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ABSTRACT

Polymorphism, the phenomenon in which a compound crystallizes into more than one
solid state crystal structure, has drawn attention in many industry fields, especially
pharmaceuticals. In recent years, self-assembled monolayers (SAMs) have been used
to study polymorph control because of their well-defined surface chemistry and
structure. Furthermore, by tuning the substrate-crystal interface energy, potentially
SAMs can promote the nucleation of polymorphs not accessible via solution methods.
These advantages have led us to choose heterogeneous surface nucleation via SAMs
as the primary means to study polymorph selection. In this work, we have examined
multiple SAM chemistries on gold and silicon in the presence of various solvent
systems to investigate their ability to influence the nucleation, crystal growth, and
polymorph selection of a common drug, acetaminophen (ACM). We have found that
both solvent and substrate work together to control crystal polymorph. On
hydrophobic, methyl and phenyl terminated surfaces, using water, ethanol, or dioxane
as solvent results in the monoclinic polymorph, while the orthorhombic polymorph is
formed when using mixtures of water and dioxane. As a comparison to hydrophobic
surfaces, hydroxyl terminated surfaces were investigated. In this case, using ethanol or
dioxane as solvents results in orthorhombic polymorph selection, clearly different
from crystallization results on hydrophobic surfaces. Interestingly, the methyl and
phenyl terminated surfaces that promote the formation of the less thermodynamically
stable orthorhombic form of ACM show (002) cleavage planes perpendicular to the

substrate, while the -OH terminated surfaces induce that same polymorph with the
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(002) cleavage planes parallel to the substrate surface. We hypothesize that this
selection is due to the energetic favorability of certain crystal facets interacting with

the chemically distinct SAM surfaces.
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Chapter 1. Introduction and Background

1.1 Polymorphism

Polymorphism is a phenomenon in which a compound crystallizes into more than one
solid state crystal structure. Polymorphs of the same compound have large variations
in the physico-chemical properties, such as thermodynamic stability, solubility, or
dissolution rate as shown in Tab. 1.1. Polymorphism is important for applications of
chemicals ranging from organic electronic materials, pigments, food ingredients (e.g.,
in chocolate production), and pharmaceuticals. For example, in the organic
semiconductor (OSC) field, small changes among polymorphs (e.g., molecular
packing) results in substantial changes in the charge transport properties.” Another
example concerns the pigment industry, where there is the well-known polychromism
(i.e., multiple colors) example of 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile, referred to as ROY and known for its red, orange, and yellow
crystals among different polymorphs.® Furthermore, ROY has seven polymorphs, the

largest number recorded in the Cambridge Structural Database (CSD).*

In the development of new pharmaceuticals, bioavailability and stability are two key
properties to be considered. Bioavailability is highly related to the drug solubility and
dissolution rate in the human body (e.g., aqueous solutions at ~ pH 7). It has been
reported that the solubility ratio between polymorphic pairs is generally less than two.’
For this reason, polymorphs of the same compound can have very different
bioavailabilities. For example, in 1998, a new polymorph of an anti-HIV drug,

Ritonavir, appeared in the formulation vehicle. This new form was 50% less soluble
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than the one, which had already been launched into the market. The difference in the
solubility between the two polymorphs resulted in drastically lower dissolution and
bioavailability of the new polymorph. Therefore, Ritonavir was withdrawn from the
market by Abbott. As a result of stories such as this one, pharmaceutical companies
are paying increasing attention to identifying polymorphs early in the production of
new drug candidates, as well as developing methods for better controlling polymorph

selection.

Table 1. Variation in chemical and physical properties in polymorphs'

Chemical Kinetic Mechanical
« Chemical reactivity/stability - Rate of dissolution « Compactability
+ Photochemical reactivity - Solid-state reaction kinetics « Hardness
- Stability « Powder flow
- Rate of crystal growth « Tableting

» Tensile strength

Packing/physical Surface Thermodynamic
« Conductivity « Interfacial tensions « Chemical potential, free energy,
« Density (or molar volume) « Surface area and solubility

- Hygroscopicity « Surface free energy * Enthalpy and entropy

« Refractive index » Heat capacity

« Melting and sublimation
temperature

- Color

« Particle morphology . Vapor pressure

There are probably a number of polymorphism-related pharmaceutical events not
known to the public. Generally, clinical failures of drugs can be caused by differences
in performance among polymorphs. Moreover, undesired polymorph production can
result in manufacturing problems, batch rework, and delays in project or clinical

timelines.' Nowadays, the question is whether it is possible to predict how many



polymorphs a specific molecule has and how to produce a desired polymorph

selectively.

1.2 Classical nucleation theory

Nucleation is the process of forming a new solid phase from a supersaturated mother
phase and is the starting point to all types of crystallization. Classical nucleation
theory (CNT) is the most common theoretical mode and can be classified into two
categories: homogeneous nucleation and heterogeneous nucleation.

1.2.1 Homogeneous nucleation

Homogeneous nucleation is defined as nucleation occurring in a homogeneous phase
without preferential nucleation sites. In classical nucleation theory, the Gibbs free
energy (AG) of the nucleation barrier is estimated by simplifying the situation into one
spherical nucleus first formed in the liquid phase. In order to quantify the nucleation
process, consider the radius of a spherical nucleus as r. Under this condition, AG as a

function of the radius of the spherical nucleus is derived as followed:
AG(r) = i;nr3pAy + 4mr2y Eq. 1
p 1is the density of molecules in the liquid phase, Ay is the chemical potential

difference between the phase in which nucleation occurs, and the nucleation phase

itself, and y is the surface tension of the interface between nucleus and liquid phase.
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Figure 1. The free energy change as a function of spherical nucleus radius.’

Fig. 1 shows how the Gibbs free energy of the nucleation barrier depends on the radius
of nuclei according to Eq. 1, as well as surface energy and bulk free energy
contributions to the free energy. The maximum in the curve at r, corresponds to the
radius where any change of nucleus size would result in a decrease in Gibbs free
energy. The corresponding size to r. is called the critical nucleus size.

1.2.2 Heterogeneous nucleation

Liquid(L)

Crystal nucleus(C)

7]
Vsc

Substrate(S)

Figure 2. Schematic of heterogeneous nucleation on a solid substrate



Heterogeneous nucleation is defined as nucleation occurring at preferential nucleation
sites and these sites, for example, can be suspended foreign particles in the liquid
system. Under the assumption that the nucleus is still sphere-like in heteronucleation,
the Gibbs free energy of the nucleation barrier is estimated by Eq. 2 shown below. Eq.
2 can also be divided into two parts, the volume energy contribution and the surface
energy contributions. Compared to Eq. 1, the second term of Eq. 2 is more complex,
now taking solvent-substrate (LS), solvent-nucleus (LC), and nucleus-substrate (SC)
interfacial energies into consideration. Finally, heterogeneous nucleation is much
more common than homogeneous nucleation, since induced nucleation sites always
results in a lower nucleation barrier, which means a lower supersaturation level is

required to nucleate.

4
AG(r) = §7T7"3,0All + SicVic + (sc — Vis)Ssc Eq.2

1.3 Existing methods of screening polymorphs

There are various existing experimental methods of identifying polymorphs. In
industry, high through screening (HTS) methods are employed. Factors, such as
cooling temperature, cooling rate, solvent type, and supersaturation level, are usually
optimized in HTS to get as many polymorphs as possible. Traditionally, polymorphs
are identified through time-consuming methodologies such as exhaustive screens of
different solvents, cooling or evaporation rates, and supersaturation level to discover
as many polymorphs as possible.”® It is widely recognized that the majority of
crystallization events on the lab scale is the result of heteronucleation. Since

crystallization theory hypothesizes that crystals grow from nuclei, intervening with



nucleation at early stages is studied to control polymorphism.”"" For example, the
group of Michael Ward controlled growing glycine polymorphs in nano-scale
channels of glass beads and polymer monoliths. Small molecular additives also play
an important role in polymorph control.™ > In the work of the group of Meir Lahav, by
tuning the structure of small molecular additives as inhibitors, the § polymorph of
glycine was grown in aqueous solution."” Epitaxial nucleation on single crystal
substrates is also put forward to probe polymorphism, because of the almost perfect
ordering surface of the single crystal.'*'” In 2002, Matzger and his coworkers
employed polymers with diverse functional groups as heterogeneous nucleation sites
to study and control polymorphism of small organic molecules. Moreover, by varying
functional groups and solvent types, this approach succeeded in controlling polymorph

production of two important pharmaceuticals, acetaminophen and carbamazepine.'®

Recently, several researchers have used self-assembled monolayers (SAMs) as
substrates to alter the energetic barrier to the nucleation of different polymorphs. For
example, Jingkang Wang and his co-workers achieved selective crystallization of
tolbutamide on SAMs with methyl, trifluoromethyl, and phenyl functional groups.'’
Finally, the Aizenberg group demonstrated that well-defined patterned SAMs can
induce nucleation of calcite polymorphs with specific orientation.” While all these
results are encouraging, a comprehensive understanding of the parameters that govern

polymorph selection on SAMs is still missing.



1.4 Self-assembled monolayers

1.4.1 Thiol-gold chemistry

Organic Interface:

— Determines surface properties
- Presents chemical functional groups

Terminal | ) [
Functional | | :
Group [ ™ Organic Interphase (1-3 nm):

— Provides well-defined thickness
— Acts as a physical barrier
~ Alters electronic conductivity

and local optical properties
or Head Group " Metal-Sulfur Interface:
Metal | — Stabilizes surface atoms
Substrate ™ . —Modifies electronic states

Figure 3. Schematic of an ideal, single crystalline alkanethiolate SAM formed on a
(111) orientated gold substrate.'

Spacer
(Alkane Chain) ——

Ligand

Long-chain alkanethiols self-assemble to form SAMs on gold (Fig. 3). Such thiol-gold
based systems are historically the most studied SAMs.**** The four components of
these SAMs are shown in Figure 3 and are (from top to bottom): terminal functional
group, spacer, ligand, and metal substrate. By using various terminal chemical
functional groups, different surface properties can be obtained for the study of
crystallization phenomena. Well-defined thickness, usually 1~3 nm, can be varied via
adjusting the number of carbons in the alkane chain. At the same time, the specific
thickness of the spacer plays a role as physical barrier between terminal surfaces and
underlying substrates. There are several other reasons to choose thiol-based SAMs on
gold for crystallization experiments. First, gold-coated silicon wafers are
commercially available. Second, gold is reasonably inert under environmental

conditions, which means it does not oxidize nor react with most chemicals at room



temperature. Additionally, by manufacturing gold into a smooth and flat substrate (i.e.,
with low surface roughness), well-defined 2D SAMs are accessed in which the alkane
spacers crystallize in 2D, thereby providing well-pack, crystalline organic layers with
variable surface functionality. The affinity between gold and thiols is so high that gold
does not undergo other reactions easily.”’ Gold-thiol SAMs are typically stable up to

14 days in tris- buffered saline (TBS) solutions at 37 °C.**
1.4.2 Silane-Silica chemistry

In the 1980s, Chiesey studied the growth mechanism of alkylsilane SAMs and
characterized the SAMs surface properties.” Silanization occurs on glass and metal
oxide surfaces, whereby the reaction between substrate hydroxyl groups and silane
molecules leads to the formation of covalent —Si-O-Si- bonds. Continuous efforts have
been devoted to study the growth mechanisms of silane-silica SAMs and how to get to
ultrasmooth SAMs. Taking SAMs grown from octadecyl-trichlorosilane (OTS) as an
example, Fig. 3 shows the formation process of OTS SAMs step by step under dry and
wet conditions.”>*® Based on previous studies, a thin water film (several molecular
layers) covering the silica substrate is essential for SAM formation, since OTS initially
reacts with this water film covering the silica substrate.”” Under dry conditions, i.e.
with no additional water molecules in the environment, OTS molecules react with this
bound water first and, then, with other OTS molecules that are attaching to the silica
substrate surface. Eventually, a uniform and complete monolayer is obtained. In
contrast, under wet condition, OTS molecules may react with free water molecules

forming OTS-crosslinked aggregates first before hitting the substrate. Eventually,



OTS-crosslinked aggregates attach to the substrate by only a few covalent bonds,

leading to a multilayer with higher roughness and thickness.

a) Dry condition

LLL} L o < 5 o >
,Li Jr &H%:ﬁi

Si0; Si0, Si0;

b) Wet condition oo

HCl

Hﬁ% #ﬁ:ﬁ M

o'(
»
L

SiO;

Figure 4. Growth mechanism of OTS molecules on silica substrate under a) dry
condition and b) wet condition.”

Generally, silane-based SAMs on Si wafers, when formed under the proper conditions
as described above, can show properties like high chemical homogeneity and low
surface roughness. Moreover, a variety of surface chemistries can be achieved by
changing the end group of the silane molecules. With respect to SAM quality, thiol-
gold SAMs provide the best and most well-defined surfaces. However, silane-based
SAMs are more mechanically robust and more thermally stable, up to 250 °C.** These
properties altogether make thiol-alkane and silane-coated SAMS ideal choices to study

polymorph selectivity.



1.5 Goal

Polymorphism is an important aspect that has to be considered for many different
applications of materials because of large variations in properties among different
polymorphs. However, it is still not clear how to best assess the existence of different
polymorphs and how to control polymorph selection for a specific chemical
compound. Compared to homogeneous nucleation, heterogeneous nucleation offers a
higher chance to discover and control polymorphism by lowering the surface energy
barrier to nucleation. Here, we chose SAMs from gold-thiol and silane chemistries
with various functional groups (i.e. films with a variety of surface energies) as
heterogenous nucleation sites to investigate polymorph control in a model organic

chemical compound.
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Chapter 2. Self-assembled monolayers (SAMs) as Nucleating Surfaces to Study

Crystallographic Polymorphs

2.1 INTRODUCTION

Polymorphism is a phenomenon in which a compound crystallizes into more than one
solid state crystal structure. Polymorphs of the same compound have different
properties, such as melting point, solid density, mechanical hardness, dissolution rate,
and bioavailability, which are important parameters in drug use.' Therefore, the
understanding and control of polymorphism is noteworthy in many industrial
applications, especially for pharmaceuticals. For these reasons, it is beneficial to
develop methods for studying the role of solvent and substrate chemistries on

polymorph selection.

Traditionally, polymorphs are identified through time-consuming methodologies such
as exhaustive screens of different solvents, cooling or evaporation rates, and
supersaturation levels to discover as many polymorphs as possible.'” Current methods
for discovery and control of polymorphs include nano-confinement*, small molecular
additives”®, polymer heteronuclei’, and epitaxial nucleation on single crystal
substrates.'”"” Recently, several researchers have used self-assembled monolayers
(SAMs) as the nucleation substrate to alter the energetic barrier to the nucleation of
different polymorphs. For example, Jingkang Wang and his co-workers achieved
selective crystallization of tolbutamide on SAMs with methyl, trifluoromethyl, and
phenyl functional groups.'* The Aizenberg group demonstrated that well-defined

patterned SAMs can induce nucleation of calcite polymorphs with specific
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orientations.'” Myerson has a review paper on the crystal polymorphism in chemical
process development.'® In this review paper, it is discussed that polymorphism control

can be obtained by the design of SAMs

with various surface chemistries, which H

introduce ionic or hydrogen-bonding Y

interactions among SAMs and solute O
HO

molecules. Despite this progress, however, Figure 1. Acetaminophen(ACM)

comprehensive understanding of the

parameters that control polymorph selection on SAMs remains a challenge.

Acetaminophen (ACM) is a well studied active pharmaceutical ingredient (API) for
reducing pain and fever.'” ACM has two well-known polymorphs, a monoclinic form I
and an orthorhombic form II. Metastable form II is more soluble in aqueous
environments and more compressible for tableting because of a layer-by-layer type
packing of ACM molecules in the associated crystal structure.'® The favorable
properties of form II allured scientists to find a route to crystallize ACM polymorphs
selectively and efficiently. For example, the Wilson Group has selectively produced
form II by recrystallizing ACM from solutions composed of monosubstituted
halobenzoic acid, which they called a multicomponent crystallization technique."’
Matzger and his coworkers also achieved ACM polymorph selection by use of

. . . 2
heterogeneous nucleation on polymer surfaces in aqueous solutions.” >

In the present work we examined 1-undecanethiol (UDT) and 11-mercapto-1-

undecanol (MUOH) SAM chemistries on gold, and trichloro(octadecyl)silane (OTS)
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and trichloro(phenyl)silane (PTS) on oxide bearing silicon substrates in the presence
of various solvent systems to investigate their ability to influence the nucleation,
polymorph selection and crystal growth of acetaminophen (ACM). Our work may help
the community to identify rational design criteria for the choice of SAMs and
associated solvents to study polymorph selection and crystal orientation for small

organic molecule crystallization.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials. 11-mercapto-1-undecanol (99%, Sigma-Aldrich), 1-undecanethiol
(98%,  Sigma-Aldrich), trichloro(phenyl)silane (= 97%, Sigma-Aldrich),
trichloro(octadecyl)silane (> 90%, Sigma-Aldrich), anhydrous hexane (95%, Sigma-
Aldrich), anhydrous 1,4-dioxane (99.8%, Sigma-Aldrich), molecular sieves 4A (Sigma-
Aldrich), gold-coated silicon wafers (Platypus Technologies), silicon wafers (WRS
Materials), acetaminophen (98%, Sigma-Aldrich), ethanol (200 Proof, KOPTEC), and
acetone (MACRON) were used as received. The structure of various chemicals used in

this study for SAM formation is shown in Table 1.
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Table 1. Chemical structures of molecules used for SAM formation

SAMs molecule Chemical structure
11-mercapto-1-undecanol (MUOH) e e U e
HO SH
1-undecanethiol (UDT) \/\/\/\/\/\SH

Trichloro(octadecyl)silane (OTS)

Trichloro(phenyl)silane (PTS) QSiCIa

SiCl,

2.2.2 Gold substrate preparation and surface modification by thiol-gold chemistry.
Gold coated silicon wafers were cut into 2 cm by 1 cm substrates and then sonicated in
deionized (DI) water, followed by washing in ethanol for 2 mins each. Each gold coated
silicon wafer was plasma cleaned for 5 mins at “high” level to remove organic impurities
on the surface. The plasma-cleaned wafer was then moved into a vial. The vial was
sealed with parafilm and purged in dry N, for 15 seconds to create N, atmosphere inside
the vial. Thiol solutions (10 mM) in ethanol were prepared and sonicated for 5 mins to
be homogenized before use. Homogenized 5 mL thiol solution was injected into the vial.
After 24 hours at room temperature, wafers were sonicated in fresh ethanol for 2 mins

and blow-dried with N,.2!??

2.2.3 Silica substrate preparation and surface modification by silane-silica

chemistry. Silicon wafers were cut into 2 cm by 1 cm size and then sonicated in acetone
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for 5 mins. Each silicon wafer was plasma cleaned for 5 mins at high level to remove
organic impurities from the surface. The plasma-cleaned wafer was moved into a vial.
The vial was sealed with parafilm and purged with dry N, for 15 seconds to create N,
atmosphere inside the vial. Silane solution (10 mM) was made by mixing silane and
hexane in a glove box, in which the O, concentration was below 10 ppm and H,O
concentration was below 1 ppm. 5 mL silane-in-hexane solution was injected into the
vial. After 24 hours at room temperature, wafers were sonicated in fresh acetone for 5

mins and blow-dried with N,. *

2.2.4 Solution preparation. To prepare the ACM/water solution, 30 mg of ACM was
first added to 2 mL of DI water and heated to 45 °C until complete dissolution.”® The
solution was then cooled to room temperature.

The polar solvents, ethanol and 1,4-dioxane, were dried over 4A molecular sieves and
filtered via 0.2 um PTFE syringe filter right before the solvent was used to dissolve
ACM. Drying of solvents and subsequent filtering were steps found to be key to
obtaining reproducible results for all studies.

To prepare the ACM/ethanol solution, 30 mg of ACM was first added to 2 mL of
anhydrous ethanol, which was dried by molecular sieves and subsequently filtered by
0.2 micron PTFE syringe filter. The solution was heated to 45 °C and cooled to room

24
temperature before use.

To prepare the ACM/1,4-dioxane solution, 30 mg of ACM was first added to 2 mL of

anhydrous 1,4-dioxane, which was dried by molecular sieves and subsequently filtered
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by 0.2 micron PTFE syringe filter. The solution was heated up 45 °C and cooled to room
temperature before use.

To prepare the ACM solution with water and 1,4-dioxane, 30 mg of ACM was first
added to a 2 mL mixture of water and anhydrous 1,4-dioxane with a 20 to 80 volume
ratio. 1,4-dioxane was dried by molecular sieves and then filtered by 0.2 micron PTFE
syringe filter. Water was also filtered by 0.2 micron PTFE syringe filter before use. The

ACM solution was heated up 45 °C and cooled to room temperature before use.

2.2.5 Crystallization. A crystal growth chamber (Figure 2) was designed to conduct the
crystallization experiments on the various SAMs. Using a micropipette, approximately
10 pL droplets of the various ACM solutions (15 mg/mL) were placed onto the SAM-
functionalized surface. A dome was used to protect samples from contamination (e.g.,
dust in air). The space between dome and substrate allowed air flow, so that droplet
evaporation occurred under atmospheric pressure under the dome inducing
crystallization. Using this crystallization set-up (Fig. 2), one substrate can hold multiple
droplets to crystallize simultaneously. The number of droplets per substrate depended
on size and wettability of the substrate, and solvent type of the ACM solution. On
hydrophobic surfaces (UDT, OTS, PTS), each substrate (1 cm*2 cm) generally held 3
droplets for crystallization, while on hydrophilic surfaces (MUOH), a single droplet

(10 pL) could spread and eventually almost fully cover the substrate.
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dome (petri-dish)

air flow

Figure 2. Crystallization set-up for droplet experiments: a) 4 droplets of ACM solution
on an UDT-covered gold coated wafer at room temperature. b) Schematic of droplet

experiments on SAM-modified substrates viewed from the side.

2.2.6 Characterization of ACM crystals

The polymorph derived from the droplet evaporation experiments was determined by
using a Bruker D8 General Area Detector Diffraction System (GADDS) with CuKa
radiation and operating at 40 kV and 40 mA. To ensure measuring one sample on the
substrate at a time, the slit size was selected at 0.5 mm and the desired sample volume
was selected and centered by using a camera attached to the instrument. Additionally,
Ni 0.02 was selected as the beam filter to maximize signal to noise. The instrumental
set up was set to “Coupled TwoTheta/Theta” scan type and “Step” scan mode.
DIFFRAC.EVA software by Bruker was used to analyze the raw XRD data and 2D X-

ray patterns were integrated azimuthally to obtain 1D scans.
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In addition to x-ray diffraction, samples were characterized by scanning electron
microscopy (SEM) on a Tescan-Mira3-SEM by sputter-coating sample surfaces with
gold and platinum on a DESK V sputter coater from DENTON VACUUM Company.

SEM images were collected by in-beam SE detector and the beam energy was 5 kV.

2.3 RESULTS

2.3.1 Growth of ACM on Hydrophobic SAMs (UDT, OTS, PTS): Role of Solvent
on Polymorph Selectivity. Three different hydrophobic SAMs, UDT, OTS, and PTS,
were used as substrates for the crystallization of ACM. Droplets of ACM solution (15
mg/mL) were placed on the SAMs and allowed to evaporate, ensuring that nucleation
occurred on the substrate (Fig. 2). Three polar solvents were initially tested: water,
ethanol, and 1,4-dioxane. After complete evaporation of the solvent, the polymorph
formed in each droplet was determined by powder x-ray diffraction (Fig. 3).
Importantly, each droplet was converted into a pure crystal polymorph: either
orthorhombic (form I) or monoclinic (form II). For all combinations between the 3
hydrophobic SAMs and 3 polar solvents, form I, the thermodynamically most stable
polymorph, formed in the majority of droplets (Table 2). In contrast, when a 20:80
water:dioxane mixture was used as the solvent, the polymorph selectivity on all three
SAMs switched to form II becoming the dominant polymorph (Table 2).
Interestingly, droplet experiments with water/dioxane mixtures on UDT, OTS, and
PTS, formed a stable glass-like state, which generally took two days to fully

crystallize (relative to generally less than 12 hours for all other experiments).
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Figure 3. Representative XRD data for crystallization of ACM Form I (UDT/water)
and Form II (PTS/ water &dioxane), and XRD data of reference Form I and Form II is

simulated using VESTA (Visualization of Electronic and Structural Analysis).>>°
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Table 2. Crystallization results for combinations of different SAM chemistries with

various solvents. n =number of droplets in the study.

Solvent SAM Chemistry n Form I Form 11
uDT 20 80% 20%
Ethanol OTS 18 94% 6%
PTS 14 93% 7%
MUOH 11 9% 91%
uDT 9 93% 7%
Water OTS 15 87% 13%
PTS 10 100% 0%
MUOH 17 100% 0%
uDT 11 100% 0
1,4-dioxane OTS 10 90% 10%
PTS 10 70% 30%
MUOH 10 20% 80%
uDT 11 9% 91%
Water/dioxane
OTS 11 0 100%
20/80
PTS 9 0 100%
MUOH 10 0 100%
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2.3.2 Growth of ACM on a Hydrophilic SAM (MUOH): Role of Solvent and
Substrate on Polymorph Selectivity. As a comparison to the hydrophobic SAMs,
droplet experiments were performed on a hydrophilic SAM on gold formed by MUOH
(Table 2), which has the same chain length as UDT. Using water as solvent, 100% of
the droplets crystallized on MUOH SAMs generated form I. Moreover, for
crystallization from the 20:80 water/dioxane mixture, MUOH SAMs induced
nucleation of Form II. Both of these results were similar to those of the hydrophobic
SAMs. In contrast to the hydrophobic SAMs, however, with either dioxane or ethanol
as solvents, form II rather than form I preferentially formed on the hydrophilic MUOH
SAMs (Table 2). These results suggest that solvent and substrate work together to

dictate which polymorph of ACM forms.
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Figure 4. XRD data for crystallization of ACM on UDT, OTS, PTS, and MUOH
SAM chemistries with a mixture of water and dioxane used as solvent. Red indicates
diffraction peaks from the crystal plane (0 0 2) and parallel ones. Blue indicates peaks
from crystal planes not orthogonal to the plane (0 0 2). Green indicates peaks of
crystal planes perpendicular to the plane (0 0 2), such as (2 0 0). XRD data of
reference form II is simulated using VESTA (Visualization of Electronic and
Structural Analysis).*® Each pie chart summarizes the major x-ray diffraction peaks

contributing to a diffractogram for a specific SAM surface chemistry.
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Figure 5. 2D X-ray Diffraction patterns for ACM crystallized on PTS (a) and MUOH
(b) based surfaces with a water/dioxane (20:80 v/v) mixture as solvent. Red indicates
peaks of crystal plane (0 0 2) and parallel ones. Blue indicates peaks of crystal planes
not orthogonal to plane (0 0 2). Green indicates peaks of crystal planes perpendicular

to the plane (0 0 2), such as (2 0 0).

2.3.3 Different crystal orientations from different SAM surface chemistries.
Having identified solvent/substrate pairs that strongly favored the growth of the
polymorph form II of ACM, we used x-ray diffraction to further probe effects of the
surface chemistry on specifics of the crystallization. Specifically, we compared the

0 — 20 diffraction patterns of Form II crystals grown on all four different SAMs from
a 20:80 water:dioxane mixture (Fig. 5). In this scattering geometry, planes parallel to
the substrate scatter more strongly and therefore peak intensities can be used to
evaluate crystal orientation. For crystals grown on hydrophobic SAMs, e.g., UDT,
OTS, and PTS, the majority (>80%) of the reflections are from planes perpendicular to
the (002) plane, e.g., {hk0} planes, and other non-orthogonal planes, e.g., {hk1}

planes. For PTS, this texturing is pronounced with no occurrence of {00/} reflections.
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In contrast, on the hydrophilic MUOH substrate, reflections from {00/} planes
accounts for 100% of all reflections, which indicates highly oriented crystals.

Since PTS and MUOH substrates appear to impart the strongest crystallographic
texture to Form II crystals, we examined 2-D diffraction patterns for these materials
(Fig. 5). For as-grown crystals on PTS modified substrate, powder-like arcs are
observed for most reflections, with the notable exception of the (0 0 2) reflection. The
powder-like arcs indicate some tilt of the {#k0} planes normal to the substrate. For as-
grown crystals on MUOH modified substrate, only the (0 0 2) reflection is observed,
with a narrow azimuthal spread, indicating minimal tilt of the (002) normal to the

substrate.
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Figure 6. SEM images at two different magnifications of Form II surface morphology

on PTS (a,b) and MUOH (c, d) SAMs grown from 20:80 water:dioxane.

2.3.4 Surface morphology of ACM crystals on PTS and MUOH. SEM images,
shown in Fig. 6, reveal morphology and surface texture of the Form II crystals when
grown on PTS and MUOH SAMs, respectively. On both substrates, spherulitic-like
growth is observed with radiating crystallites from a central location. On PTS

modified surfaces (Fig. 6 a,b), however, the crystals appear larger and flatter than
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those on MUOH (Fig. 6 c,d). This difference in morphology is most likely related to
the different crystallographic textures observed by x-ray diffraction and the preferred

growth habits along different directions.

2.4 DISCUSSION

Growth of ACM on Hydrophobic SAMs (UDT, OTS, PTS): Role of Solvent on
Polymorph Selectivity Three different hydrophobic SAMs, UDT, OTS, and PTS,
were initially used as substrates for the crystallization of ACM from three polar
solvents, water, ethanol, and 1,4-dioxane. By XRD characterization, the majority of
samples crystallized as Form I, the thermodynamically stable polymorph. The surface
free energy of UDT SAMs should be similar to that of OTS, since both UDT and OTS
SAMs share the methyl terminated surface chemistry. However, differences in the
number of methylene (-CH»-) units in the SAM backbone causes changes in surface
free energy. According to previous studies, the surface free energy of SAMs with an
odd number of methylene units in the backbone, is systematically larger than that of
SAMs with an even number of methylene units.”’>° Obviously, the surface free energy
of PTS SAMs is not the same as that of UDT and OTS, because of the distinctive
phenyl functional group on PTS. Nonetheless, after introducing three solvents, water,
ethanol, and 1,4-dioxane, the variation of surface energy among three SAMs does not
lead to any changes of polymorph preference. In comparison, with 20:80

water:dioxane used as solvent, Form II on these three hydrophobic SAMs became
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dominant among results. Therefore, according to classical nucleation theory, the
water/dioxane mixture solvent plays a decisive role in polymorph selectivity by

changing solvent-crystal and solvent-substrate interfacial energies.

In conclusion, these results show that polymorph selection is not strongly sensitive to
the specific hydrophobic surface chemistry: UTO, OTS, or PTS. However, with
respect to solvent effects, we find that ACM crystallization in a mixture of water and
1,4-dioxane results in form II, on all three hydrophobic SAMs, while either pure water
or pure 1,4-dioxane primarily yields Form I. While we don’t fully understand the
mechanism that yields form II over form I in the mixed solvent system, the appearance
of a “glassy-state” type droplet on all three hydrophobic SAMs when grown from

water:dioxane may play a role in the polymorph selectivity observed in these systems.

Comparison of ACM polymorph control between hydrophobic (UDT) and
hydrophilic (MUOH) SAM chemistries with various solvents. As a comparison to
hydrophobic (e.g. UDT) surface chemistry, droplet experiments were performed on
hydrophilic (MUOH) SAMs. With respect to hydrophilic SAM selection, we chose
MUOH to do droplet experiments as its alkyl spacer chain length is exactly the same
as for UDT. With water and water/dioxane mixtures, crystallization results on MUOH
were similar to that on UDT. In contrast, with dioxane as solvent while 100% of the
results on UDT were form I, the majority (80%) of crystallization results on MUOH

showed form II. Similar results to dioxane were observed for crystallization on UDT
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versus MUOH surfaces from ethanol, see Table 2. These results again point to the fact
that surface chemistry and solvent effects play a role. The Matzger group has used
polymers as substrates for heterogeneous crystallization of ACM from aqueous
solutions.” ?° In their work, metastable orthorhombic form II is induced on the
hydrophobic polyethylene (PE) substrate, which is different from our results on UDT
or MUOH SAMs both preferentially showing form I. However, in their study when
moving from PE to poly(methyl methacrylate) (PMMA) polymorph selection switches
from form II to form I. This comparison suggests that even with similar surface
chemistry, heteronucleation guided polymorph control is different between polymers
and SAMs. This can probably be attributed to the variance in surface ordering. In our
case, for water containing systems, polymorph selection is independent of substrate
chemistry, whether hydrophobic or hydrophilic. However, for pure organic solvents
like ethanol or dioxane, the polymorph switches from form I to form II when SAM

surface chemistry is changed from hydrophobic to hydrophilic.

Different SAM surface chemistry results in different crystal orientation.

Using a 20:80 water/dioxane mixture as the crystallization solvent, Form II
crystallized on both PTS and MUOH surfaces, but the observed orientation of the
crystal is vastly different depending on surface chemistry. From analysis of the 2-D x-
ray diffraction patterns, we can propose a model of the molecular interaction between
Form II of ACM and PTS and MUOH SAMs (Fig. 7). The phenyl ring of ACM 1is

oriented parallel to the (002) plane in Form II. From our results, we see a strong
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influence of the substrate chemistry on dictating the relative orientation of the ACM
phenyl ring with the substrate. The PTS substrate is composed of phenyl rings slightly

tilted away from normal to the substrate.*'**

The x-ray diffraction results show that on
the PTS substrate, the ACM molecules align such that the phenyl rings are
approximately perpendicular to the substrate (Fig. 7a). The powder-like arcs in the 2-
D pattern are indicative of some rotational variation around the (200) and similar
planes, which will still keep the phenyl rings perpendicular to the substrate. The (002)

reflection is never observed for crystals grown on PTS substrates, i.e., the cleavage

planes in which the phenyl rings lie (red) are always perpendicular to the substrate.

In contrast, on the MUOH SAM, the Form II crystals grow such that the phenyl rings
are approximately parallel to the substrate (Fig. 7b). Some azimuthal spread of the
(002) reflection indicates that there is some tilt in the orientation — not all cleavage
planes are perfectly parallel to the substrate. The absence of all other reflections
suggests that there is a strong preference for the phenyl rings of ACM to lie parallel to

the hydrophilic substrate.
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Figure 7. Schematic representation of the proposed molecular interaction between
Form II crystals and different SAMs. Form II crystallized (a) on PTS SAMs with
(200) orientation and (b) on MUOH SAMs with (002) orientation. Red lines indicate
crystal planes parallel to (0 0 1). The green line indicates crystal planes perpendicular
to the (0 0 2) plane, such as the (2 0 0) plane. Arrows indicate angular variations

around the assigned directions leading to the observed diffraction patterns.

2.5 CONCLUSION

We examined 1-undecanethiol (UDT) and 11-mercapto-1-undecanol (MUOH) SAM
chemistries on gold, as well as trichloro(octadecyl)silane (OTS), and
trichloro(phenyl)silane (PTS) on silicon in the presence of various solvent systems to
investigate their ability to influence the nucleation, crystal growth, and polymorph
selection of a common drug, acetaminophen (ACM). On hydrophobic surfaces, use of
pure solvents resulted in ACM form I, while a mixture of water and dioxane produced

form II. In general, both solvent and SAM surface chemistry act in concert to control
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polymorph selection. In addition to polymorph selection, we observed that for form II
different SAM surface chemistries influence crystal orientation. The phenyl-
terminated SAM surface nucleated crystals with the phenyl rings oriented
approximately perpendicularly to the substrate (e.g. (200), (211) and (210) planes lie
parallel to the substrate). In contrast, —-OH group terminated SAM surfaces promoted
crystallization with the (002) cleavage plane oriented parallel to the substrate. This
work provides a new paradigm for acetaminophen polymorph control, where solvent
and substrate chemistry work in concert to control polymorphism. Furthermore, we
expect that our method will contribute to understanding the role of solvent and

substrate in heterogeous nucleation and, also, the process of polymorph crystallization.
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Chapter 3. Conclusion and future works

3.1 Conclusion

The aim of this thesis is to develop SAM-functionalized substrates to study the role of
different SAMs as heterogenous nucleation sites for polymorph control of a model
pharmaceutical compound. In this work, I prepared 1-undecanethiol (UDT) and 11-
mercapto-1-undecanol (MUOH) SAM chemistries on gold, and
trichloro(octadecyl)silane (OTS), trichloro(octadecyl)silane (PTS) on silicon. Various
solvent systems were then used to investigate their ability to influence the polymorph
selection of a common drug, acetaminophen (ACM). In general, both the solvent and
SAMs surface chemistry act in concert to control polymorph selection. Interestingly,
the surface chemistry further influences the crystal orientation of the form II
polymorph. This work raises additional questions about what happens at the early
stage of the crystallization process and how solvent and substrate contribute to
polymorphism control. Thus, more in-situ studies on the crystallization process should
come next and, probably, by combining experimental data with computational crystal

structure prediction (CSP), the nature of the solid form landscape would be viewed.
3.2 Preliminary blade-coating work

Motivation. From the last two years of work, I developed a reproducible system, in
which SAMs are exploited to control nucleation, growth, and crystal polymorphs of
acetaminophen. However, the mystery about what happens at the early stage of

crystallization process and how solvent and substrate attribute to polymorphism
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control, is still not well understood. Therefore, the structure evolution at the early
stage of acetaminophen will be further studied by blade coating with in-situ grazing-
incidence wide-angle X-ray scattering (GIWAXS) at Cornell’s High Energy
Synchrotron Source (CHESS). These studies will allow us to identify amorphous
phases and polymorph formation at early times. Initial experiments were performed to

validate this approach.

Preparation. SAMs-modified substrates and all solvent drying were prepared
following the procedures described in Chapter 2. Doctor blade and little dipper were

stored at Thurston 406.

Substrate types and solvent types for blade coating. Using a steel blade, none of the
ACM solutions of water, ethanol, THF, 1,4-dioxane, and water/dioxane would form
stable liquid-films on OTS SAMs when blade coating. While for blade coating on PTS
SAMs, as shown in Tab. 1, ACM solutions of ethanol and 1,4-dioxane can be used to

form liquid films. THF would also work only if an OTS-modified blade is used.

Table 1. Substrate types and solvent types for blade coating

Solution Thin liquid-film
Water No
Ethanol Yes
THF Yes (only with OTS modified blade)
1,4-dioxane Yes
Water/1,4-dioxane No

Blade-coating procedure
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II.

I1I.

IV.

VI.

VII.

Clean doctor blade by acetone every time before use

Fix SAM-modified substrate on the plate

Adjust the height between substrate and blade

Move blade to the position right above SAM-covered area

Drop ACM solution along the blade and make sure meniscus formed between

blade and substrate

Do blade coating and wait for crystallization

Clean Doctor blade by acetone every time after use

Preliminary results

Table 2. Preliminary results of manually blade coating

Blade Solvent Solution Concentration =~ SAM chemistry Temperature Thickness Polymorph
steel 1,4-dioxane 15 mg/mL PTS on silicon wafer RT 2 layers of tape monoclinic
steel 1,4-dioxane 15 mg/mL PTS on silicon wafer 50 -C 2 layers of tape monoclinic
steel 1,4-dioxane 15 mg/mL PTS on silicon wafer 80 -C 2 layers of tape monoclinic
steel ethanol 100 mg/mL PTS on silicon wafer 50 -C 2 layers of tape monoclinic
OTS THF 100 mg/mL PTS on silicon wafer RT 2 layers of tape monoclinic
OTS THF 100 mg/mL PTS on silicon wafer 50 -C 2 layers of tape monoclinic

Manually blade coating. I did blade coating experiments under different parameters

as shown in Tab. 2 and, in those cases, I moved the blade manually, which means

coating speed was not uniform. After blade coating, the solvent evaporated and the

resulting crystal polymorph determined by XRD. Each type of experiment in Tab.2

was done only once.
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Table 3. Preliminary results of blade coating with controlled speed

Blade Solvent Solution Concentration =~ SAM chemistry Temperature Thickness Polymorph
steel 1.4-dioxane 15 mg/mL PTS on silicon wafer RT 76-102 monoclinic
steel ethanol 15 mg/mL PTS on silicon wafer RT 76-102 orthorhombic
steel 1 4-dioxane 15 mg/mL MUOH on gold RT 76-102 orthorhombic
steel ethanol 15 mg/mL MUOH on gold RT 76-102 orthorhombic

Blade coating with controlled speed. I also did blade coating experiments controlled
by a “little dipper”. Experimental parameters and results are shown in Tab. 3. And
coating speed was 300 steps per second. These films showed polymorph selectivity,
which is promising for future experiments. Each type of experiments in Tab.2 was

also done only once.

Words for future students. In my opinion, results in Tab. 3 are promising and should
be a good start point, although those experiments were only done once before.
However, there are still other parameters that you can play around with, such as
temperature, thickness between substrate and blade, and coating speed. Thus, you
would get a better understanding of how each parameter attributes to the
crystallization results. Additionally, please feel free to ask me by email if there is

anything else you need from me.
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