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ABSTRACT: The comparative crystallizability and polymorphic
selectivity of ritonavir, a novel protease inhibitor for the treatment
of acquired immune-deficiency syndrome, as a function of solvent
selection are examined through an integrated and self-consistent
experimental and computational molecular modeling study.
Recrystallization at high supersaturation by rapid cooling at
283.15 K is found to produce the metastable “disappeared”
polymorphic form I from acetone, ethyl acetate, acetonitrile, and
toluene solutions in contrast to ethanol which produces the stable
form II. Concomitant crystallization of the other known solid
forms is not found under these conditions. Isothermal crystal-
lization studies using turbidometric detection based upon classical
nucleation theory reveal that, for an equal induction time, the
required driving force needed to initiate solution nucleation decreases with solubility in the order of ethanol, acetone, acetonitrile,
ethyl acetate, and toluene consistent with the expected desolvation behavior predicted from the calculated solute solvation free
energies. Molecular dynamics simulations of the molecular and intermolecular chemistry reveal the presence of conformational
interplay between intramolecular and intermolecular interactions within the solution phase. These encompass the solvent-dependent
formation of intramolecular O−H...O hydrogen bonding between the hydroxyl and carbamate groups coupled with differing
conformations of the hydroxyl’s shielding phenyl groups. These conformational preferences and their relative interaction
propensities, as a function of solvent selection, may play a rate-limiting role in the crystallization behavior by not only inhibiting to
different degrees the nucleation process but also restricting the assembly of the optimal intermolecular hydrogen bonding network
needed for the formation of the stable form II polymorph.
KEYWORDS: solvent selection, disappeared polymorphic form, crystallizability, nucleation kinetics, ritonavir,
intra- and intermolecular interactions, hydrogen bonding, conformational polymorphism, molecular dynamics

1. INTRODUCTION
Polymorphism is related to the ability of a compound to
crystallize in different crystallographic structures but with the
same chemical composition.1−6 For organic materials, where
the solid-state chemistry is mostly characterized by a
combination of weak undirected van der Waals interactions
coupled, in some cases, with stronger directed hydrogen bonds
(HBs), polymorphism is not an unexpected phenomenon (e.g.,
ref 7). Indeed, it has often been reported that the number of
polymorphic forms discovered for a given material depends
upon the efforts (time and resources) committed.4,5,8 In
conformational polymorphism, flexible organic molecules can
adapt different molecular conformations, resulting in the
different polymorphic forms.3,9,10 As a result, a multitude of
polymorphic forms may be observed e.g., in tolfenamic acid
and paritaprevir,11−25 ritonavir,26−34 ROY,35,36 acridine,37 and

aripiprazole.38 For pharmaceutical materials, the different
polymorphs of a substance may exhibit different physicochem-
ical properties, such as solubility, stability, density, and
bioavailability.1,39,40 Therefore, gaining an understanding and
then control of the crystallization of an active pharmaceutical
ingredient (API) from solution can form an essential part of
both its development and subsequent formulation as a drug
product. The polymorphic stability of the final product is also
important industrially due to the potential impact of any
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polymorphic transformation upon notably product stability
and hence on shelf life and dissolution and hence
bioavailability.27,41

Crystallization from solution is important for the separation
and purification of organic ingredients.42,43 Solvent selection
has been known to alter polymorphic behavior (e.g., refs
44,45) but the exact mechanism for this has not, as of yet, been
fully characterized. However, the mechanisms could include
the effects of solute/solvent interactions in the solution
state46−48 on the nucleation process and hence on poly-
morphism.49,50 Nucleation can play a significant role in
controlling the final product properties7,51−53 with its rate
being very sensitive to solution chemistry.16,45,47,54−58 Using
classical nucleation theory (CNT), the interfacial energies
between the solid and solution forms can be calculated and
correlated to solvent properties such as solubility,59 boiling
point,60 and dipole moment60 to examine nucleation
behavior.61−63 Although, nucleation from solution can be
strongly influenced by solvent selection,64 the detailed
mechanisms underpinning solvent-dependent behavior also
remain quite elusive. In this respect, modeling intermolecular
solute/solvent interactions provided helpful insights into both
the strength of solvation interactions and the associated solvent
coordination to solute molecules as a function of solvent
type.11,48,65−68 Crystallizability as a function of solvent
selection has also been assessed through meta-stable zone
width (MSZW) measurements11,69 and also through the
determination of nucleation kinetics using CNT.46,47,60,70,71

In silico methods, such as molecular dynamics (MD)
simulations, have been widely used to capture the dynamical
behavior of the explicit intermolecular interactions within the
solution phase both qualitatively and also quantitatively by
developing an understanding of the molecular and intermo-
lecular assembly behavior during the crystal nucleation process
associated with crystallization from solutions (e.g., refs 43,72−
77). Recently, some detailed methods have been developed to
characterize the propensity of incipient bulk synthons within
the solution state through the targeted analysis of the MD
trajectory files.74,78,79

Ritonavir (Figure 1) is a highly representative example of a
high molecular weight pharmaceutical API. Since Bauer’s
seminal paper26 published over 20 years ago, there has been
significant interest within the medical and pharmaceutical
communities in ritonavir with a number of high-impact papers
on its solid-state characterization.28−31,33,80,81 The drug has
also attracted interest in an antivirus medication for Covid-19
treatment.82 In the current work, the nucleation behavior of
the (now) metastable and “disappeared” form I has been
examined using isothermal induction time measurements

carried out as a function of solvent selection using apolar,
polar aprotic, and polar protic solvents. In this work, the
interfacial energy, critical nucleus radii, number of molecules in
the critical nucleus, and the attachment frequency of building
units to a nucleus have been determined by using CNT
together with an evaluation of the possible nucleation
mechanism of the metastable form within the different
solvents. The nucleation data were rationalized with respect
to the atomistic scale through related MD simulations in which
the conformational energy landscape of the ritonavir molecule
within explicit solvent environments has been used to capture
the dynamic interplay between inter- and intramolecular
interactions, and their associated conformational preferences.
These have been supported by free energy perturbation MD
simulations through which the solvation energies for all five
solvents, such as ethanol (EtOH), acetone, acetonitrile
(ACN), ethyl acetate (EtOAc), and toluene, were calculated.

2. MOLECULAR AND CRYSTAL CHEMISTRY AND
THEIR INTERRELATIONSHIP

In early phase development, ritonavir was characterized to have
only one polymorphic form (hereinafter form I).26 However,
two years after it had been released on the market, a new
slowly nucleating and more stable polymorph (form II) with a
lower solubility26 appeared resulting in all the manufactured
material final products failing their dissolution QA tests and
making the originally marketed form I a “disappeared
polymorph”. Subsequent attempts to continue to manufacture
and stabilize form I were reported to have been unsuccess-
ful,26,27,32,83 leading to further research on the properties of the
new stable form II and its formulatability.84−86 Ritonavir is a
conformationally flexible molecule, and as such later and more
extensive polymorphic screening studies revealed its ability to
crystallize in many more different forms with a current
landscape encompassing three polymorphs and two solvates, a
quaternary solvated cocrystal salt and an amorphous glassy
form.28−31,33,85,87 Despite these studies, there remains very
little available literature data regarding the nucleation behavior
of the ritonavir API as a function of supersaturation for a range
of organic solvents reflecting, in part, its inherently low
crystallizability and high glass forming ability.88,89

The structures of form I and II polymorphs were determined
and thoroughly characterized by Bauer et al.26 Wang et al.28

have subsequently characterized and compared, in significant
detail, the crystal chemistry for both forms I and II in terms of
their molecular conformations, polarizabilities, hydrogen
bonding networks, intermolecular packing structures, and
crystal morphologies and have cross-correlated these to a

Figure 1. Chemical diagram of the ritonavir molecule highlighting some of the important functional groups.26,28−30
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wider assessment of their crystallizability behavior and
respective surface properties.
Examination of the two crystal structures reveals that the

distinct differences in molecular conformation were found to
be associated with the carbamate, ureido group, and phenyl
conformations (Table 1), with the form I adopting a trans and
cis conformation for its carbamate and ureido groups,
respectively, whereas form II adopts a cis and trans
conformation of the same groups.26,28,29,83 Detailed analysis
of the gas phase conformational energy landscape83 revealed
that the form I carbamate group trans conformation was found
to be energetically more stable than the form II cis
conformation and that there is a significant conformational
energy barrier (cis to trans: 13.4 kcal mol−1; trans to cis: 16.6
kcal mol−1) which effectively inhibits any easy transformation
between these two conformational states. The more stable
form I conformer was also found to be closer to the previously
identified global minimum conformation of ritonavir.83 Despite
the fact that form I is more closely packed, its hydrogen
bonding pattern was found to be less optimal than that in form
II,90 and therefore solvent selection plays a role in the
nucleation and polymorphic transformation process.44 Close
examination28 of the functional groups within the molecular
fragments reveals that the different energetic contributions
from these functional groups is consistent with the stronger
hydrogen bonding in form II. In this, the cis conformation of
the carbamate group rotates the adjacent phenyl group away
from shielding the hydroxyl group, thus enabling it to act as
both a donor (to the ureido group) and acceptor (from the
amide group). This is in direct contrast to form I where its
access is much more constrained and hence where it can only
act as a donor (to the thiazole 2 group). While the trans
conformation of the carbamate group enables a higher density
and degree of close packing of the phenyl rings in the form I
structure, in doing so it restricts opportunities for the hydroxyl
group to achieve its optimal hydrogen bonding configuration.
Ritonavir has four HB donors involving one hydroxyl O−H

and three amidic N−H groups together with twelve accept-
ors,28 leading to the formation of four intermolecular HBs
(Figure 2) but without the formation of any intramolecular
HBs in the crystal structures of the two forms. The detailed
analysis of the HB networks for both forms I and II can be
found in the literature (e.g., refs 28,29) and, as discussed,26 a
significant distinguishing difference of the HB structure
between the two forms is related to the hydroxyl functional
group. For form I, two characteristic intermolecular synthons
were identified28,29 with synthon AI comprising three strong
homo intermolecular HBs (Figure 2a).

N−H (amide)...O�(amide);
N−H (ureido)...O�(ureido);
N−H (carbamate)...O�(carbamate),

These 3 HBs form a ″dimeric” closely packed stacking
sequence. The second synthon BI has just a single weaker
hetero intermolecular HB (Figure 2a):

O−H (hydroxyl)...N (thiazole 2).

In contrast, for form II, a single synthon AII was found
28,29

comprising four hetero intermolecular HBs (Figure 2b).
N−H (ureido)...O�(carbamate);
N−H (carbamate)...O�(amide);
N−H (amide)...O−(hydroxyl);
O−H (hydroxyl)...O�(ureido),

These 4 HB interactions form a characteristic ring-like
network involving the four functional groups (Figure 2b).
Overall, the complex molecular conformational states and

intermolecular crystal chemistry for the two polymorphs are
summarized in Table 1.

3. MATERIALS AND METHODS
3.1. Materials. Ritonavir form II was supplied by AbbVie

Inc. and was used without further purification. Ethyl acetate
(HPLC >99.95% purity, Fisher), toluene (reagent grade
>99.7%, Sigma-Aldrich), acetonitrile (HPLC ≥99.9%, Honey-
well), acetone (HPLC ≥99%, VWR International), and n-
heptane (HPLC ≥99%, Honeywell) were used as supplied.
The metastable form I of ritonavir was prepared by the

reverse addition technique in ethyl acetate/heptane (1:2 by
volume) mixture32 as follows: (i) dissolving 10g of ritonavir
form II in 40 mL of ethyl acetate at 70 °C and refluxing for at
least 1 h; (ii) filtering the solution to produce a concentrated
solution of ritonavir (reactant A) by using a preheated syringe

Table 1. Summary of the Configurations of the Carbamate, Ureido, and Phenyl Conformations of the Constituent Molecules
of the Form I and II Structures, Together with Their Associated HB Networks

polymorphic form carbamate conformation ureido conformation phenyl conformation HB network hydroxyl group

I trans cis cis mostly dimeric stacking mostly shielded
II cis trans trans 4 HB ring structure more open

Figure 2. Intermolecular HB networks involving three molecules
(wireframe, capped sticks, ball and stick) with HB (green dashed line)
atoms highlighted as spacefill: (a) form I with three homo HBs and
one hetero HB and (b) form II with four hetero HBs.
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equipped with 0.45 μm filter membrane; (iii) charging 80 mL
of heptane with 50 mg of ritonavir form I seeds and stirring at
room temperature to obtain reactant B; (iv) slowly adding
reactant A to reactant B whilst constantly stirring. Since form I
is the kinetically favored form and largely insoluble in heptane,
it can be expected that it will always be crystallized out first in
an ethyl acetate/heptane mixture as long as the solution is free
of any form II contamination. In this overall procedure,
maintenance of the crystallization temperature was not found
to be critical.
3.2. Determination of Solubility as a Function of

Solvent Type. The solubility of ritonavir form I in pure
acetone, ethyl acetate, acetonitrile, and toluene was determined
by dissolving excess amounts of ritonavir form I in 10 mL of
solvent, agitated for 2 h using a MaxQ 2000 Barnstead/Lab-
line shaker and maintained at a constant temperature of 10 °C
using a Julabo F25 recirculating bath. The 2 h time window
was selected based on the experimental observation that form I
had a potential transformation risk to form II if the stirring
continued for more than 3 h and also that the very low
solubility of form I in these four solvents would not present a
notable difference of the concentration values between 2 or 3 h
of stirring. Subsequently, the supernatant was filtered through a
0.45 μm membrane filter, and the undissolved crystals were
isolated. These were confirmed to be of form I by powder X-
ray diffraction (PXRD), confirming that no solvent-mediated
phase transformation had taken place during the time frame
that encompassed the solubility measurement experiments.
The extracted filtrates were weighted and then dried at 50 °C
with each experiment being repeated at least three times and
with the average data being used for the determination of form
I solubility gravimetrically.
3.3. Polymorphic Screening as a Function of Solvent

Type. The crystallization behavior of ritonavir form I in
acetone, ethyl acetate, acetonitrile, isopropanol, and toluene
solvents was investigated isothermally utilizing a Technobis
Crystal 16 unit91 using the crash cooling approach previously
described.45,92 Different supersaturated solutions (related to
the equilibrium solubilities of form I) were prepared by
dissolving the corresponding amount of ritonavir form II in 15
g of solvent. The solutions were then stirred and heated to
make sure that all the crystals were dissolved completely.
About 1 mL of the supersaturated solutions was then
withdrawn and filtered through a preheated 0.45 membrane
filter before being transferred into sample vials. These filtered
solutions were then heated to 50 °C and held for 90 min
before cooling to the desired crystallization temperature (10
°C) at a rate of 20 °C min−1. Once the solution had nucleated,
the resultant crystals were filtered and oven-dried at 50 °C with
each experiment being repeated at least 4 times. Note that the
gentle drying process after washing removed the solvent
residual from the crystal surfaces, producing dry crystals for
further characterization. The polymorphic forms of the
recrystallized material were identified using PXRD (Bruker
D8 advanced X-ray diffractometer).
3.4. Measurement of Induction Times as a Function

of Solution Supersaturation. The induction times to the
nucleation onset point for ritonavir form I in supersaturated
agitated solutions as a function of solvent were measured
isothermally with the Technobis Crystal16 unit.91. In this,
solutions of ritonavir in each of the solvents were prepared by
dissolving an appropriate amount of form II consistent with the
desired supersaturation in 15 g of solvent. After dissolution, the

solutions were stirred for 2 h, filtered through a 0.45 μm filter
membrane, and transferred to the Crystal16 vials using
preheated pipettes. Each solution sample was heated to 50
°C (45 °C for acetone) at a constant (700 rpm) magnetic
stirring (agitation) rate for 25 min before cooling down to the
desired temperature of 10 °C at a cooling rate of 5 °C min−1

where it was held for 20 h. The induction times were measured
on the basis of the time difference between when the selected
isothermal point of 10 °C was achieved and that for the
nucleation onset point. Each experiment was repeated eight
times to give good induction time statistics, and the
experiments were repeated over a range of supersaturations
for each of the four different solvents. The crystals produced
were isolated and characterized to cross check the polymorphic
form by PXRD (Bruker D8 Advanced), differential scanning
calorimetry (DSC) (Mettler Toledo DSC 1 STAR System),
and scanning electron microscopy (SEM) (Carl Zeiss EVO
MA15).
3.5. Induction Time Analysis Using Classical Nuclea-

tion Theory. Measured induction times were analyzed using
CNT to calculate the nucleation rate (J) through the Arrhenius
relationship as follows

S
AJ A exp

B
ln

S ln S exp
B

ln S2 0
2

2
i
k
jjj y

{
zzz i

k
jjj y

{
zzz= =

(1)

where A is the pre-exponential kinetic factor, A0 is the pre-
exponential kinetic factor constant, S is the supersaturation
given by

S C C/= * (2)

and the thermodynamic parameter, B, is given by

B
v

k T
16

3

3 2

3 3=
(3)

where C is the solute concentration, C* is the equilibrium
solubility, k is the Boltzmann constant, T is the nucleation
temperature, γ is the effective interfacial energy, v is the
molecular volume.
A0 and B were derived from the intercept and slope,

respectively, of a linear fitting of ( )ln J
S Sln2 versus

in S
1
2 .

The attachment rate, f × C0, was estimated by

f C A S B120 0× = (4)

From the CNT, the critical size, rc, for the nucleation cluster
was calculated from

r
v

kT S
2

lnc =
(5)

Note that further details can be found in S1, Supporting
Information.
3.6. MD Simulations and Free Energy Calculations.

The conformational landscapes of ritonavir were assessed to
reflect the tendency of large drug-like molecules to exhibit
solvent-dependent conformational states.25 To study con-
formational ensembles of ritonavir, enhanced MD simulations
with explicit solvent to capture the unique solvent−solute
interactions were carried out for the four solvent systems
(acetone, ethyl acetate, acetonitrile, and toluene) in which
form I crystallized, and for ethanol, where form II crystal-
lized.26 From MD simulation results, the dihedral torsion
(C20−C15−C25−C30) angles of the phenyl substituents, as
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defined in Figure 3, were analyzed using a histogram to
characterize the conformational states of ritonavir, which
included the cis, trans, and an intermediate conformation to
probe for any changes to the intermolecular chemistry
associated with solvation. From the MD simulations, the
dihedral torsion (C20−C15−C25−C30) angles of the phenyl
groups (defined as phenyl conformation) that exhibited a
dihedral torsion angle between −60 and 60° were classified as
the cis phenyl conformation. The form I molecular structure
(Figure 3a) has a trans carbamate conformation with a phenyl
torsion angle of 18.84° (cis phenyl conformation), and it may
be expected to have a high probability of correlating cis phenyl
and trans carbamate conformations. Those angles lying in the
range from −120 to −60° or 60 to 120° were classified as
intermediate, and those in the range from −180 to −120° or
120 to 180° were classified as trans phenyl conformation. As
shown in Figure 3b, the molecular structure of form II has a
phenyl conformation angle of −166.46° (trans phenyl
conformation) with a cis carbamate conformation, which
may suggest a possible link between cis carbamate con-
formation and trans phenyl conformation.
These MD simulations were performed using the replica

exchange solute tempering approach93 with the OPLS-4 force
field,94 using the Desmond MD engine,95 as implemented in
the Schrodinger 2023−3 software suite.96 MD simulations
were run for 100 ns, with 8 evenly spaced temperature replicas
ranging from 300 to 665 K. Additionally, solvation free
energies for all the solvents were computed using free energy
perturbation,97 with 20 ns of production simulation time with
18 lambda windows.

4. RESULTS AND DISCUSSION
4.1. Crystallization Outcomes. Figure 4 shows the results

of the crash cooling experiments carried out isothermally at
283.15 K following crystallization from polar aprotic (acetone,
ethyl acetate, and acetonitrile) and apolar (toluene) solvents as
a function of supersaturation. The measured solvent and
saturation-dependent induction times were found to be very
long, varying from hours to days. Note that the very long
induction times observed in this study with different solvents
and supersaturations demonstrate the low nucleation rate and
crystallizability. The resultant polymorphic forms of the
crystals were found to be independent of the choice of
solvent, with the metastable form I preferred at the higher
supersaturations and the stable form II favored at the lower
supersaturations. This behavior is consistent with Ostwald’s
Rule98 and with other studies, e.g., L-glutamic acid15,50

regarding the typical behavior for a polymorphic system.

Crystallization from polar protic (ethanol) solvents was not
found to be successful due to both their high solubility and
solution viscosity, as these tend to be characterised by low
crystallisability (low nucleation rate) for those systems and
concomitantly unrealistically very long induction times. Hence,
it was not found to be feasible to carry out detailed studies on
this system.
4.2. Identification of the Polymorphic Form. Figure 5

shows the PXRD patterns for the recrystallized materials
recovered from the various solvents, revealing that the
nucleated solids prepared from acetone, ethyl acetate,
acetonitrile, and toluene solutions have the same form as the
reference material prepared by recrystallization from the ethyl
acetate−heptane mixture. In this, the characteristic diffraction
peaks of form I located at 3.30, 6.80, 8.40, and 24.50 2θ can be
easily distinguished from those of form II (characteristic peaks
at 9.51, 9.88, and 22.20 2θ).44,84,85 Note that the existence of
the extra peak at ca. 28° 2θ is due to the sample holder and not
the analyte. To the best of our knowledge, this is the first time
that the so-called “disappearing form I polymorph” has been
isolated using the crash cooling approach from form II source
materials. This may reflect the higher solubility and available
solution supersaturation of the metastable form I in organic
solvents and would be consistent with the metastable form I of
ritonavir being the kinetically favored form. In this, at the
nucleation on-set point, the higher supersaturations would
produce smaller critical cluster sizes, stabilizing the metastable
form.50,72,99 The PXRD analysis is supported by reference DSC

Figure 3. Definition of the dihedral torsion (C20−C15−C25−C30) angles of the phenyl conformations with their angles of 188.84° and −166.46°
for the ritonavir form I (a) and form II (b) molecules.

Figure 4. Crystallization outcomes as a function of supersaturation
and solvent at 283.15 K (red square�form I; green circle�form II;
blue triangle�no crystallization after two days).
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data for forms I and II of ritonavir which are given in Figure S1
(Supporting Information) and reveal endothermic melting
peaks at around 123 °C for form I and 126 °C for form II.84,100

The observed melting points for the form I isolated from the
four solvents were found to fluctuate slightly from 123 °C in
toluene to 125 °C in acetone with their enthalpies of fusion
calculated based on the DSC data increasing from 38.43 to
41.19 kJ mol−1 and the full widths at half-maximum decreasing
from 3.45 to 2.21 °C [see Table S1 (Supporting Information)
for further details], reflecting, perhaps, the different crystal-
linity and morphology of the associated solid forms.
The morphological data for the recrystallized materials is

shown in Figure 6 with the SEM data revealing an elongated
plate-like morphology for the form I crystals isolated from
acetone and acetonitrile solutions while the crystals were found
to be more needle-like in ethyl acetate, ethyl acetate/heptane
and toluene. Previous studies28 have found that polar solvents
such as acetone produced a more elongated plate-like
morphology of ritonavir form I while apolar toluene has
more needle-like crystals, hence a higher aspect ratio. This is
consistent with the formation of strong π−π stacking
interaction between the aromatic rings on the side faces of
ritonavir crystal and the phenyl ring in the toluene.28 Overall,
the form I crystals tended to be very small (ca. 10 × 0.5 μm),
while the form II crystals were found to be larger and more
elongated (ca. 600 × 15 μm). The solvent selection was
observed to have a significant effect on the crystal morphology
of form II crystals, where apolar solvents were found to
significantly increase the aspect ratio. Despite this, forms I and
II cannot be distinguished solely on their observed crystal
morphology since the crystals of form II may also exhibit a
needle-like crystal habit.28 Since form I was found to be the
only solid form crystallized in the above four solvents, the
analysis of the influence of solvent on the nucleation kinetics
were focused on form I in this study.
4.3. Determination of Solubility and Nucleation

Propensity. Table 2 summarizes the solubility and nucleation
propensity of ritonavir form I at 283.15 K and the solvation
free energy produced from MD FEP calculations, revealing that

the solubility of form I increases in the order of toluene,
acetonitrile, ethyl acetate, and acetone. As the nucleation rate
highly depends on the supersaturation and the supersaturation
ranges for the four solvents did not really overlap, it was not

Figure 5. PXRD patterns of ritonavir nucleation in different solvents, confirming the recrystallization of form I from these solvents. Note that the
extra peak cycled was found to be from the sample holder.

Figure 6. SEM micrographs of ritonavir crystals produced following
nucleation in different solvents: (a) form I reference; (b) acetone; (c)
ethyl acetate; (d) acetonitrile, and (e) toluene. Note that the top SEM
image shows the reference for form I, i.e., as crystallized from ethyl
acetate/heptane mixture with a volume ratio of 1:2, which has a quite
different morphology from other four solvents.
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feasible to directly compare their nucleation rates. However, at
a supersaturation of around 5, the nucleation rates in acetone,
ethyl acetate, acetonitrile, and toluene were found to decrease
with the values of 245.79, 73.61, 62.79, and 11.51 m−3 s−1,
respectively, as shown in Table 2 (column 6) and Section S3
(Supporting Information). The value for toluene was estimated
by fitting the data with an exponential function [Figure S2
(Supporting Information)]. Figure 7a shows the associated
induction times (tind) to the nucleation on-set point as plotted
against the nucleation driving force RT ln S for each of the four
solvents. The data revealed a direct correlation between the
measured solubilities and an increasing difficulty of nucleation,
reflecting a higher driving force, as a function of solvent
selection in the order of acetone, ethyl acetate, acetonitrile, and
toluene.

Estimation of the attachment rate ( f × C0) of building units
to a nucleus is plotted in Figure 7b together with its variation
of f × C0 with supersaturation and solvent. In literature, the
value of attachment rate can vary from 10 to 1011 m−3 s−1

according to the estimation by Sullivan et al.47 based on the
nucleation kinetic data of small molecule compounds (benzoic
acid in toluene and PABA in 2-propanol, ethyl acetate, and
acetonitrile). As shown in Figure 7b, the value for ritonavir
solutions varying from 102 to 107 m−3 s−1 determined in this
study was found to align well with the literature; hence, this
was considered appropriate to be used for the evaluation of the
molecular kinetic process of ritonavir solutions in the four
solvents. It was found that the attachment rates of ritonavir
molecules in acetonitrile solutions were the highest being
observed to be about 3 orders of magnitude higher when

Table 2. Nucleation Parameters for Ritonavir Form I in Different Solvents at 283.15 K According to the Classical Nucleation
Theory and Solvation-Free Energy from MD Simulations

solvent
system

solubility × 103
(mole fraction)

saturated
concentration
× 103 (g g−1) S

RT ln S
(J mol−1)

nucleation
rate (m−3 s−1)

critical
nucleus

radius (Å)
number of
molecules

ln A0
[ln (m−3 s−1)]

solvation free
energy

(kcal mol−1)

ethanol N/A N/A N/A N/A N/A N/A N/A N/A −38.89
acetone 4.30 224.42 4.20 3378.35 58.17 10.93 6.06 6.33 −37.48

236.99 4.44 3509.16 102.38 10.53 5.41
253.54 4.75 3668.04 187.15 10.07 4.73
274.35 5.14 3853.80 245.79 9.59 4.08

ethyl acetate 1.33 52.24 4.80 3692.69 64.27 6.26 1.13 2.58 −36.78
54.85 5.04 3807.55 73.61 6.07 1.04
57.79 5.31 3930.40 89.43 5.88 0.94

acetonitrile 0.66 59.81 5.16 3862.94 62.79 14.20 13.27 12.22 −33.98
64.56 5.57 4042.94 250.29 13.57 11.57
67.46 5.82 4146.29 124.45 13.23 10.73
70.71 6.10 4256.91 659.70 12.88 9.91

toluene 0.22 19.40 13.11 6058.01 70.95 7.32 1.82 2.18
20.76 14.03 6217.67 99.32 7.14 1.68 −33.08
23.52 15.89 6510.74 138.07 6.81 1.47

Figure 7. (a) Induction time versus nucleation driving force in different solvents. Lines represent exponential fits. Dashed line represents the equal
induction time at t = 13 320 s to quantitatively highlight the influence of solvent on the nucleation process; (b) dependence of the molecular
attachment rate on the supersaturation ratio of ritonavir form I in four solvents.

Table 3. Nucleation Parameters and Some of the Solvent Properties

driving force (J mol−1) γ (mJ m−2) boiling point (°C) viscosity (mPa s) dipole moment (D) dielectric constant

acetone 3437 3.39 56.53 0.33 3.00 20.60
ethyl acetate 3806 2.12 77.00 0.46 1.60 6.02
acetonitrile 3900 5.04 81.60 0.38 3.92 37.50
toluene 6079 4.08 110.63 0.59 0.36 2.38
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compared with acetone (the second highest), followed by
toluene and then ethyl acetate. These data are consistent with
the nucleation rate, critical nucleus radius, and number of
molecules in a critical nucleus summarized in Table 2
(columns 6, 7, and 8).
Table 3 provides a direct comparison between the solvent-

dependent data in order to quantify the inter-relationship
between solution properties and the crystallizability of the
materials. Analysis of the supersaturation dependence of the
nucleation rates reveals that in order to reach an equal
induction time of tind = 13320s, the driving forces for
nucleation were 3437 J mol−1 in acetone, 3806 J mol−1 in
ethyl acetate, 3900 J mol−1 in acetonitrile, and 6079 J mol−1 in
toluene, consistent with the reverse order of their solubility and
also nucleation rates (Table 2) as well as the crystallizability of
ritonavir form I.
Calculation of the solvation energies from MD simulations,

as shown in Table 2 (column 10), reveals a direct correlation
between the solvation energy and, by implication, the
desolvation energy barrier associated with nucleation and
solute solubility for the different solvents. The slope of
solvation energy correlation with solubility was found to be
about 1.5. While these results are quite consistent with
previous studies on other systems, it should be pointed out
that these encompass studies on compounds with much lower
molecular weights and also different solvents.11,45,61,66 Hence,
this work provides, perhaps, the first observation of such a
trend in relative solubilities for a high molecular mass
representative pharmaceutical material, such as ritonavir.
4.4. Influence of Solvent Properties on Nucleation.

Examination of the data, summarized in Tables 2 and 3, reveals
ritonavir crystallization from acetonitrile solutions to have the
largest pre-exponential kinetic parameter, followed by acetone,
ethyl acetate, and toluene. This behavior correlates well with a
number of other physical chemical parameters such as the
solvent energy/desolvation calculations from MD as well as
solvent polarity (Table 3) with the pre-exponential factor
decreasing with the decreasing value of dipole moment and
dielectric constant. The correlation between driving forces to
nucleation onsets versus solvent boiling points (black colored
symbols) is plotted in Figure 8. These reveal that generally, the
solvent boiling points can be taken as an effective measure of
solvent/solvent intermolecular forces and hence proportional
to the enthalpy of vaporisation60 and overall were found to be
consistent with the nucleation propensity being strongly
dependent on the strengths of solute/solvent interactions.
The driving force as a function of solvent dielectric constant
(red colored symbols in Figure 8) shows that apolar toluene
solutions require much higher driving force for ritonavir
molecules to be nucleated with respect to other polar aprotic
(acetone, ethyl acetate, acetonitrile) solvents, consistent with
the lowest solubility and nucleation rate in toluene solutions,
which may be due to the ring stacking interactions between
ritonavir and toluene molecules.
4.5. Molecular Dynamics Simulations for Examining

Solute−Solvent Interactions. MD simulations, using
explicit solvent, were conducted to understand the conforma-
tional preferences of ritonavir in the different crystallization
solvents. Through MD simulations, a wide range of dynamic
conformations were observed in all solvent systems, including
both extended and folded conformations, as observed by the
distributions of their radius of gyration (R-Gyr) (Figure 9),
which quantifies the degree of molecular folding. Similarly, in

NMR studies conducted by Augustyniak et al.,101 various
extended and folded conformations were observed for ritonavir
in EtOH. Interestingly, in EtOH where Form II favorably
crystallizes, relative higher populations of extended conforma-
tions, as shown by the larger R-Gyr populations. When
comparing the conformations generated from the MD
trajectories to the specific crystal conformations in Form I
and Form II, noticeable root-mean-square deviations (Table 4)
were observed for each system. As suggested by Augustyniak et
al.,101 the specific crystal conformation for either polymorph
and so the exact alignment of torsion angles is not easily
observed in solution which might suggest the likelihood of
global conformational strain reflecting dynamic nature of the
molecular and intramolecular interactions in solution.
While many structurally diverse conformations were

observed in the MD trajectories, the specific local structural
features observed in different solvents may provide insights
into solution conformational preferences, which may lead to
different polymorphic outcomes. To bridge findings from the
MD conformational ensembles in various solvents and the
observed crystal structure conformations, distinct conforma-
tional features obtained from each solvent were assessed as
they related to the crystal conformation. The significant
differentiating features from the MD simulation analysis
include the observation of the intramolecular hydrogen bond
(IMHB) between the hydroxyl (donor) and carbamate
(acceptor) groups, as relative phenyl conformations within
the molecule (Figure 10a). These features and atoms can be
hypothesized to play an important role in the nucleation of the
two polymorphs, as they play a key roles in the different
intermolecular interaction patterns observed between form I
and form II, as shown in Figure 2.
In the MD simulations with ethanol, similar to the

conformer in form II, a dominant trans configuration of the
phenyl conformation was observed (Figure 10a). This was
accompanied by a significant population (30%) of phenyl
conformations lacking IMHB (Figure 11a). These findings
may explain the favorable crystallization of form II from this
solvent system, as previously described by Bauer et al.26 Here,
the preferential trans conformation may also facilitate the

Figure 8. Driving force vs solvent boiling point and dielectric constant
(red) for four solvents. The black straight line and red lines are guides
for the eye.
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aromatic stacking patterns observed in form II, which has been
hypothesized to play a key role in nucleation.102 In addition,
the relatively lower populations and weaker interactions of the
hydroxyl-carbamate IMHB may better allow the intricate form
II hydrogen bonding networks to form, as these interactions
need to be broken.
The MD simulations with acetone (Figure 10b) and EtOAc

(Figure 10c) also reveal a notable population of conformers
that still lacked the IMHB (Figure 11b,c), and an intermediate
configuration between trans and cis phenyl conformations
became predominant. From this, it would seem to be likely
that crystallization of ritonavir from acetone and EtOAc may
result in either form I (trans phenyl with less intricate
intermolecular H-bonding) or form II (cis phenyl with more
intricate intermolecular H-bonding), i.e., as consistent with
experimental observations from the crystallization experiments
(Figure 4).
While the MD simulations involving acetonitrile (Figure

10d) and toluene (Figure 10e) also revealed a dominant
intermediate configuration, most of the observed intermediate
phenyl conformations also exhibited IMHBs (Figure 11d,e).
This preference for IMHB in these two solvents may explain
the preferred crystallization of form I, in which the formation
of form II relies on an intricate intermolecular hydrogen
bonding network involving the hydroxyl group. Examinations
of the HB networks (Figure 2) in the crystal structures of both

forms found that for form I, the three homo intermolecular
HBs lead to a ″dimerized” intermolecular stacking structure
(Figure 2a), while for form II, the four hetero and much more
conjugated intermolecular HBs formed a ring-like structure
(Figure 2b), hence more interdependent on each other.
Therefore, over 90% of phenyl conformations in these two
solvents were found to have IMHBs, indicating significant
disruption of forming a ring-like intermolecular HB network
(Table 1) in form II, leading to the preference of form I.
Moreover, the strong IMHB of the hydroxyl hydrogen would
also be expected to shield the carbamate oxygen in these
solvents which may, in turn, potentially hinder the nucleation
of form II. Here, the nucleation of Form II would
simultaneously require not only the breaking of the strong
IMHB and the three homo HBs involved in form I’s multiple
dimeric stacking interactions but also require the assembly of
form II’s intricate four-membered ring-like intermolecular
hetero HB network. Such a process could be expected to be
kinetically limited as the process of breaking the strong IMHB
interactions in these solvents and the formation of an intricate
HB network has to occur simultaneously.
Overall, the MD simulation results are consistent with the

experimental findings as shown in Figure 4, i.e., both forms I
and II of ritonavir may be crystallized from acetone and ethyl
acetate, while acetonitrile and toluene preferably tend to
crystallize ritonavir form I. Overall, such inhibition may be due
to the hindrance of form II by the IMHB formation being
stronger, given the more complete heterohydrogen bonding
network in form II.
4.6. Discussion. The preparation of form I isothermally

from the crash cooling method in different solvents is in good
agreement with those in previous studies. Chemburkar et al.32

employed a reverse addition technique, which can result in a
very high driving force for nucleation, to make the
“disappeared polymorph” reappear. According to the structure
and solubility analysis, Bauer et al.26 pointed out that the
primary nucleation of ritonavir from solution should follow

Figure 9. (a−e) Distributions of radius of gyration observed for each solvent system showing a range of dynamic extended and folded
conformations.

Table 4. Average RMSD (in Å) between the Form I and
Form II Conformations and the Observed Conformations in
the MD Trajectory

solvent form I form II

EtOH 7.38 7.41
acetone 7.24 7.34
ethyl acetate 7.28 7.31
acetonitrile 7.35 7.29
toluene 7.32 7.36
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Ostwald’s rule98 and that the metastable form I should
crystallize preferentially. However, these previous studies did
not provide any quantitative characterization of the crystalliz-
ability of the material, notably through an analysis of neither
the nucleation kinetics, the MSZW for form I, nor any
correlations between nucleation propensity and the growth
solution’s molecular-scale interactions. Through the combina-
tion of the nucleation kinetic and the molecular simulation
data reported here, it is possible to fully characterize more
completely the links between solvent properties, solvation,
inter/intramolecular interactions in solution, and the nuclea-
tion process.
The nucleation kinetics experiments suggest that for a given

induction time, the driving force required for nucleation in
different solvents increases following the order of acetone,
ethyl acetate, acetonitrile, and toluene. This work further
showed that the interfacial energies which were calculated from
CNT did not have any direct correlation to the nucleation
propensity. The variation in the interfacial energy for ritonavir
in the different solvents was found to be relatively high (Table
3), ranging from 2.12 mJ m−2 in ethyl acetate to 5.04 mJ m−2

in acetonitrile.
The nucleation rate, critical nuclei size, number of nuclei,

and effective surface energy obtained from this study were
found to be generally comparable with these compounds from

literature although these tend to be much smaller molecular
compounds when compared to ritonavir, as shown in (Table
S2, Supporting Information), with two compounds (methyl
stearate and tolfenamic acid form II) having much higher
nucleation rates obtained103,104 with progressive nucleation
mechanism, and the supersaturation values used for nucleation
studies in the current study being several times higher than
other compounds from literature.

5. CONCLUSIONS
The solubility of form I in the four solvents was found to
increase on the order of toluene, acetonitrile, ethyl acetate, and
acetone. For the same induction time, the nucleation driving
force was found to decrease in the same order, i.e., in
reasonable agreement with the decrease in solubility and the
increase in boiling point for these solvents. The attachment
rates of ritonavir molecules in the four solvents were found to
decrease in the order acetonitrile > acetone > toluene > ethyl
acetate, consistent with the critical nucleus radius, number of
molecules in a critical nucleus, and nucleation rate. However,
no clear correlations between solvent selection and the
interfacial energies were found.
The MD simulation studies demonstrated that the

populations of intramolecular and intermolecular hydrogen
bonding involving the hydroxyl hydrogen in different solvents

Figure 10. (a−e) Histogram of the observed ritonavir phenyl conformations throughout the MD simulations for each solvent. (f) Example
depictions of conformers in the cis, intermediate, and trans conformations.
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may play a role, among other factors such as solvent
composition and supersaturation, in the control of the
formation of ritonavir forms I and II. The dominant “trans”
conformations of the phenyl orientations, found in ethanolic
solutions, may also suggest a preference to crystallize form II,
while the intermediate configurations of molecular conforma-
tions with dominant intramolecular hydrogen bonding in
acetonitrile and toluene would be expected to lead to the
formation of form I. The roughly balanced populations of
intermolecular and intramolecular hydrogen bonding formed
in acetone and ethyl acetate may explain the crystallization of
either form I or form II. These detailed analyses of the
solvation and desolvation among the molecules of ritonavir
within a range of different (apolar, protic polar, and aprotic
polar) solution environments provided a significantly improved
understanding at the molecular scale as to how the solution
chemistry, solute/solvent molecular properties, and crystal-
lization environment influence the crystallizability, nucleation
kinetics, and polymorphic outcomes of this highly representa-
tive pharmaceutical compound within the overall crystalliza-
tion and particle design process.
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■ LIST OF SYMBOLS AND ABBREVIATIONS
A pre-exponential kinetic factor (m−3 s−1); A0 pre-exponential
kinetic factor constant (m−3 s−1); B thermodynamic parameter
(K3); C concentration in solution (g g−1 solvent); C* solubility
at the crystallization temperature (g g−1 solvent); C0
concentration of nucleation sites; f* attachment frequency; f
× C0 attachment rate; J nucleation rate (m−3 s−1); rc critical
nucleus size (Å); RT ln S nucleation driving force; S
supersaturation; tind induction time of nucleation (s); T
nucleation absolute temperature (K); v molecule volume (m3);
γ effective interfacial energy (mJ m−2); k Boltzmann constant
(J K−1); ACN acetonitrile; AMBA 4-amino-3-methoxybenzoic
acid; ANBA 4-amino-3-nitrobenzoic acid; API active pharma-
ceutical ingredient; CNT classical nucleation theory; DSC
differential scanning calorimetry; EtOAc ethyl acetate; EtOH
ethanol; FTIR Fourier-transform infrared spectroscopy; HB
hydrogen bond; IMHB intra-molecular hydrogen bonding;
KBHR Kashchiev−Borissova−Hammond−Roberts; MD mo-
lecular dynamics; PABA para-amino benzoic acid; PXRD
powder X-ray diffraction; QA quality assurance; SEM scanning
electron microscope
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