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Introducing foreign substrates or additives is the common way to regulate polymorphism or kinetics of crystallization. Most
present studies consider the substrate factor and additive factor separately. Here, the interplay between the additive, crystallizing
molecules, and the substrate was investigated. Acetaminophen (APAP) was used as the model compound. 5wt.% dioctyl sodium
sulfosuccinate (AOT), poly(acrylic) acid (PAA), and hydroxypropyl methylcellulose (HPMC) were employed as additives. The
interfacial crystal growth rate of APAP in the presence of additives was studied between slides coated with chitosan (CS) film. The
crystallization kinetics of the additive/ APAP mixture on CS substrate was also investigated. The additive/ APAP was characterized
by differential scanning calorimetry (DSC), and the interfacial molecular interaction was studied by Fourier transform infrared
spectroscopy (FTIR). The results indicate that the additive-substrate interaction can change the interfacial growth behavior
observed in the additive-APAP binary system. Nevertheless, crystallizing without confinement, the additive-APAP interaction is

more effective at controlling the crystallization of APAP, and the substrates did not have much effect.

1. Introduction

Controlling crystallization is important in many areas of
science and technology, such as manufacturing of phar-
maceuticals, production of semiconductors and nonlinear
optics, as well as the formation of biominerals. To obtain
crystals with the desired structure and properties, foreign
substrates or additives are often introduced.

In most practical circumstances, crystallization begins
with heterogeneous nucleation on foreign substrates [1].
Therefore, foreign surfaces can be used to dictate crystalli-
zation of molecules and form crystals with the desired
properties. Carters et al. [2] had shown that crystalline
substrates which are lattice-matched with particular crystal
faces have been used for direct nucleation of organic crystals
and even control polymorph selectivity by epitaxy. Studies
discussing the effects of porous substrates with pores that have
various shapes and spherical aggregation on heterogeneous
nucleation have been done by Diao et al. [3] and Quon et al.
[4], and their results demonstrate the crucial impact of surface
morphology on crystallization. Additionally, although the

mechanism is not clear, different polymorphs of compounds
have been successfully formed on amorphous polymeric
films. Examples of small molecules [5], supramolecular
complexes [5], and proteins [6] had been shown.

In addition to substrates, introducing additives is an-
other popular approach to control crystallization. Tailor-
made auxiliaries that can have molecular recognition with
crystallizing molecules have been used to change crystalli-
zation behavior [7]. Generally, the tailor-made auxiliaries
are classified into two categories: inhibitors and promoters.
A variety of purposes including morphology control [8],
assignment of the absolute structure of chiral molecules and
polar crystals [9], elucidation of the impact of solvent on
crystal growth [10], and crystallization of desired polymorph
[11] can be achieved by using the inhibitor. As for the
promoter, monolayers of amphiphilic molecules on water
have been employed to induce the growth of a variety of
three-dimensional crystals at the monolayer-solution in-
terface by structural match [12], molecular complementarity
[13], or electrostatic interaction [14]. In pharmaceutical
sciences, compatible polymers usually serve as additives to
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stabilize the amorphous state of poorly water-soluble active
pharmaceutical ingredients (APIs) and increase their bio-
availability. Polymers are thought to inhibit crystallization of
the amorphous solid by increasing the glass transition
temperature (T,) of the resultant molecular level blend
(often termed an amorphous solid dispersion), leading to
a decrease in mobility of the API molecules, and through the
formation of API-polymer specific interactions which act to
disrupt self-assembly [15].

Given the influence of substrates [16] and additives,
exclusively, it would be interesting to investigate their
combinational effects on crystallization. In this study,
crystallization of acetaminophen (APAP) on chitosan (CS)
substrates [16] in the presence of additives was examined.
The impact of additives on crystallization of APAP on the
citric CS film was compared. Dioctyl sodium sulfosuccinate
(AQT), polyacrylic acid (PAA), and hydroxypropyl meth-
ylcellulose (HPMC), which have various extents of molec-
ular interaction with APAP, were used as the additives. The
interplay between APAP, additives, and substrates was
studied.

2. Materials and Methods

2.1. Materials. Acetaminophen (APAP) and dioctyl sodium
sulfosuccinate (AOT) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Chitosan (CS) with a degree of
deacetylation of approximately 85% and molecular weight
250kDa was purchased from Koyo Chemical Co. Ltd.
(Tokyo, Japan). Poly(acrylic acid) (PAA, Mv 450,000 g-mol_1
and Mw 1800 g:-mol™" was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Hydroxypropyl methylcellulose
(HPMC) E3 was obtained from the Dow Chemical Company
(Midland, MI, USA).

The chemical structure of the materials is given in
Figure 1.

2.2. Solution of CS Films Preparation. CS was dissolved in
a 1.5M of citric acid solution at a concentration of 2%
(wt/vol) concentration. Films made by the solution were
uniform and equivalent according to the AFM
characterization.

2.3. Sample Preparation. Additive/APAP mixtures were
prepared at 5% additive by first melting the mixture above
the melting point and subsequently quenching the molten
mixture in liquid nitrogen. The resultant solid was ground by
a mortar and pestle for five minutes and followed by 15
minutes milling in a cryogenic mill (6750 freezer mill, Spex
Sampleprep, Metuchen, NJ) to ensure complete mixing.

2.4. Crystal Growth Rate. The chitosan solution prepared in
Section 2.2 was spin-coated on cover slides using a KW-4A
spin coater (Chemat Technology Inc., Northridge, CA) at
a speed of 2,000 rpm and then dried in a desiccator to
prepare the films.
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The isothermal crystal growth rate of additive/APAP at
40°C on CS substrates was determined and performed by hot
stage microscopy [16]. 3-5mg of additive/APAP mixture
was placed between two cover slips, melted at 185°C, and
subsequently quenched in liquid nitrogen. The samples were
then examined using a polarizing microscope (Nikon Eclipse
E600 POL microscope, Nikon Corp, Tokyo, Japan). The
temperature of the sample was controlled by a hot stage
(Linkam THMS600, Surrey, UK). As shown in Figure 2, the
crystal of APAP grew as a spherulite. The pictures of the
growing spherulite were taken at constant intervals using
time-lapse photography. When the radius of the spherulite
was plotted against time, it resulted in a linear line
(R*>0.99), the slope of which was the growth rate.

2.5. Time-Resolved Wide-Angle X-Ray Scattering. The time-
resolved WAXS experiments were conducted to study
crystallization kinetics of additive/APAP on different sub-
strates. The data were collected at the Advanced Photon
Source Beam Station 12-ID-B, Argonne National Labora-
tory. The WAXS system was equipped with a Pilatus 300
detector. The energy of the X-ray source was 13.9984 keV (A
= 0.88 A), and the distance between the sample to the de-
tector was 455.26 mm. The g (scattering vector) range was
0.9-2.12 A", The WAXS range was calibrated using silver
behenate (AgBeh), and the absolute intensity was calibrated
using glassy carbon.

400 ul of chitosan solution prepared in Section 2.2 was
poured into small aluminum pans (Tzero DSC sample pans,
TA Instruments, New Castle, DE) to prepare the chitosan
films. The additive/ APAP mixture was melted in a syringe by
a syringe heater (Braintree Scientific, Inc., Braintree, MA),
and 0.1 mL of molten additive/APAP was deposited on the
film by a syringe pump, and the sample was quenched in
liquid nitrogen. Subsequently, the pan was mounted on
a Linkam THMS600 stage to control the crystallization
temperature at 40°C, and the WAXS patterns were collected
at intervals of 5 seconds.

2.6. Thermal Analysis. At the crystallization temperature,
40°C, which is much lower than the melting point of APAP,
crystal growth of APAP is under diffusion control [17].
Therefore, the molecular mobility of APAP is one of the
important keys that could affect crystallization. Here,
thermal analysis was conducted to determine the glass
transition temperatures (T,) of APAP, and the value is used
to evaluate the mobility of APAP in each system.

The physical mixture of 5% wt/wt additive/APAP was
analyzed by a differential scanning calorimeter (DSC). The
thermal analysis was carried out using a TA Q100 DSC
equipped with a refrigerated cooling accessory (TA In-
struments, New Castle, DE). The instrument was calibrated
for enthalpy and temperature using indium. 50 mL/min of
nitrogen was used as the purge gas. 3-5 mg of each sample
was sealed into hermetic aluminum Tzero sample pans (TA
instruments, New Castle, DE). T, of APAP and
additive/APAP mixtures were determined by cooling the
melt at 20°C/min to —20°C and then reheating at 10°C/min.
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FiGure 1: Molecular structures of (a) APAP, (b) CS, (c) AOT, (d) PAA, and (¢) HPMC.

FIGURE 2: Photomicrographs of APAP crystal taken at 40°C. The
scale bar represents 1 mm.

2.7. Fourier Transform Infrared (FTIR) Spectroscopy.
FTIR was used to investigate interfacial interaction between
the CS substrate and additive/APAP [16]. It was known that
around 20-50% w/w additive is necessary to detect no-
ticeable shifts in the infrared spectra arising from in-
termolecular interactions [18]. Therefore, solutions
consisting of 30% wt/wt additive and 70% wt/wt APAP were
prepared by dissolving the components in ethanol.

The samples were spin-coated onto ZnSe discs using
a KW-4A spin coater (Chemat Technology Inc., Northridge,
CA) set at a speed of 2,000 rpm. Spectra of pure APAP, CS
substrate, pure additive, additive/ APAP, and additive/ APAP
on CS were collected by a Nicolet Protégé 460 Fourier
transform infrared spectrometer, equipped with a mercury-
cadmium-telluride (MCT) detector cooled with liquid ni-
trogen, in transmission mode. The spectral contributions

from water vapor and carbon dioxide were minimized by
continuously purging the instrument’s sample chamber with
dry air from a Balston purge gas generator. All spectra were
taken at an interval of about 1cm™' with Happ-Genzel
apodization and averaged over 256 scans.

3. Results and Discussion

3.1. Effect of Additives on Crystal Growth Rate of APAP.
APAP is known to have three polymorphs [15]. Under
physical constraint such as between two cover slips, melted
APAP tends to yield form IIT [19]. This was confirmed by
characterizing APAP that crystallized between two CS-
coated quartz cover slips via Raman spectroscopy.

Compared with samples without additives, from Figure 3,
AOT, PAA, and HPMC were effective at decreasing the
growth rate. AOT and HPMC are the least and most effective
additives, respectively.

The effect of surfactants on crystal growth of celecoxib has
been reported by Mosquera-Giraldo et al. [20]. Surfactants
decreased T, of celecoxib and increased its mobility and
crystal growth rate. Nevertheless, in our study, AOT decreased
the growth rate of APAP on CS substrates. In the experiments,
the AOT/APAP mixture was sandwiched between the films;
therefore, the impact of the films on crystal growth should be
considered. The IR spectra of AOT-APAP-citric CS systems
(Figure 4), show that the N-H and C=0 stretch of APAP, and
the combined C=0 stretch of AOT and APAP shifted to lower
wavenumbers, indicating the presence of the CS film in-
terfered with the binary interaction between AOT and APAP.
AOT is an anionic surfactant, and it can have strong in-
teractions with CS, which is a cationic polymer. As deposited
on the CS film, the electrostatic interaction between AOT and
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Fi1GURE 3: Interfacial crystal growth rate of APAP on citric CS films in the presence of different additives.
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FIGURE 4: IR spectra of the AOT-APAP-citric CS system in the (a) combined N-H and O-H stretch region of APAP and (b) combined C=0
stretch region of AOT and citric acid and C=O0 stretch region of APAP.

CS could promote the phase separation of the AOT/APAP
mixture. So, the faster mobility resulted by the surfactant is
not expected and the increased growth rate was not observed.
Besides, the CS film was found to increase the growth rate of
APAP (paper under review). When blending, AOT can block
some sites on the surface of the CS films that APAP can
interact with, so the growth rate was slower compared with
pure APAP grown on the CS film.

Previously, among a series of hydrophilic polymers, in the
polymer-APAP binary system in the absence of the substrates,
PAA was found to have the greatest effect on reducing the
growth rate of APAP, whereas the impact from HPMC was
less [18]. The stronger PAA-APAP molecular interaction was
claimed to be the cause of the higher effectiveness. However,
in the ternary additive-APAP-substrate system, the additive
can interact with both APAP and the substrate. Similar to the
AOQOT system, when blended, PAA can interact with APAP
through H-bonding. Besides, it can also form H-bonding
between the carboxylic dimer and citric molecules doped on
the CS film. Figure 5 shows the IR spectra of the N-H, O-H,

and C=0 stretching regions of the samples containing PAA
on citric the CS film. It can be seen that the functional groups
all shifted to a lower wavenumber when the PAA/APAP
mixture was coated on citric CS. Evidently, PAA in the
blend was found to interact with the substrates, and the PAA-
substrate interaction can weaken the binary PAA-APAP
interaction and decreases the effectiveness of PAA at de-
creasing the growth rate. On the contrary, as Figure 6 shows,
the peaks in the HPMC-APAP-CS systems did not have
noticeable shifts, indicating HPMC does not interact with the
substrate much. The previous report also pointed out that the
interaction between HPMC and APAP was very weak [18].
Here is a possible explanation for the slow growth rate when
blending APAP with HPMC: at 40°C, the additives are not
miscible with APAP, and the additive-rich phase can also act
like a substrate and affect crystallization of APAP. To confirm
this hypothesis, the interfacial growth rate of APAP was
characterized on PAA and HPMC films (Figure 7), and it was
found when growing on HPMC film, the crystal growth rate
was much lower compared with on glass or PAA film.
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FIGURE 5: IR spectra of the PAA-APAP-citric CS system in the (a) combined N-H and O-H stretch region of APAP and (b) combined C=0
stretch region of PAA and citric acid and C=O stretch region of APAP.
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FIGURE 6: IR spectra of the HPMC-APAP-citric CS system in the (a) combined N-H and O-H stretch region of APAP and (b) C=0O stretch

region of citric acid and APAP.
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FIGure 7: Interfacial crystal growth rate of APAP on glass, PAA,
and HPMC films.

3.2. Effects of Additives on Crystallization Kinetics of APAP.
In addition to the interfacial study of crystal growth rate, the
isothermal crystallization kinetics of additive/APAP on the
CS film without confinement was also investigated using the
time-resolved WAXS at the Argonne National Lab. The
dynamic WAXS patterns of the samples containing additives
and CS substrate were collected, and it was observed that
APAP crystallized into Form I.

The WAXS patterns of AOT/APAP on CS at different
time points are shown in Figure 8. Initially, the small peaks
appeared at 0 second were contributed by the aluminum
pan, and peaks corresponded to crystalline APAP shown up
at about 1 minute. The percentage of crystalline APAP at
different time periods, denoted as X (t), was calculated by
integrating the area under the APAP diffraction peaks at
time t (¢ pap (£)) and normalized by the area under the
APAP diffraction peaks when crystallization was complete
($apap (00)) [4, 12, 21-24].
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The induction time (#,) and the time until 50% of the
sample crystallized (t5,) for each sample are summarized in
Table 1. HPMC was found to increase the induction time, £,
the most compared with AOT and PAA, which is consistent
with the previous study, which showed that HPMC was
much more effective at inhibiting nucleation of APAP than
PAA [18]. Samples containing PAA and HPMC had longer
50% crystallization times, t59, compared with pure APAP on
CS substrates.

In contrast to the interfacial growth rate study, the
observed trend of t5y is consistent with the observed binary
additive-APAP systems which were published [18, 20]. AOT
decreased t5, of the samples. From the thermal analysis of
additive/APAP mixture (Table 2), AOT decreased T, of
APAP, and therefore, the increased mobility was suspected
to be the reason for the shorter t5, for AOT-added samples.
PAA and HPMC both extended 54, and the impact of PAA
was stronger than HPMC.

Without confinement, only additives close to the in-
terface can be affected by the substrate, and the influence was
not large enough to affect the additive-APAP interaction in
the bulk. It is likely that when allowed to crystallize in three
dimensions, the additive-APAP interaction is more signif-
icant at controlling crystallization of APAP. Therefore, to
confirm this hypothesis, crystal growth rate of APAP with
additive and on different CS films was characterized without
being covered by the top layer. In our previous research
(paper under review), CS films prepared by different acids
can have a profound impact on the crystallization of APAP.
However, as Figure 9 demonstrates, when growing without
confinement, the effect of substrates was negligible, and the
impact of additives was consistent with the observed binary
additive-APAP systems. AOT was found to increase the
growth rate, and PAA had a stronger effect at reducing the
growth rate than HPMC. This confirmed that additive-
APAP interactions are more important at determining the

X(t) = (1)
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TaBLE 1: Summary of crystallization parameters of each system on
CS films.

Pure AOT/ PAA HPMC/
APAP APAP /APAP APAP

|3 tso” tin tso” 3 tso" tin tso"
1 1.5 1 0.5 5 9.57 30 7.76

*tin 1s not included in tso. **The unit is minute.

TasLE 2: Glass transition temperature (T,) of 5% additive/ APAP.

AOT/APAP PAA/APAP HPMC/APAP
193+04 254+03 24.6 + 0.4

APAP
T, (\C) 239 +0.2
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Fi1GURE 9: Growth rate of 5% additive/ APAP on CS films without
being sandwiched.

crystallization of APAP when it is allowed to crystallize in
three dimensions.

4. Conclusion

With the presence of three different additives, the crystal-
lization behavior of APAP on the CS film was characterized.
In the study of interfacial crystal growth rate, the strong
additive-substrate interaction can interfere with the in-
teractions between the additive and APAP and change the
crystallization behavior observed in the binary additive-
APAP system. On the contrary, when allowed to crystal-
lize in three dimensions, the additive-APAP interaction is
more significant in controlling the crystallization of APAP.
To conclude, when study crystallization at the interface,
additive-substrate interaction can be important, and it can
weaken the additive-APAP interaction; whereas, without
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confinement, the additive-APAP interaction is more sig-
nificant at controlling crystallization.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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