers,?® and in the
next year, novel Form V was accidentally discovered in an attempt to cocrystallize
TB.?

(Fig. 1)

The metastable Form IV of TB has an enhanced bioavailability compared with
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the stable forms (the order of bioavailability: Form IV > Form II > Form III > Form
I28), thus there is a need to obtain the metastable form from crystallization with proper
and easy method. Uekama and coworkers reported the selective crystallization of a
metastable Form IV of TB by the complexation with 2,6-di-O-methyl-p-
cyclodextrin?®. Our previous study?® introduced the method of controlling TB
polymorphs by self-assembled monolayers.

In the present study, the metastable Form IV of TB has successfully crystallized
from TB solution via simply controlling the supersaturation and solvent factors. The
molecular dynamics simulations combined with experimental characterization
methods have been used to further investigate the effect mechanism of supersaturation
and solvent on the TB nucleation process. This work provides a feasible approach
combining the experimental with molecular modeling methods to understand deeply
the role of prenucleation molecular self-assembly in polymorph outcome and the
relationship between the crystallization conditions and the selective crystallization of
polymorphic drugs.

2. EXPERIMENTAL AND MODELING METHODS

2.1. Experimental Materials. TB (>98%) was purchased from Reihefeng
Technology & Trade Co., Ltd, and used without further purification. The powder
X-ray diffraction (PXRD) data and differential scanning calorimetry (DSC) analysis
of TB confirms that it belongs to Form I. As the solvents for crystallization, we
selected ethanol (polar-protic) and ethanol-water (v: v = 2:1) (polar-aprotic). These

solvents (ethanol and deionized water) were of analytical reagent grade and were
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purchased from Binhai Chemical Plant, Tianjin.

2.2. TB crystallization. The crystallization of TB was carried out by the
rapid-cooling method in ethanol and ethanol-water solutions. The solubility of TB in
ethanol and ethanol-water solvents at 277 K were determined via the balance method
using a UV-Vis spectrophotometer®®, and it was 44.56 mg/mL and 10.10 mg/mL,
respectively. Various supersaturations (2.7 and 3.5 at 277 K) of TB crystals were
dissolved in solvents in a 20 ml crystallization vessel at 303 K. After complete
dissolution, the solution was filtered through a millipore (0.22 um) syringe filter and
rapidly cooled to 277 K in a thermostat (refrigerator). The liquid-phase samples (from
the same batch) were removed at constant time intervals by a pipette, diluted and
analyzed by UV spectroscopic methods*® for the TB solute concentration
measurement until the final concentration reached relatively stable values.

2.3. Characterization. The solid-phase of TB crystallized from ethanol and
ethanol-water solution at different supersaturation (2.7 and 3.5) were collected by
filtration method and then dried at 298K for 24 h. Then, they were subjected to the
PXRD and Fourier transform infrared spectroscopy (FTIR) to identify the form of the
crystal.

The PXRD patterns of crystallized TB were collected for phase identification
with a scanning speed 3° /min on a Rigaku Geigerflex D/MAX 2500 v/PC
diffractometer with Cu Ka radiation at 40 k'V.

The FTIR analyses of the crystals were performed on Thermo Nicolet IZ10 with

DTGS detector and OMNIC version 8.0 was used for operation. A total of 32 scans
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were collected over the range of 400-4000 cm™!, with a resolution of 4 cm™! for each
FTIR spectrum.

Meanwhile, morphologies of TB crystals were observed using a polarizing
microscope (Sunny Optical Technology XY-P) equipped with a CCD color camera
(YESONE, CS080).

2.4. Hirshfeld Surface Analysis. Molecular Hirshfeld surfaces in the crystal
structure are constructed based on the electron distribution calculated as the sum of
spherical atom electron densities.3! 32 The Hirshfeld surfaces are mapped with @om
(the normalized contact distance) and their associated 2D fingerprint plots presented
in this paper were generated using CrystalExplorer 3.1.3° Bond lengths to hydrogen
atoms were set to typical neutron values (C-H = 1.083 A, O-H=0.983 A, N-H = 1.009
A).

2.5. Molecular Dynamics Details of TB Nucleation. TB crystal structure were
directly obtained from Cambridge Structural Database(CSD), namely, ZZZPUS04,
Z77PUS05, ZZZPUS06, ZZZPUS07?° and ZZZPUSI10?>’ corresponding to
polymorphs I-V, respectively. The disordered alkyl chain of one TB molecule Ch4 in
Form II was remodeled, considering the atoms with greater occupancy only.

In order to determine a suitable force field to model TB during the dynamics
simulation process, three force fields (cvff 3, COMPASS and dreiding force field)
were tested. It is found that the use of cvff force field showed better performance for
the percentage changes of lattice parameters and the root mean squared difference

calculation. In addition, cvff force field was suitable for water-containing systems?
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and a wide range of organic systems. Thus, it was adopted in all calculations in the
following studies.

The aggregation behavior of the TB molecules in various solutions was studied
by means of MD simulations, under Periodic Boundary Conditions, using the Forcite
module as implemented in Materials Studio 5.0 software from Accelrys. The TB
monomer was obtained from Form I crystal, consistent with the dissolution of Form I
crystal in solvents. The molecules of TB, ethanol and water were initially geometry
optimized in DMol*> Module. The initial simulation boxes were constructed with
properties which are summarized in Table 1. There were 16, 12, 8 and 6 TB molecules,
484 , 488, 700 and 680 ethanol molecules, along with 0, 0, 1132 and 1102 water
molecules for the system of $=3.5, 8=2.7, S$e-w=3.5 and Se-w=2.7 (corresponding to
initial TB concentration of 155.97, 120.32, 35.36 and 27.28 mg/mL), respectively.
The systems were first geometry optimized to remove accidental overlapping of the
molecules. The equilibration period was 500 ps, during which all the molecules were
free to move in the NVT ensemble (constant number of particles, volume and
temperature). The temperature was fixed at 303 K using Nose*¢ thermostat which
corresponded to the experimental temperature of dissolution of TB in solvents. We
then simulated the systems for 4 ns in the NPT ensemble(constant number of particles,
pressure and temperature), using Nose thermostat and Berendsen barostat methods to
maintain temperature at 277 K and pressure at 1atm. Electrostatic interaction and van
der Waals interaction were calculated using Ewald method?”. The time step used to

solve the equations of motion was 1 fs. Only the last 1 ns of simulation were used for
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production of results. Since all molecules are flexible in the simulation, we calculated
the torsion distribution of seven torsion angles of TB molecules in solution. Because
of the limitations of simulation time and system size, it is difficult to observe the
formation of large organic clusters in solutions.!® 21 3% 39 Therefore, only the initial

stage of TB nucleation was investigated in our simulations.

(Table 1)
The binding energy of TB dimers in vaccum was calculated, which was defined
as:
Abﬂbinding (TB-TB) = £:1imer - 2EF B

where Zgimer 18 the energy of the TB dimers, and Z7s is the energy of one TB molecule
alone.

The binding energy of TB and solvents was defined as:

Moy = B = n — Eoner)
where Ziowl 1s the total energy of the TB molecules and the solvents, Ziovent and £7s
are the energies of the solvents and TB molecules, respectively. /is the number of TB
molecules in the models.

The TB-TB aggregation and TB-solvent interaction were further studied by
analyzing the radial distribution functions (RDFs) of different sets of atoms, gu«(7),
which describes how the particle density of a system varies with a distance, measured
from a reference particle. To obtain the quantitative insight on the RDF plots, the
coordination number was calculated according to the following equation*’:

V(=4[ g, (Apdr

where Nyp)(7) 1s the number of £ species surrounding « at less than a given distance, p
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is the bulk number density of atom £ and gup(7) is the a-4 RDF.
3. RESULTS AND DISCUSSION

3.1. TB crystallization from ethanol and ethanol-water. The rapid cooling
crystallization of TB from ethanol and ethanol-water was performed respectively.
Figure 2 shows the changes in the concentration of TB in the solution during each run.
For crystallization of TB from ethanol, the initial concentrations of the solution were
155.97 mg/mL and 120.32 mg/mL which correspond to the TB supersaturation of 3.5
and 2.7 in ethanol at 277 K. The TB concentration, detected by UV absorption at
229nm, decreased with time, indicative of nucleation and growth of crystals. In both
cases, after a decrease in TB concentration due to crystallization, the concentration
attained a constant value of about 43.60 mg/mL (Fig. 2a). The induction time of
crystallization at lower supersaturation system is obviously longer than that of higher
supersaturation system. Similarly, crystallization of TB was conducted in
ethanol-water solutions at initial concentration of 35.36 mg/mL (S:-+=3.5) and 27.28
mg/mL (S$ew=2.7). TB concentration profiles under both conditions are shown in
Figure 2b. For crystallization at higher supersaturation ($tw=3.5), after a rapid
decrease in concentration with the appearance of crystals, the TB concentration
remained a constant value of 14 mg/mL from 90 min to 180 min. Subsequently, the
concentration further dropped and reached at a constant value of about 9.40 mg/mL
after 240 min. Conversely, in the case of crystallization at lower supersaturation
(8tw=2.7), TB concentration gradually decreased with time until it leveled off after

420 min.

10
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(Fig. 2)

PXRD patterns of TB crystals obtained under various conditions are shown in
Figure 3. It is apparent that the diffraction patterns of TB crystals obtained at the end
of the crystallization from ethanol and ethanol-water with different supersaturation
(2.7 and 3.5) are almost the same, giving the diffraction peaks typical for TB Form III
crystals?, e.g., 26=11.2° , 15.4° and 25.7° . By sharp contrast, the diffraction
pattern of the TB crystals obtained at 90 min from ethanol-water with supersaturation
of 3.5 (Fig. 3, wine line) is quite different from that of Form III , e.g., diffraction
peaks typical for TB Form IV crystal®* at 24=10.6° , 18.0° ,18.8° and 27.0° . And
the sample was stable at room temperature after two weeks, verified by PXRD
analysis (Fig. 3, pink line). From the results above, it is found that only in the case of
TB crystallization from ethanol-water at supersaturation of 3.5, TB crystallized into
metastable Form IV firstly, which was consistent with Ostwald’s Rule of Stages*!.

(Fig. 3)

The results of polarizing microscope showed that the crystalline polymorphs
differed in habits. The morphology of Form III is needle-like (Fig. 4a, b, € and f), the
same as Form III crystal habit in our previous work?®. The morphology of Form IV is
wheat-like (Fig. 4c), which were different from microfibril Form IV reported in our
previous work?® and thin needle-like Form IV reported by Tan and coworkers?®. The
photomicrograph of TB precipitated from ethanol-water (Se-w=3.5) at 160 min (Fig. 4d)
showed that some needle-like TB crystals were formed. When ~220 min, the

wheat-like Form IV crystals were observed to fully transformed to needle-like Form

11
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III (Fig. 4e).
(Fig. 4)

Figure 5 shows the comparison of FTIR spectra of Form III and Form IV TB
crystals. It is found that the FTIR spectra of Form III obtained from ethanol and
ethanol-water at the end of TB crystallization (red, black, blue and green line) are
almost the same. The carbonyl stretching is observed at 1665 and 1663 cm! for Form
IIT and Form IV, respectively, suggesting that carbonyl group is involved in a similar
hydrogen bonding in these two polymorphs. The symmetric and asymmetric
stretching frequencies of sulfonyl group are observed at 1342, 1166 cm™! for Form III
and 1348, 1166 cm™' for Form IV. This suggests that sulfonyl group is involved in a
stronger hydrogen bonding in Form III compared to Form IV. The IR absorption for
the sulfonyl amide stretching is observed at 3331 and 3337 cm™' for Form III and
Form 1V, respectively, which is consistent with the hydrogen bonding involving
sulfonyl amide and carbonyl group. The methyl group (one at the end of the tail and
another connected to aromatic group) stretching frequencies are observed at 2952,
2922 ¢cm! for Form IIT and 2962, 2929 cm! for Form IV, respectively. Therefore, the
peaks for the methyl group stretching of Form IV obviously shift towards higher wave
number compared with those of Form III, indicating the conformational difference in
the orientations of alkyl tail and aromatic ring in Form III and Form IV. The present
FTIR spectra data is consistent with the work of Tan and coworkers®, justifying the
identification of TB polymorphs.

(Fig. 5)

12
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From the results above, we could conclude that both supersaturation and solvents
have great influence on the process of crystallization. To gain insight into the
mechanism of competitive nucleation of TB at molecular level, we carried out
Hirshfeld surface analysis of TB crystals and molecular dynamics simulation.

3.2. Hirshfeld surfaces analysis of TB polymorphs. According to the work of
Tan and coworkers?S, TB conformers in the crystal structures can be divided into
U-type (both the phenyl ring and alkyl tail are on the same side of the
S—N1-C8-N2—-C9 plane) and chair-type (both the phenyl ring and alkyl tail are on the
opposite side of the S-N1-C8-N2—-C9 plane). Based on the phenyl and alkyl tail
orientation with respect to S—-N1-C8-N2—-C9 plane, Form I, III, IV and V adopt
different U-type conformations (Fig. 6a), whereas Form II adopts four different chair
type conformations (Ch1-Ch4) (Fig. 6b). And the molecular packing arrangements in
different forms can be classified into four schemes (Fig. 6¢): Both Forms I and III
adopt the packing scheme A (the tolyl group and the butyl chain are on the opposite
side of the urea tape in the structure), whereas both Form IV and V adopt packing
scheme B (the tolyl group and the butyl chain are on the same side of the urea tape in
the structure). As for Form II, Chl and Ch2 adopt packing scheme D, while Ch3 and
Ch4 adopt packing scheme C and D.

(Fig. 6)

To explore the nature of intermolecular interactions in TB crystal structures, the

Hirshfeld surface analysis of different TB polymorphs was carried out. Figure S1

shows surfaces that have been mapped over a dhom range of -0.5-1.5 A and the

13
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associated 2D fingerprint plots. The large circular depressions (deep red) visible on
the front and back views of the surfaces are indicative of hydrogen-bonding contacts,
and other visible spots in the surfaces are due to H+**H contacts.

Figure 7 contains the percentages of contributions for a variety of contacts in TB
polymorphs. From these results, it can be seen that hydrogen bonds exist in all forms,
and O---H/H--+O interaction (28% - 30% of Hirshfeld surface) contribute significantly
more than N+--H/H--*N interaction (2% - 5% of Hirshfeld surface). The proportions
of O+*H/H-+-O and N -+ H/H -+ N interaction are both maximum in TB Form I,
consistent with the thermodynamically stable property of Form I. In addition, the C---
C contacts, associated with m---m stacking interactions only exist in Forms IV (2.2% of
Hirshfeld surface) and Form V (1.9% of Hirshfeld surface), and the minor
contribution of C+++C contacts (0.3% of Hirshfeld surface) in Form II can be neglected.
These results offer us a rapid detection of TB crystal structures features through a
“whole structure” view of intermolecular interactions and provide a foundation for the
following TB nucleation study.

(Fig. 7)

3.3. Nucleation mechanism of TB in different conditions.

3.3.1. The structures of TB monomers in solution at 303 K. During the
simulation time, TB molecules adjusted their conformation under the effect of
solvents. Since TB molecules adopt different conformation in all the polymorphic
forms?®, we calculated the average torsional angles of TB molecules in different

solution at different initial concentration to explore the solvent effect on TB

14
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conformation in solution and the relationship between TB conformation in solution
and in final polymorphs.

In our simulations, seven torsion angles (71 (C4—C5-S—N1), » (C5-S-N1-C8), »
(S-N1-C8-N2), 7 (N1-C8-N2-C9), 75 (C8-N2-C9-C10), % (N2-C9-C10-Cl11), 7y
(C9—C10-C11-C12), see Figure 1) were calculated by torsion distribution analysis.
Since half molecules in TB crystals adopt 71—z7, while the other half molecules adopt
the opposite torsion angles (-zi— -77), we display only half for clarity. In the same way,
for each torsion angle calculated in solution, the opposite values were neglected. As
shown in Table 2, the torsional angles (zi—z7) of TB molecules in Form I changed
different degrees due to the solute-solvent interaction. The most obvious variations
occurred in 75 and 77, changing from gauche-conformation to anti-conformation. This
is probably because the conformation change of alkyl tail of TB molecule has the
lowest energy barrier’® and anti-conformation is more stable than
gauche-conformation due to smaller steric hindrance. For the same reason, =
remained in anti-conformation. In the case of », 3 and z, the torsional angles didn’t
change much, which could be attributed to the strong hydrogen bonds constraint
between NH, O atoms of TB molecules and solvents. The torsional angles of the
monomers in different solutions were quite similar with the only main difference in 7.
At higher supersaturation, z; resembled the corresponding torsional angle of Form IV
molecules, whereas at lower supersaturation, 7 resembled the corresponding torsional
angle of Form V molecules. After comparison, it is found that different solvents didn’t

have a great influence on the torsional angles of TB molecules. In addition, TB

15
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conformers in both ethanol and ethanol-water solutions at 303 K were quite similar to
Form IV molecules at higher supersaturation and Form V molecules at lower
supersaturation, except that z was in anti-conformation instead of
gauche-conformation.

(Table 2)

3.3.2. The formation of TB dimers in solution at 277 K. At the dimer level the
nature of the associate and its intermolecular binding is an important factor in the
nucleation process. And, the relationship between dimers formed in solution and
dimers present in the final crystals needs to be explored. In our simulation at 277 K,
TB aggregates were formed by both intermolecular hydrogen bonds and m -+ 7
interactions in all systems. Depending on the relative orientation of the TB molecules,
there were mainly two types of TB dimers, as shown in Figure 8. One type is arranged
with the tolyl group on the opposite side of the urea tape (Fig. 8a), which hereafter
will be referred to as A-type dimers because they resemble the dimers in crystal
Forms I and Form III. In the other type, however, tolyl groups are located on the same
side of the urea tape (Fig. 8b), which resembles the packing mode of dimers in Form
IV and Form V and will be referred to as B-type dimers. Two snapshots of the MD
trajectories highlighting the presence of these two types of dimers are shown in Figure
S2.

(Fig. 8)
The molecular structure of TB molecules in the solutions was analyzed via total

and partial RDFs calculated from MD trajectories. The C-C (C refers to C2-C7) RDF

16
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describes the relative intermolecular distance between the C atoms of the aromatic
rings. The clear peak at ~4.1 A evidences the formation of m-m stacking in solution
(Fig. 9a). However, the total C-C RDF distribution does not allow us to distinguish
B-type dimers with A-type dimers, so we studied the RDFs of individual C atoms. As
shown in Figure 8, the intermolecular orientation of the TB molecules in A-type
dimers with B-type dimers can be differentiated by analyzing C2-C2 and C5-C5
RDFs. In A-type dimers, a long-range order for the intermolecular C2-C2 distances
around 9-12 A and C5-C5 distance around 8-9 A is expected. In contrast, the
molecular orientation of the two TB molecules in B-type dimers would result in short
distances at around 4-6 A for each of the C2-C2 and C5-C5 partial RDFs. Thus, we
can distinguish the formation of A-type dimers and B-type dimers through the
analysis of the RDFs above. As seen in Figure 9b, two clear peaks for the C2-C2
RDFs can be observed in all systems. The first peak is at around 4.5-5 A, which
corresponds to C2-C2 distance of B-type dimers. And the second peak at around 9.5 A
can be regarded as C2-C2 distance of A-type dimer. However, C5-C5 RDFs (Fig. 9¢)
show only one intense peak at 5-6 A for all systems. And a shoulder peak can be
observed at ~ 9 A for systems of 5:=2.7 and S =3.5, but not so obvious for systems of
Se-w=2.7 and Se-w=3.5.
(Fig. 9)
Therefore, we defined a factor A as a reflection of the ratio of B-type dimers and

A-type dimers by the following equation:

17
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~ 4an-: 7”2 e(rar ~ .[Orl 7”2 e(rar
47rp.r2 7 g(r)ar J-rz 7 g(r)ar

=|x

Where M and A is the coordination number obtained from the first peak and the
second peak of C2-C2 RDF plot, respectively. In this case, 71 is around 7.5 A and 7 is
around 11.4 A. Since the density is the same for one RDF plot, £ can be simplified
without the influence of density.

Table 3 lists the results of Z values calculated in different period of simulation
time. For crystallization from ethanol, & is always smaller than unity, demonstrating
the predominant existence of A-type dimers. And as the simulation proceeds, A values
decrease a little (within 0.2), which means the ratio of A-type dimers increase. In the
last 1 ns, A-type dimers formed in solution are almost twice as many as B-type dimers.
Thus, the predominant A-type dimers may lead to the nucleation of Form I or Form III.
For crystallization from ethanol-water at S..»=2.7, & increases significantly during 1-2
ns and then drops to 0.89 in 3-4 ns, so A-type dimers are slightly more than B-type
dimers, which may lead to the nucleation of Form I or Form III. While at $t.»=3.5, a
dramatic increase of & is observed from 2 to 4 ns, and the value (1.83) in the end of
the simulation is much larger than unity, so the nucleation of Form IV or Form V may
occur due to the predominant B-type dimers. Because the monomers in solution of
Se-w=3.5 system resembled Form IV molecules most, we took the energy of Form IV
molecules as £7s to calculate the binding energy of TB dimers. It is found that the
binding energy of Form IV dimers are -82.26 kJ/mol, higher than that of Form V

dimers (-77.48 kJ/mol). Therefore, it is easier for monomers in solutions to form

18
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dimers of Form IV than to form dimers of Form V. This is probably why Form IV
could be obtained from ethanol-water at initial supersaturation of 3.5. A typical dimer
formed in S$:-w=3.5 system is shown in Figure 8b. TB molecules form = -7 stacking
with C2-C2 distance of 5.57 A and C5-C5 distance of 5.81 A, compared with the
corresponding distances of 5.62 A and 6.18 A in dimers of Form IV crystal. The
intermolecular N1H-:-O3, N2H-:-O3 and N2H+--O1 hydrogen bond distance are 1.93,
2.39 and 2.31 A, respectively, which are quite close to the counterpart in dimers of
Form IV crystal (1.96, 2.40 and 2.35 A).
(Table 3)

As the simulation proceeded, the dimers in all systems began to aggregate and
form clusters (the aggregate containing at least three TB molecules are considered to
be a cluster). The time for the formation of TB clusters was about 500, 750, 1250 and
1750 ps for systems of $:=3.5, $=2.7, Sew=3.5 and Se-w=2.7, respectively, indicating
that higher supersaturation contributes to the decrease of nucleation time. Figure S3
shows the TB clusters formed in each system at the end of the simulation. It was
observed that 15, 11, 6 and 4 TB molecules were included in the biggest clusters in
the systems of $=3.5, $=2.7, Se-w=3.5 and Se-w=2.7, respectively.

3.3.3. TB-solvent interactions and TB-TB interactions in solution. Since the
competitive relationship between solute-solute and solute-solvents can largely
influence the nucleation process and the polymorph outcome, it is important to
investigate the TB-TB interactions and TB-solvents interactions in solution.

There are eight kinds of hydrogen bonds formed between TB and solvents,
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namely, O1(02)-:-He, O1(02) - Hw, O3 -:-He, O3+ Hw, N1H ‘-- Oe, N1H ‘*- Ow,
N2H-+Oe, N2H*-Ow (The atomic names were defined in Figure 1). The formation
of hydrogen bonds between TB and solvents under various conditions are indicated by
the differences in RDFs for TB and solvents atoms (Fig. S4). The length of hydrogen
bond was set to be less than 4 A, so only the first peak is taken into account. From the
results of RDFs of O-Hs and NH-Os (O refers to O1, O2 and O3, Hs refers to He and
Hw, NH refers to N1H and N2H, Os refers to Oe and Ow), it is found that the first
peak in O-He and O-Hw RDFs is at 1.75 A and 1.85 A, respectively, showing that
O :--He bond length is shorter than O -+ Hw bond length. Thus, O ‘:* He bonds are
stronger than O-:*Hw bonds. NH-Oe and NH-Ow RDFs show broader peaks at 2.15
A and 2.25 A respectively, showing that NH --- Os bonds are weaker than O -+ Hs
bonds. Considering the positions of the peaks for the same hydrogen bond of different
systems are the same, the hydrogen bond interactions are mainly reflected in
coordination number (Table 4), which represents the number of hydrogen bonds
formed between TB and solvents. For crystallization from ethanol, the coordination
number of O-+He and NH--Oe both decrease as the initial supersaturation increases,
demonstrating more hydrogen bonds are formed in system with lower initial
supersaturation. And for crystallization from ethanol-water, the coordination number
of O-:He, NH-*-Oe and NH-:-Ow all increase as the initial supersaturation increases,
and the coordination number of O ‘- Hw is the same for both systems. Thus, more
hydrogen bonds are formed in system with higher initial supersaturation. In addition,

the coordination number of TB-ethanol hydrogen bonds is bigger than that of
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TB-water hydrogen bonds, indicating that TB molecules bind to more ethanol
molecules than water molecules.
(Table 4)

For crystallization from ethanol, the binding energy of TB-solvent is -162.43
kJ/mol and -169.03 kJ/mol for $=3.5 and 2.7 systems, separately. Thus, the binding
interaction between TB and solvent is stronger in system with the lower initial
supersaturation. In contrast, for crystallization from ethanol-water, system with the
higher initial supersaturation results in a more favorable interaction between TB and
solvent (-186.62 kJ/mol), compared to system with the lower initial supersaturation
(-175.95 kJ/mol). It is interesting to note that the order of TB-solvent interaction in
different systems is the same as that of A factor, that is, solution with stronger
TB-solvent interaction has more B-type dimers than A-type dimers. Therefore, B-type
dimers are predominant in Sew=3.5 system which has the strongest TB-solvent
interaction, and thus leads to the formation of Form IV crystals.

The intermolecular hydrogen bonds of TB molecules contribution to aggregation
of TB molecules were also studied by NH-O RDFs. As seen from Figure S4, a clear
peak is at 2.05 A for all systems, indicating no difference for hydrogen bond length.
In addition, the peak of gnn.o gives coordination numbers of 0.89, 0.66, 0.33 and 0.63
for systems of $=3.5, 85=2.7, Se-w=3.5 and Se.w=2.7, respectively (Table 4). The order
of the results above is opposite to the binding interaction of TB and solvents. That is,
the system with higher TB-solvents binding energy has less TB-TB intermolecular

hydrogen bonds and higher &£ value. Therefore, we can conclude that strong hydrogen
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bonds interaction between TB and solvents prevent the formation of intermolecular
hydrogen bonds of TB molecules. Thus, TB molecules aggregate by m--*m interaction
to make up the loss of intermolecular TB-TB hydrogen bonds. That is why most
B-type dimers appear in crystallization from ethanol-water with supersaturation of 3.5
and lead to the formation of Form IV.

By comparison with our previous work?® and Uekama’s work?’, we can find that
the premise for the preferential growth of TB Form IV crystals is strong interaction
between TB and surrounding molecules, including solvents, self-assembled
monolayers, as well as additives. This strong interaction can induce and stabilize the
metastable crystal in solution, postponing or even inhibiting the solution-mediated
transformation of the metastable form to the stable form.

CONCLUSIONS
The rapid-cooling crystallization of tolbutamide from ethanol and ethanol-water at
different initial supersaturations (3.5 and 2.7) were studied through characterizations
of PXRD and crystals morphologies. It is found that crystallization from ethanol
resulted in only the stable Form III under both supersaturations. However, from
ethanol-water solution at higher initial supersaturation, the highest bioavailable TB
crystals of metastable Form IV were obtained. The experiments results are well
explained by competitive relationship between solute-solute and solute-solvent
interaction using theoretical method. Hirshfeld surface analysis and the associated 2D
fingerprint plots of five TB polymorphs clearly quantify the interactions within the

crystal structures, revealing m---7 interaction only exist in Form IV and Form V. MD
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simulation shows the stronger hydrogen bonds interactions between TB and solvents
in ethanol-water at higher supersaturation weaken the TB-TB intermolecular NH:*-O
hydrogen bonds and thus promote TB molecules to form dimers by n -7 stacking,
which is the main characteristic of Form IV and Form V dimers. Binding energy
calculation of TB dimers indicates the formation of Form IV dimers is easier than that
of Form V dimers. This work discloses the reason for the formation of metastable TB
crystals at specific condition and sheds light on the selective crystallization of organic
crystal polymorphs by simply controlling the solvents and supersaturations.
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Table 1. Molecular Dynamics Simulation Details

supersaturation number of molecules density of systems simulated cell size
(g/ec) (&)

Se=3.5% NrB: Nethano=16:484 0.945 36.03*36.03*%36.02

Se=2.7 VB Nethano=12:488 0.909 36.07*%36.07*%36.07

Sew=3.5" NVrB: Nethanol: Mi20=8:700:1132 0.895 48.21*%48.21%48.21

Sew=2.7 NVrB: Nethanol: Mi20=6:680:1102 0.887 48.28%48.28%48.28

a S represents the supersaturation of system using ethanol as solvent. ® St represents the

supersaturation of system using ethanol-water as solvent.
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Table 2. The average torsion angles (°) of TB molecules calculated under various conditions at

303 K.
7 n 73 21 75 76 7

S$e=3.5 105 69 -178 -177 -176 -177 178

Se=2.7 &9 62 -179 -178 -176 -177 176
Sew=3.5 101 70 -179 -179 -177 -178 179
Se-w=2.7 &9 70 -179 -176 -177 -177 179
Form I* 141.9 -50.8 147.6 -174.3 81.5 -178.8 -69.3
Form IV?® 94.3 63.2 -154.3 -174.4 -85.7 -179.3 162.6
Form V? 89.4 64.2 -166.4 178.9 -85.1 -176.1 -176.1

2 The torsional angles of Form I, IV and V are obtained from the work of Tan?® and Nangia®’.
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Table 3. The values of £ in different period of simulation time at 7=277 K.

0-Ins 1-2ns 2-3 ns 3-4 ns

S8e=3.5 0.60 0.64 0.60 0.47
S8e=2.7 0.73 0.70 0.61 0.56
Sew=3.5 051 0.53 1.09 1.83
Sew=2.7 045 0.99 1.12 0.89

27

Page 28 of 40



Page 29 of 40 RSC Advances

Table 4. Coordination number for TB-Solvents and TB-TB hydrogen bonds under various

conditions at 7=277 K.

TB-Solvents TB-TB

O-He O-Hw NH-Oe NH-Ow NH-O

S=3.5 0.64 1.11 0.89
Se=2.7 0.72 1.21 0.66
Sew=3.5 056 0.09 1.12 0.23 0.33
Sew=2.7 048 0.09 0.96 0.15 0.63
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Captions for Figures

Fig. 1 Molecular structures of TB, water and ethanol. The atomic numbering and types in each
molecule were also defined here.

Fig. 2 Change in concentration of TB in the crystallization (a) from ethanol at the supersaturation
of 3.5 (black line) and 2.7 (red line); (b) from ethanol-water solution at the supersaturation of 3.5
(black line) and 2.7 (red line).

Fig. 3 PXRD patterns of TB crystals obtained under various conditions.

Fig. 4 Photomicrographs of TB crystals precipitated from (a) ethanol at the supersaturation of 3.5
(sampled at the end), (b) ethanol at the supersaturation of 2.7 (sampled at the end), (c)
ethanol-water at the supersaturation of 3.5 (sampled at 90 min),(d) ethanol-water at the
supersaturation of 3.5 (sampled at 160 min), (¢) ethanol-water at the supersaturation of 3.5
(sampled at the end), (f) ethanol-water at the supersaturation of 2.7 (sampled at the end). (all
pictures were magnified 50 times)

Fig. 5 FTIR spectra of Form III and Form IV crystals of TB. (red line: $:=3.5, sampled at the end;
black line: $:=2.7 sampled at the end; blue line: Sew=3.5, sampled at the end; green line: Se.w=2.7,
sampled at the end; purple line: Sew=3.5, sampled at ~90 min)

Fig. 6 Overlay of conformers observed in TB Forms I and I1I-V (red—U1 (Form I); green—U?2
(Form III); brown—U3 (Form IV); violet—U4 (Form V)) (a), Form II (pink—Ch1, yellow—Ch2,
light blue—Ch3, thick blue—Ch4) (b). (c¢) Types of packing schemes in TB polymorphs.

Fig. 7 Relative contributions of various intermolecular contacts to the Hirshfeld surface area in TB
Forms I -V (Ch2 and Ch4 in Form II are not shown due to similarity of Chl and Ch2, Ch3 and
Ch4).

Fig. 8 Illustration of the types of dimers that the TB molecules can form in the simulation. Dimers
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taken from (a) Se=2.7 system at #1202 ps; (b) Sew=3.5 system at /~3402 ps. (The blue dashed

lines represent hydrogen bonds)

Fig. 9 RDFs for (a) C-C (b) C2-C2 (c) C5-C5 interactions under different conditions in 3-4 ns.
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Fig. 4
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(a) U-type conformer

(b) Chair-type conformer
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Fig. 8
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