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ABSTRACT: Selective crystallization of polymorphs is highly
sought after in industrial practice. Yet, state-of-the-art techniques
either use laboriously engineered solid surfaces or strenuously
prepared heteronucleants. We propose an approach where
surfactants in solution self-assemble effortlessly into mesoscopic
structures dictating the polymorphic outcome of the target solute.
Sodium dodecyl sulfate (SDS) surfactant is used as a tailored
additive to crystallize different polymorphic forms of a model active
pharmaceutical ingredient, D-mannitol. Different mesoscopic
phases of SDS template particular polymorphs: packed monolayers,
micelles, and crystals favored the β, α, and δ forms of D-mannitol,
respectively. A synergistic effect of topological templating and
molecular interactions is proposed as the rationale behind the
observed selective crystallization of polymorphs. This crystal
engineering technique suggests that surfactant self-assemblies can be used as tailored templates for polymorphic control.

■ INTRODUCTION

Crystallization is a ubiquitous unit operation finding wide-
spread application in the manufacturing of common table salt
to functional nanostructured catalysts to essential medicines.1

Despite being one of the predominantly downstream
purification steps, the elementary phenomena of crystallization
are far from being completely understood.2−4 Particularly,
primary nucleation has been extensively studied, yet its control
still remains elusive. Primary nucleation plays a decisive role in
determining product characteristics, such as crystal size
distribution, shape, and polymorphic outcome of the new
crystalline phase, in which crystal polymorphism may thwart
the performance of the produced crystals.5,6

Polymorphism is the ability of a molecule to arrange itself in
different crystal lattices, dictated by external conditions.7

Selectively crystallizing a desired stable polymorph can be a
major challenge in the pharmaceutical industry. The bio-
availability of an active pharmaceutical ingredient (API) in the
human body is intimately connected to the polymorphic form
the API exhibits.8 The late detection of a new polymorph after
the commercial release of the antiviral drug, Ritonavir, remains
a notorious example,9 demonstrating what perils may arise
from our inability to dictate and identify polymorphic forms.
Polymorph control has been extensively studied. Strategies

based on controlling chemical interactions through a rational
choice of solvents,10,11 cosolvents,12 physical parameters such
as concentration,13 evaporation rates,14,15 as well as process

conditions (cooling16,17 and stirring rates18) are abundant in
the literature. Weissbuch et al.19 discuss the selective
polymorph crystallization under the presence of tailor-made
additives or impurities. In this context, an additive is an
impurity deliberately added to the solution to somehow
influence the nucleation of the growth process, being a
common practice in several industries.20 This is based on the
hypothesis that, prior to nucleation, the molecules in
supersaturated solutions form clusters in various shapes and
arrangements, in which some might resemble the macroscopic
crystal structure to be formed. The additive’s structural and
functional properties tailor to favor the crystal growth of the
selected polymorph and inhibit other forms. This strategy was
reported for several enantiomers and polymorphic forming
crystals. The additive is selected for having stereochemistry
similar enough to that of the unwanted polymorph/
enantiomer. Due to this similarity, it will then adsorb onto
the polymorph’s fastest-growing face and prevent further
growth, consequently favoring the growth of the desired form.
The phenomenon was named as “rule of reversal”.21−23
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Over the last decades, using templated heterogeneous
nucleation has gained traction in forming shelf-stable and
bio-available polymorphs.24 Heterogeneous nucleation, in
general, is driven by the characteristics of the templates,
including topography, surface functionality, and lattice
matching between the crystal and substrate’s lattices, favoring
directional growth of the crystal.1,19 The main advantage is that
the templates can be tailored to produce the desired
polymorphs. Solid heteronucleants, such as self-assembled
monolayers (SAMs), on surfaces were reported to enhance
nucleation, control polymorphs, and probe nucleation
mechanisms.25−33 Soft templates have also been reported by
Diao et al.34 that show the use of polymeric microgels with
tunable pores to selectively crystallize polymorphs of
carbamazepine and 5-methyl-2-[(2-nitrophenyl)amino]-3-thi-
ophenecarbonitrile (ROY). The outcome was reported to be
strongly influenced by the pore sizes and the chemical
composition. Monolayer surfaces of amphiphilic molecules at
the air−water interface were also reported to have an effect on
inducing selective crystals of a given polymorph. The
mechanism behind it was explained through partial structural
similarity or electrostatic binding between the amphiphilic
molecule’s head group and the nucleating material.19,35 Allen
et al.36 showed that the use of microemulsions and lamellar
phases as soft templates under the presence of surfactants
successfully induces different glycine polymorphs. The
mechanism of the phenomenon was reported to be related
to the binding of molecules at the oil−water interface rather
than a templating effect on individual molecules. Following the
same trend, Chen et al.37 reported that different concentrations
of sodium dodecyl sulfate (SDS) yield aragonite, vaterite, and
calcite (calcium carbonate polymorphs), besides varying
morphologies, yet no definitive mechanism was proposed.
Surfactants are commonly used in pharmaceutical formula-

tion for increasing API solubilities38,39 and in controlled drug
delivery strategies.40−42 Yet, the influence of surfactant self-
assembled phases on primary nucleation remains underex-
plored. Surfactants are amphiphilic molecules which lower the
interfacial tension between two repulsive fluid phases by
aligning themselves favorably at the interface: hydrophilic head
group interacts with the polar phase, while the hydrophobic tail
group positions itself toward the nonpolar phase.43 Using
surfactants in the context of crystallization from solutions is
promising as a single surfactant compound can self-assemble
into structures at a mesoscale, that is, packed monolayerat
the air−solution interfaceor micelles, and solid crystals can
act as templates. Furthermore, if the template can be readily
dissolved in the crystallizing solution, potential impurities
originating from the addition of solid heteronucleants or seed
crystals can be eliminated.
The model API used in this study, D-mannitol, has three

known polymorphs (α, β, and δ) shown in Figure 1. The three
polymorphs have varying stability at room temperature (RT)
where the β form is the most stable and the δ form is the least.
SDS is an anionic surfactant commonly used as an excipient in
food and pharmaceutical manufacturing, provided it is used
under its lethal dose (LD50), and its use is approved by U.S.
Food and Drug Administration (FDA).44−46 Its head group
comprises a sulfate ion and sodium as the counter-ion. The
bulky tail is a 12-carbon long paraffin chain (Figure 1). Since
SDS presents a Krafft point of 16 °C (where the critical micelle
concentration of the surfactant is found equal to its solubility),
higher when compared to other surfactants, it will exist as a

hydrated crystal for the majority of the concentrations below
this temperature. Above 16 °C, SDS will form micelles if above
the critical micellar concentration (CMC8.5 mM as shown
in the Supporting Information and in accordance with the
literature47,48) and form a monolayer at the air−solution
interface in concentrations lower than the CMC. It is
noteworthy that, despite being stable, micelles are a dynamic
structure. This means that the monomers forming the micelles
are continuously exchanged with the surrounding solution with
a residence time in the order of microseconds in the micelle.49

Despite that, surfactants have been reported to self-assemble as
micelles even under shear stresses as high as 12,000 s−1.50 The
shape of the micelles is the only parameter that has been
reported to be influenced by hydrodynamic conditions, such as
shear and flow rates.51,52

In this work, we explore the ability of SDS to selectively
crystallize polymorphs of D-mannitol. To this end, we conduct
cooling crystallization experiments at constant D-mannitol
supersaturation (S = 2.5) at temperatures around SDS’s Krafft
point in three conditions: absence of SDS, a concentration well
below the CMC, and a concentration well above the CMC. We
hypothesized that intermolecular interactions between SDS
and D-mannitol along with the templating effect of SDS
mesoscale structures (monolayers and micelles) collectively
dictate the polymorph crystallizing from solution. The
presence of both H-bond donor (hydroxyl group hydrogen)
and acceptor (hydroxyl group oxygen) atoms in D-mannitol
and the presence of acceptor groups (sulfate group oxygen) on
SDS makes H-bonding likely between these two molecules.53

Furthermore, experiments conducted at different SDS
concentrations at the same temperature enabled us to isolate
the templating effect of self-assembled mesoscale structures of
SDS such as micelles and surfactant monolayers. Such
interfaces may induce preferential alignment of D-mannitol at
interfaces, thus affecting polymorph selectivity. To test the
proposed mechanism, we perform cooling crystallization
experiments at different D-mannitol supersaturations in

Figure 1. Chemical structure of D-mannitol along with its three
polymorphs, α, β, and γ and the chemical structure of SDS.
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temperatures and concentrations around the SDS Krafft point
to rationally switch between mesoscale SDS structures.

■ EXPERIMENTAL SECTION
Cooling Crystallization of D-Mannitol. Bulk solutions were

prepared by adding distilled water to a required amount of D-mannitol
(MerckCAS: 69-65-8) and SDS (Sigma-AldrichCAS: 151-21-3).
The solution was heated in a hot plate at 70 °C for 30 min under
stirring to ensure complete dissolution. 3 mL aliquots of the
homogeneous solution were then transferred to glass screw vials,
compatible with Crystalline (Technobis Crystallization Systems).
Each cooling crystallization cycle consisted of four steps: a
temperature ramp from the crystallization temperature (Tc) to 70
°C with a fast heating rate of 5 °C/min; a hold period of 30 min at 70
°C; a temperature ramp from 70 °C to Tc at a cooling rate of 5 °C/
min; and, finally, a hold period of 120 min at Tc as shown in Figure 2.

The stirring speed was maintained at 700 rpm to ensure uniform
mixing. The heating and cooling rates were fixed for all experiments. A
longer hold time of 2 h after the cooling step was used to ensure
sufficient time for nucleation. The experiments are summarized in
Table 1. Three sets of crystallization experiments were performed,

each at a crystallization temperature (Tc): 25, 15, and 5 °C. In these
experiments, depending on the concentration, SDS exists as micelles
at 25 and 15 °C, as crystals at 5 °C, and as monomers at all
temperatures (Table 1). We have chosen to keep supersaturation of D-
mannitol (S = 2.5) constant. This decision is based on the reasonably
fast nucleation kinetics obtained for D-mannitol at this super-
saturation. The amount of D-mannitol to be added is calculated
based on the solubility data provided in the Supporting Information
(Table 1).

The crystallized vials were immediately characterized with the
Raman spectroscopy (Kaiser Raman Rxn2 analyzer). The probe was
directly introduced in the vials and was kept approximately 3 mm
away from the surface of the sedimented crystals. Main parameters
including exposure time (10 s) and sample collection time (120 s)
were adjusted to achieve accurate measurements for each sample. The
intensity peaks are plotted against the Raman shift [cm−1]. Each
crystal possesses different electron densities in various vibrational
modes; thus, the intensity peaks obtained at unique Raman shifts can
be used to identify the polymorph. At least 24 vials were crystallized
for each set of experiments. Raman measurements were obtained for
each vial and compared to standards to identify the polymorphic
outcome.

Preparation of SDS Seeds. Two types of SDS seeds have been
used for the seeded cooling crystallization experiments: the stock SDS
and SDS crystals produced by recrystallizing SDS in aqueous
solutions. Recrystallized SDS was produced in bulk using an
automated reactor (EasyMax 402, Mettler Toledo). An aqueous
solution with 30 wt % SDS was prepared and subjected to a cooling
crystallization profile: a temperature ramp to 50 °C at a heating rate of
5 °C/min to dissolve the SDS; a hold step at 50 °C for a period of 30
min; a ramp to 5 °C at a cooling rate of 5 °C/min; and a final hold
step at 5 °C for a period of 60 min. The stirring was set at 150 rpm.
The resulting recrystallized product was filtered, and the removed
crystals were kept in the oven at 40 °C for 24 h. These crystals were
finely ground with pestle and mortar before being utilized in the
seeding experiments. X-ray powder diffraction (D2 phaser, Bruker)
was used to characterize the SDS seeds in both the stock and
recrystallized seeds.

Seeded Cooling Crystallization of D-Mannitol. The seeding
crystallization experiments were performed using the same materials
and procedure as the cooling crystallization experiments, except for
the addition of seeds. Seeds were introduced at 10 °C, and the
seeding load was maintained at 1.22 wt % SDS. This seeding point
was chosen because, at this temperature, D-mannitol would still be in
the metastable zone, and the SDS seeds would only dissolve slightly at
this temperature (1.22 wt % SDS crystals were found to dissolve
completely only at around 12.3 °Cdetails are provided in the
Supporting Information). Different supersaturated solutions of D-
mannitol (S = 2.3, 2.5, and 2.95) were prepared in bulk and subjected
to the same cooling cycle, only with a final hold period of 60 min at 5
°C.

■ RESULTS AND DISCUSSION
Figure 3 summarizes the experiments carried out at constant D-
mannitol supersaturation, S = c/csat = 2.5, at 25, 15, and 5 °C at
three SDS concentrations: in the absence of SDS, a
concentration well below the CMC (0.1 wt %), and a
concentration well above the CMC (1.22 wt %). Considering
the experiments devoid of SDS (Figure 3A), the majority of
the experiments either returned pure β and δ forms or a
mixture of β and δ forms (from this point on, referred simply
as “mixture”). When a small amount of SDS (0.1 wt %) was
added, a significant increase in the β form with decreased
mixture percentage was noted at all temperatures (Figure 3B).
In the next set of experiments given in Figure 3C with 1.22 wt
% SDS, samples crystallized produced a majority of β
polymorphs at 25 and 15 °C. Surprisingly, an onset of the α
form was also observed at 25 and 15 °C, while a large increase
in the proportion of the δ polymorph was seen at 5 °C.
The first inference that could be drawn is that in the absence

of SDS, D-mannitol does not have a preferred polymorph
(Figure 3a). In the presence of SDS both above CMC and
below CMC, it appears that the addition of SDS does not steer
the solutions toward a given polymorph completely at all three
temperatures (Figure 3B,C). However, on further analysis, a
pattern can be deciphered in terms of the polymorph

Figure 2. Illustration of the experimental procedure for cooling
crystallization experiments and characterization. An aqueous stock
solution containing D-mannitol and SDS is first dissolved at 70 °C
(not shown). Aliquots of homogeneous solutions are crystallized
according to the temperature profile provided, starting at room
temperature (RT) and ending at the proposed crystallization
temperature (Tc). The resulting suspended crystals are characterized
by Raman spectroscopy.

Table 1. Experimental Conditions

temperature
[°C] experiments

D-
mannitol SDS [g] SDS form [g]

25 no SDS 13.1
0.1 wt % SDS 0.025 monomers
1.22 wt % SDS 0.306 micelles

15 no SDS 10
0.1 wt % SDS 0.025 monomers
1.22 wt % SDS 0.306 micelles

5 no SDS 8.5
0.1 wt % SDS 0.025 monomers
1.22 wt % SDS 0.306 crystals
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distribution. D-Mannitol exhibits an enantiotropic relationship
between δ and β-D-mannitol.54 Thus, considering Ostwald’s
rule of stages,1,8 it is possible that the unstable δ form nucleates
first and subsequently transforms to the stable β form. This
would provide an explanation as to why abundant mixture (of
β and δ) and pure β form were obtained in the absence of SDS.
Another explanation for observing a mixture of different
polymorphs could be because of the concomitant crystal-
lization of these two D-mannitol polymorphs. Concomitant
crystallization of different polymorphs is not an uncommon
phenomenon. Simultaneous crystallization has been observed
in other polymorphic systems, for example, cooling crystal-
lization of L-glutamic acid yielded both α and β forms under
certain mixing and supersaturation conditions.55 D-Mannitol
has also been found to exhibit concomitant polymorphism
when melt crystallization was performed.56 The α polymorph,
in its turn, presents a monotropic relation with the other two,
thus reversal stability until their melting point is not
expected.54,57

Based on the observations summarized in Figure 3, we
hypothesize that the presence of SDS as monomers (or a
monolayer at the air−solution interface) would favor the
formation of the β form. SDS as a micelle present at 25 and 15
°C at 1.22 wt % favored the crystallization of the α form and
consequently reduced the β form at both temperatures.
Moreover, since higher proportions of the δ polymorph are
favored at high SDS concentration and lower temperature
(1.22 wt % and 5 °C), under which conditions SDS crystallizes,
the presence of SDS as crystals would favor the formation of
the δ polymorph.
In order to explore whether an increase in SDS micelle

concentration would increase the proportion of the α form,
new experiments were performed using 2.44 and 5 wt % of
SDS provided in Figure 4. At these SDS concentrations, more
SDS micelles would be present in the solution. This hypothesis
was tested with the same D-mannitol supersaturation S = 2.5 at
25 and 15 °C. The results in Figure 4 show that, indeed, the
increase in the concentration of SDS in temperature conditions
where it exists as a micelle favors the formation of α D-
mannitol. The higher concentration of SDS (5 wt %) yielded
over 87% of the vials crystallized at 15 °C as α-mannitol. Yet, a
smaller proportion of the vials still crystallizes as the stable β
form.
To further investigate whether SDS crystals could favor the

formation of a δ polymorph, cooling crystallization experi-

ments were conducted at 5 °C with solutions containing
identical SDS concentration, that is, 1.22 wt % of SDS, yet
different D-mannitol supersaturations. The induction time (τ)
taken by the crystals to nucleate and grow to detectable sizes58

of D-mannitol at each supersaturation and of 1.22 wt % SDS in
their pure solutions were measured. Under these conditions
(1.22 wt % and 5 °C), the solutions containing SDS micelles
will undergo crystallization. Hence, through the comparison of
the induction time of SDS with different supersaturated
solutions of D-mannitol, it can be speculated which
heteronucleant phase would be responsible for the obtained
polymorph distribution. With reference to the original S = 2.5
solution at 5 °C, two other supersaturated solutions were
chosen: a higher supersaturation at S = 2.95 (400 g/L) and a
lower supersaturation at S = 2.3 (312 g/L). These pure D-
mannitol and SDS solutions were subjected to the same
cooling crystallization cycle shown in Figure 2 using
Crystalline. Over 24 vials were crystallized for each of the
new supersaturations tested. The results are shown in Table 2.

Figure 3. Distribution of polymorphs crystallizing in cooling crystallization experiments at different temperatures and SDS concentrations at fixed
D-mannitol supersaturation (S = 2.5). Note that the term “mixture” indicates some proportion of β and δ in the vial.

Figure 4. Distribution of polymorphs crystallizing in cooling
crystallization experiments varying the SDS concentrations at fixed
D-mannitol supersaturation, S = 2.5 with 15 and 25 °C.
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Comparing the pure D-mannitol and SDS induction times, it
can be stated that D-mannitol solutions with S = 2.95 and 2.3
nucleate, respectively, much faster and much slower than the
solution containing only SDS. Original D-mannitol solution
with S = 2.5 showed comparable induction times with the SDS
pure solution. Detailed information on obtaining of the
induction time is given in the Supporting Information.
Results shown in Figure 5 can be correlated with the

observed induction times. The first set of experiments at S =

2.95, D-mannitol with 1.22 wt % SDS yielded predominantly
the α form. Since at S = 2.95, D-mannitol nucleates much faster

than SDS, this would indicate that micelles form when D-
mannitol nucleates. As SDS micelles were seen to favor the α
form, a high percentage of α forms is observed. S = 2.5 yields a
very high percentage of δ forms probably due to comparable
induction times for SDS and mannitol. At this concentration,
SDS and D-mannitol were seen to nucleate almost simulta-
neously. Thus, both SDS crystals and micelles could
successively act as heteronucleants favoring a high percentage
of δ. Yet, a percentage of α forms was still observed. The last
set of experiments, at S = 2.3 D-mannitol, strengthens the
proposed correlation regarding the role of the SDS crystal
template. As SDS nucleates earlier D-mannitol, the formed SDS
crystals might act as a heteronucleant template for selective
polymorphism of the δ form. It is noteworthy that the crystals
were analyzed using Raman spectroscopy immediately after
their formation. Due to the enantiotropic relation between δ
and β polymorphs and considering the higher stability of β at
this temperature, a polymorph transition might also be
possible. Nonetheless, only δ-D-mannitol nucleated.
To further examine the hypothesis that SDS crystals

predominantly favored the δ polymorph, seeded experiments
were performed at 5 °C, in the same supersaturations (S = 2.3,
2.5, and 2.95) using stock and freshly prepared SDS seeds.
Both seeds comprise a mixture of different SDS hydrates
(more information is given in the Supporting Information). As
can be seen in Figure 6, whether used as-is from the
manufacturer or freshly prepared by recrystallization, the
presence of seeds greatly increased the formation of δ D-
mannitol in all supersaturations tested. This shows a marked
improvement compared to the previous results in Figure 4,
where S = 2.95 did not produce a high percentage of δ forms.
We attribute the ability of both stock and recrystallized SDS
seeds to selectively crystallize δ-D-mannitol to their ability to
form H-bonds through the sulfate group.
In order to consolidate these claims, seeding experiments

were repeated with another surfactant seed [cetyltrimethylam-
monium bromide (CTAB)]. CTAB was chosen due to its
many similarities to SDS: it also exists as a crystal at 5 °C59

and, being a cationic surfactant with the presence of
ammonium bromide in the head group, it also establishes
dipole−dipole interaction with D-mannitol. Thus, CTAB
represents a surface template exhibiting similar properties to
SDS. The results obtained for seeding crystallization experi-
ments with 1.22 wt % CTAB seeds are also shown in Figure

Table 2. Induction Times of Pure SDS and D-Mannitol
Solutions in Different Supersaturations at 5 °C

D-mannitol SDS

supersaturation S = 2.95 S = 2.5 S = 2.3 1.22 wt %
induction time [s] 116 ± 0.6 408 ± 2.5 867 ± 8.5 472 ± 0.5

Figure 5. Distribution of polymorphs crystallizing from solutions with
different D-mannitol supersaturation at 5 °C, while the SDS
concentration is fixed at 1.22 wt %.

Figure 6. Distribution of polymorphs crystallizing from seeded cooling crystallization experiments at various supersaturations with seeds from the
manufacturer, recrystallized SDS seeds, and CTAB seeds.
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6C. Like the SDS seeds, the CTAB seeds also predominantly
favor the δ polymorph. However, in both cases, a 100% δ form
could not be obtained. One reason for that might be the
polydisperse nature of the added CTAB/SDS seeds. The
randomized topology of these seeds might result in
inconsistent availability of surface area required for δ-D-
mannitol and hence could result in a polymorph mixture.
Another possibility for the presence of mixtures would be the
transition from δ to β form.
The results presented in Figures 3−6 indicate that in the

presence of SDS monomers, micelles, and crystals, β-, α-, and
δ-D-mannitol are, respectively, favored. Since heterogeneous
nucleation can be aided by multiple mechanisms, namely,
intermolecular interactions and topological/confinement ef-
fects of the substrate (SDS) on the overlayer (D-mannitol), a
mechanistic role of SDS is proposed. Crystal nucleation is
reported to proceed by the initial formation of conformers
followed by ordered rearrangement into lattices.60−62 Thus,
studying the conformer alignment at a molecular level could
help in understanding how the D-mannitol molecule relates to
the interface and subsequently forms a polymorph.
The SDS molecule could exist in solution as a monomer, a

packed monolayer at the air−solution interface, or a micelle
depending on the concentration and temperature.63 In self-
assembled mesoscopic structures, such as monolayers and
micelles, the D-mannitol molecule has to interact with the SDS
head group sticking out toward the aqueous solution.
Dissolved SDS molecules exhibit pronounced intermolecular
interactions due to their ability to form ion-dipole and H-bond
interactions using the sulfate ion.53 As D-mannitol also
comprises H-bonding sites in the form of six hydroxyl groups
(−OH), intermolecular interaction between these molecules
favoring directional growth of D-mannitol crystal is a
possibility. Previous studies have also reported the role of
hydrogen bonding between the target compound and the
substrate SAM in facilitating nucleation, promoting oriented
crystal growth, and controlling polymorphic outcome.19,25,26,35

Su and coworkers64 report the nucleation of D-mannitol
polymorphs through molecular dynamic simulations on
aqueous solutions in different concentrations, from under-
saturated to supersaturated solutions. It was reported that,
from supersaturated aqueous solutions of D-mannitol, the
terminal hydroxyl groups of D-mannitol have a higher
propensity to establish H-bonds with water. The same study
also points out the formation of different D-mannitol dimers in
solution which eventually turn into crystals of different
polymorphs of D-mannitol, in which β-D-mannitol has been
particularly found to be favored by a body−body dimer, α-D-
mannitol was reported to be favored by the body−tail dimer,
and a tail−tail dimer was related to the δ-D-mannitol.
In this sense, there is a possibility that a parallel arrangement

of D-mannitol molecules is induced by the particular H-bonds
formed with the SDS monolayer. Along the same lines, the
increase in the α-D-mannitol observed with increasing
concentrations of SDS at 25 and 15 °C might be caused by
the H-bonds formed at the curve surface of the micelle, which
could possibly favor a different dimer formation. As both α-
and β-D-mannitol exhibit an orthorhombic lattice, minor
changes in their hydroxyl group orientation and a consequent
change in the formed dimer could prompt crystallization of
different polymorphs. SDS crystals, which we call “hard”
heteronucleants, induced preferentially the most unstable of D-
mannitol’s polymorphs (δ) under a crystallization temperature

of 5 °C as shown in Figure 6. Different features of the surface
could play a role in favoring nucleation. Since there is a large
size difference between surfactants and D-mannitol’s unit cell, a
confinement effect could be the reason for aligning D-mannitol
molecules on top of its hard crystalline surface. Furthermore,
D-mannitol molecule might interpret the surfactants’ unit cells
(both SDS and CTAB) as flat interfaces, whether they are
introduced as seeds or formed in situ during cooling
crystallization in situ. Due to the significant size difference
between the surfactant and D-mannitol lattices (ratio of SDS·1/
8H2O and δ D-mannitol lattice are of the order 1:10), D-
mannitol molecules could interpret the seed as SDS/CTAB
molecules placed at a distance. Thus, the dearth of adjacent
dipole sites might facilitate a terminal alignment of D-mannitol
molecules which subsequently favors δ-D-mannitol. Nonethe-
less, this discussion provides a possible direction toward
unveiling the mechanism that needs further confirmation with
both experimental and molecular dynamics simulation
approaches.

■ CONCLUSIONS
In this study, we use distinct SDS self-assemblies (monolayer,
micelle, and crystal) as designed heteronucleant templates to
selectively crystallize D-mannitol in cooling crystallization. Our
experimental evidence points out that distinct SDS self-
assemblies can trigger the crystallization of different D-mannitol
polymorphs. We dictate which SDS heteronucleant self-
assembles in a homogeneous solution containing SDS and D-
mannitol by controlling the crystallization temperature and
SDS concentration. The stable β polymorph of D-mannitol was
favored in the presence of the SDS monolayer forming at the
air−solution interface, while the presence of SDS micelles
promoted the preferential crystallization of the metastable α-D-
mannitol. We speculate that self-assembled mesoscopic “soft”
structures such as monolayers and micelles facilitate the
alignment of the solute interacting with a flat SDS monolayer
or with a curved micelle interface, thus inducing, respectively,
α and β-D-mannitol. Finally, the presence of hard SDS crystal
templates was seen to selectively induce a higher proportion of
the unstable δ-D-mannitol likely due to combined effects of
surface confinement and intermolecular interactions.
In the formation of all three polymorphs, the synergistic

effect of self-assembled structure’s surface topology and
intermolecular bonding is hypothesized to play a crucial role
in determining the resulting polymorph. This study provides
experimental evidence that polymorphism of a solute molecule
can be controlled by tailoring the self-assembly of a surfactant
to act as a heteronucleant. In doing so, it provides a step
forward onto a previously underexplored approach to tailor the
stability and bio-availability of APIs and adds a valuable tool to
extend our understanding of polymorphism.
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