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Abstract

The amorphous solids can be used in a number of applications such as food, bio-preservation,
organic electronics, and drugs. In pharmaceutical systems, amorphous drugs have greater
solubility and bioavailability than their crystalline counterparts, giving them an important function
in drug delivery formulation.

Recent studies have compared surface-enhanced crystallization to bulk crystal growth. The
surface crystal growth rate can be orders of magnitude faster than growth rate in the bulk. It has
been shown that surface-enhanced crystallization is a common phenomenon on molecular glasses.
Thus, it is significant to understand the mechanism of fast surface crystallization on molecular
glasses.

We report that the onset of fluidity generally disrupts fast surface crystal growth in indomethacin
(oo IMC), nifedipine (NIF), and o-terphenyl (OTP). The severity of this inhibition depends on
crystal morphology. Segregated needles are more susceptible to the liquid flow than crystals that
grow in compact domains. With scanning electron microscopy (SEM) and atomic force
microscopy (AFM), we characterize the surface evolution of depletion zones around growing a
crystal. We find that the observed depletion zones are well reproduced by the known coefficients
of surface diffusion and crystal growth rate. Finally, the effect of special confinement on surface
crystal growth was performed. Surface crystal growth was disrupted if the width is reduced to
below several micrometers or if the glass film is thinner than the depth of depletion zones.
Similarly, surface crystallization kinetics is affected by glass thickness or substrate. Surface crystal
growth is initially fast, but slows over time if the glass film is thinner than approximately 10 um.

All these effects reflect the environmental perturbation of surface crystal growth. The slowdown
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of surface crystal growth in microns-thick films may be caused by the propagation of cracks
created by a fracture in the bulk.
These results are relevant to understand the stability of amorphous solids against surface

crystallization in formulations and product development.



Chapter 1

Introduction

When I think of “glasses”, the first thing that comes to mind is window glass. However, glasses
or amorphous solids have many more applications. Amorphous materials can be used in food,
bio-preservations, organic electronics, and drugs. In pharmaceutical systems, amorphous drugs
have greater solubility and bioavailability than their crystalline counterparts, giving them an
important function in drug delivery formulation.

A major issue in the development of amorphous materials is their stability against
crystallization because crystallization negates their advantages. Recent work has shown that
molecular glasses can have high surface mobility and this mobility is responsible for fast surface
transformations. For example, the velocity of crystal growth can be much faster on the free
surface than in the bulk. This thesis addresses the mechanisms behind fast surface crystallization

on molecular glasses.

1.1 Overview of this thesis

This introductory chapter (Chapter 1) will review the definition of glasses or amorphous solids
and their impact, chemical and physical reaction at surfaces, surface diffusivity, and inhibition of
reactions at surfaces. Chapter 2 details the study of the termination of surface crystal growth on
molecular glasses by the onset of fluidity. In Chapter 3, the evolution of the glass surface around
surface crystals is examined. Chapter 4 presents observations of the spatial confinement effect on
surface crystal growth on molecular glasses. Critical dimensions on inhibition of surface crystal

growth will be presented. In Chapter 5, future studies will be proposed to achieve greater



understanding of the mechanism of surface crystallization on molecular glasses.

1.2 Amorphous pharmaceutical solids: definition and importance

Solids can be categorized into two groups: amorphous solids and crystalline solids. Crystalline
solids show a long-range order of molecular packing, while amorphous solids lack this trait.
Amorphous solids have many applications. Organic glasses are used in electronics such as
organic light-emitting diodes (OLEDs). Amorphous solids can be used in food and polymers. In
pharmaceutical science, amorphous drugs can be useful for drug delivery because they usually
have higher solubility, dissolution rate and bioavailability.? Dissolution in the gastrointestinal
tract is often the rate-limiting step to absorption for many drugs. Thus, improvement in the
dissolution rate may enhance the bioavailability of that drug. However, amorphous drugs can be
thermodynamically unstable and have a high tendency to crystallize. Crystallization negates the
advantages of amorphous drugs for drug delivery. Thus, it is critical to understand the
stabilization of amorphous drugs to avoid crystallization during drug development and
formulation.

There are a number of ways to prepare amorphous solids. Cooling liquids is one of the most
common methods. Crystallization can be avoided by cooling a liquid below the melting point T
quickly enough that it becomes super-cooled liquid.® With cooling molecules of a super-cooled
liquid move more and more slowly. The temperature at which an amorphous solid forms is called
the glass transition temperature Tg. At the glass transition temperature, the molecular rotation
time is on the order of one hundred seconds, viscosity is approximately 10'? pa s,* and the
diffusion coefficient is approximately 101® cm?/s.>®

Other methods to create amorphous solids include the mechanical activation (milling, grinding)



of crystals, rapid precipitation from solution, and continuous concentration processes such as
Iyophilization (freeze drying).2” Dehydration of crystalline hydrates is another method to make

an amorphous solid®. Yet another technique, vapor deposition, can provide amorphous solids®.

1.3 Surface mobility and surface-enhanced physical and chemical transformations
In this section, I review the relevant information on surface diffusion on molecular glasses and
three processes that are enhanced by surface mobility: crystallization, formation of stable glasses

by vapor deposition, and protein degradation.

1.3.1 Surface diffusion

The surface mobility of amorphous solids can affect their physical and chemical stability.
Surface mobility plays a significant role in crystal growth, catalysis, lubrication, and stability of
coatings. Surface diffusion is a major property for evaluating surface mobility.1%! Many studies
have measured surface self-diffusion of metals, inorganic and semiconductors. However, little
data exist on the surface diffusion of organic materials. Understanding surface diffusion in
molecular glasses is critical for developing soft materials and electronic applications including
fast surface crystallization.

At present the surface diffusion coefficient Ds on molecular glasses have been for 3 molecular
glasses: indomethacin (IMC), nifedipine (NIF), and o-terphenyl (OTP). Figure 1 summarizes the
data on these systems. Zhu et al. made the first measurement for IMC and showed that surface
diffusion is one million times faster than bulk diffusion.'? Subsequent studies measured the

surface diffusion coefficients of NIF and OTP glasses.t34
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Figure 1. Surface and bulk diffusion coefficients, Ds and Dy, of amorphous
OTP, NIF and IMC as a function of T4 scaled temperature'* (Tq = 246 K for
OTP, 315 K for IMC and NIF, and 347 K for TNB). All bulk diffusion
coefficients were measured by Ediger and coworkers (see Ref. 13 for
references). The inset shows the structure of IMC, NIF and OTP.



Surface diffusion in the three systems is much faster than bulk diffusion, with Ds¢/Dy = 10°-108 at
T

Zhang et al. report that the order of surface diffusivity is OTP (fastest), followed by NIF and
then IMC (slowest).'* This order correlates with the relative strengths of intermolecular forces in
the three systems. Zhang et al. also report a correlation between surface diffusion and surface

crystal growth the three systems (see later).

1.3.2 Surface-enhanced crystal nucleation

The process of crystallization consists of nucleation and growth. In this section, examples of
surface-enhanced crystal nucleation will be introduced. Surface-enhanced crystal nucleation was
observed in sodium metaphosphate (o - NaPOs). In the vicinity of Ty, crystallization is faster at
the surface than in the bulk.*>!® The morphology is needle-like (Figure 2a). C072Si12B2s glass
also shows surface induced nucleation in Figure 2b.}” The cross-sectional view of the micrograph
shows that crystals grow from the surface into the bulk. Nucleation in the bulk is not observed.

This implies that crystal nucleation at surfaces should be faster than in the bulk.

1.3.3 Fast surface crystal growth on molecular glasses

In glassy materials such as silicates and metallic alloys, crystal growth has similar velocities on
the surface and in the bulk.'®1%20:2122 However, it was found that surface crystal growth can be
much faster than bulk crystal growth for molecular glasses.?3242526.27.28

Recent studies have established several features of surface crystallization on molecular glasses.
Sun et al. reported that surface crystals rise upward by as much as hundreds of nanometers as

they grow laterally. Wu et al. demonstrated that the surface crystal growth can be



Figure 2. (a) The cross sectional view of
devitrified NaPOs glass.'® Crystalline layer at the
surface indicates fast surface nucleation. (b) The
cross-sectional view of crystallized Co72Si12B2s
glass. All crystals grow from the free surface,
which indicates surface induced nucleation®’.



inhibited by an ultra-thin coating of gold (10 nm) or polymer (3-20 nm).?° It was also found that
fast surface crystal growth correlates with fast surface diffusion: us = Ds/ (3 um) (Figure 3).14

This relation is observed for OTP, IMC, NIF and amorphous silicon, and demonstrates that
surface diffusion and surface crystal growth have similar kinetic barriers. Together, these
observations argue that fast surface crystal growth on molecular glasses is supported by fast
surface diffusion.

Amorphous silicon is a good model system to understand the relationship between surface
diffusion and hemispherical grain growth.3%3132 Sakai et al. studied this process in ultra-high
vacuum. They observed that hemispherical grains grow on the surface of amorphous silicon and
the process creates depletion zones on the amorphous surface.®® Subsequently, Sallese et al.
developed an analytical model to describe the evolution of depletion zones using surface

diffusion and crystallization flux.3

1.3.4 Stability of vapor deposited glasses related to surface mobility

Glasses can be prepared by condensing vapors on a substrate. Although glasses prepared by
vapor deposition can be less stable than glasses formed by cooling liquids, Swallen et al. recently
demonstrated that organic glasses prepared by physical vapor deposition can in fact be extremely
stable compared to organic glasses formed by cooling liquids®. They reported that the glasses of
tris-naphtylbenzene (TNB) and IMC prepared by vapor deposition showed higher
thermodynamic stability, lower enthalpy, and higher density than ordinary glasses. Many
pharmaceutical materials such as IMC, NIF, felodipine, and phenobarbital form stable glasses by
vapor deposition (Figure 4).%

The stability of vapor deposited glasses is attributed to enhanced mobility at the surface of
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the glass.!21*4 Surface mobility is so fast that molecules at the surfaces can rearrange to find a
stable packing configuration before the next molecules arrive from the vapor phase, allowing
molecules at the surfaces to equilibrate leads to stable glasses. The formation of ultra-stable
glasses by vapor deposition may be a useful technique to produce amorphous drugs that resist

crystallization and have improved solubility and bioavailability.

1.3.5 Protein degradation at surfaces

Protein therapeutics are receiving increasing attention by the pharmaceutical industry. Since
there are many concerns over the liquid-state stability of proteins in long-term storage, the solid-
state dosage is preferred. However, even in the solid state and during the preparation of solid
dosage forms, chemical degradations can occur; for example, oxidation, deamination, and
aggregation. Protein formulations prepared by pray drying or freeze-drying tend to have very
high Specific Surface Area (SSA), potentially leading to surface-induced degradation.3*:3®
Abudal-Fattah et al. evaluated dried protein products of IgG (1) prepared by lyophilization, foam
drying, and spray drying.3® They concluded that the total protein accumulation at the surface
plays an important role in accelerating the process of degradation. The surface coverage of the
protein was decreased by adding surfactant, which increases the stability of protein kinetics.
Costantino et al. reported a liner relationship between spray-dried powder surface area and
monomer loss (an indicator of degradation) for Brovine Serum Albumin (BSA).*’

Pikal and co-workers reported that recombinant human growth hormone (rhGH) molecules
have significantly faster degradation rates at the surface than in the bulk during the process of
Iyophilization.®® They demonstrated that the amount of protein found at the solid-interface
controls the rate of protein degradation during storage of lyophilized formulations. They

formulated different glass-forming stabilizer to examine how SSA of the glass and concentration
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of the protein in the surface layer were affected. The first order degradation rate constant
including oxidation, deamination, and aggregation was measured.

Their observations suggest that the reason for the majority of degradation found on the solid
surface is that residual stress may be easily generated at the surface by the process of drying,
which results in the loss of native protein secondary structure. Furthermore, they speculate that
mobility of protein molecules at the surface may be much faster than that of in the bulk, leading
to faster degradation. This is analogous to surface-enhanced crystallization observed in organic

glasses.

1.4 Inhibition of surface crystallization

Amorphous drugs can be very useful for drug delivery because of enhanced solubility,
dissolution rate and bioavailability. However, they can be chemically and physically unstable.
Thus, it is necessary to stabilize them against physicochemical changes. The conventional
thinking for stabilizing amorphous drugs focuses on the processes in the bulk. Recent
observations of fast surface crystallization demonstrate the importance of inhibiting surface
processes for stability. In this section, we will discuss attempts to prevent the surface
crystallization of amorphous drugs.

Wu and Yu reported that layers of polymer and gold nanocoating a few nm thick on the surface
of amorphous indomethacin inhibited the overall surface crystallization (Figure 5).2° Surface
crystal growth was inhibited by 10 nm gold coating deposited by sputtering. A 3-20 nm polymer
coating is applied to the IMC surface crystal using layer-by-layer (LbL) deposition. This
technique could be useful for controlled drug delivery.3%4%4! Surface crystallization kinetics is

reduced by thin surface coatings, which supports the view that fast surface crystal
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Figure 5. Nano-coating can inhibit surface crystallization on IMC glass
at 313 K.2°

(@) Uncoated amorphous IMC after 90 hours at 313 K;

(b) Same as (a) after 7 days;

(c) Surface crystals of y IMC as in (a) coated with gold;

(d) Same as (c) after 7 days at 313 K;

(e) Surface crystals of a. IMC as in (a) coated with gold;

(f) Same as (c) after 7 days at 313 K.
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growth is enabled by surface mobility. It would be more attractive to make use of bio
comparable or eco-friendly materials for coating such as chitosan, gelatin, and alginate on
microcrystalline cellulose are biocompatible and degradable.*?

Polymer additives are often used to stabilize amorphous drugs. The effect of polymer additives
on the crystallization of amorphous drugs has been studied.? 434445 Cai et al. report that 1%
poly (vinylpyrrolidone) (PVP) additives on NIF can strongly inhibit bulk crystal growth 43
(Figure 6). In contrast, the effect of polymer additives on surface crystal growth is weaker.

Similarly, Kestur and Taylor observed that 3 % PVP slows bulk crystal growth kinetics in
amorphous felodipine by a factor of 10, but surface crystal growth only a factor of 2.284° Thus,
the polymer additive has a stronger inhibitory effect on bulk crystal growth than surface crystal

growth in felodipine, as in NIF.

1.5 Contributions of this thesis

The research goal of this thesis is to understand the mechanism of fast surface crystal growth
on molecular glasses. Three projects will be presented. Chapter 2 presents fast surface crystal
growth on molecular glasses in four different systems: OTP, NIF and IMC in two polymorphs.
This work was published in the Journal of Physical Chemistry B with myself, Daniele
Musumeci, Travis Powell, Ting Cai, Erica Gunn, Lei Zhu, and Lian Yu as authors.?” Organic
glasses can grow crystals much faster on the free surface than in the interior, a phenomenon
important for fabricating stable amorphous materials. This surface process differs from and is
faster than the glass-to-crystal (GC) growth mode existing in the bulk of molecular glasses. We
report that similar to GC growth, surface crystal growth terminates if glasses are heated to gain

fluidity. In their steady growth below the glass transition temperature Tg, surface
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Figure 6. The images by optical microscopy show the effect of 1% PVP
K15 additives in NIF glass at 303 K.*® Perimeter surface experiments

show the observation of surface and bulk crystallization. The plot (right)
shows crystal growth kinetics of polymer additives (PVP) in NIF at 303
K. The polymer additive inhibits bulk crystal growth more strongly than

surface crystal growth.
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crystals rise above the amorphous surface while spreading laterally and are surrounded by
depressed grooves. Above Ty, the growth becomes slower, sometimes unstable. This damage is
stronger on segregated needles (oo IMC, NIF, and OTP) than on crystals growing in compact
domains (y IMC). This effect arises because the onset of liquid flow causes the wetting and
embedding of upward-growing surface crystals. Segregated needles are at greater risk because
their slow-growing flanks appear stationary relative to liquid flow at a low temperature. The
disruption of surface crystal growth by fluidity supports the view that the process occurs by
surface diffusion, not viscous flow. Compared to the bulk GC mode, surface crystal growth is
disrupted less abruptly by fluidity. Nevertheless, to the extent that fluidity damages them, both
processes are solid-state phenomena terminated in the liquid state.

Chapter 3 discusses a signature of fast surface crystal growth on molecular glasses depressed
grooves around surface crystals. This work was published in the Journal of Physical Chemistry
with myself, Daniele Musumeci, and Lian Yu as authors.*® Molecular glasses can grow crystals
much faster at the free surface than in the interior. A property of this process is the creation of
depressed grooves or depletion zones around the crystals on the initially flat amorphous surface.
With scanning electron microscopy and atomic force microscopy, we studied this phenomenon
in IMC, which crystallizes in two polymorphs (o and y) of different morphologies. The observed
depletion zones are well reproduced by the known coefficients of surface diffusion and the
velocities of crystal growth. At the slow-growing flanks of needle-like oo IMC crystals, depletion
zones widen and deepen over time according to the expected kinetics for surface diffusion
responding to a crystallization flux. Before fast-advancing growth fronts, depletion zones have
less time to develop; their steady-state dimensions agree with the same model revised for a

moving phase boundary. These results support the view that surface diffusion enables fast
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surface crystal growth on molecular glasses. Our finding helps understand crystal growth in thin
films in which the formation of deep depletion zones can cause de-wetting and alter growth
Kinetics.

Chapter 4 reports a preliminary study on the effect of spatial confinement on surface crystal
growth in molecular glasses. Recent studies have shown that organic glasses can grow crystals
substantially faster at the free surface than in the interior. Previous studies were performed with
glass films essentially infinitely thick and wide. This study examines the effect of spatial
confinement on the process using glass films whose width and thickness were systematically
reduced and whose supporting substrates were more to less adhesive. The major finding is that
surface crystal growth on molecular glasses can be disrupted by spatial confinement on length
scales that greatly exceed several molecular layers — the length scale envisioned for surface
diffusion. For a thick glass film of NIF or OTP, the process is disrupted if the width is reduced to
below several micrometers. This critical width is approximately the lateral “footprint” for surface
crystal growth, composed of the single-crystal domain and the distance over which the
amorphous surface is perturbed. Similarly, the process in IMC is disrupted if the glass film is
thinner than the vertical “footprint”, which is defined by the depth of the depletion zones around
a growing crystal. We also report a more subtle confinement effect observed with glass films
approximately 10 um thick on strongly adhesive substrates. Surface crystal growth in these films
has the expected initial velocity, but the velocity decreases over time, approximately on the
timescale at which the surface crystal layer grows to the bottom of the substrate. All these effects
reflect the environmental perturbation of the growth of surface crystals. These effects are
significant because organic glasses of technological importance have finite dimensions, may be

attached to substrates, and the resulting confinement can affect the process of surface
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crystallization.
Chapter 5 proposes future studies that would be beneficial to understand fast surface crystal

growth based on ideas that have arisen from the reported studies.
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2.1 Abstract

Organic glasses can grow crystals much faster on the free surface than in the interior, a
phenomenon important for fabricating stable amorphous materials. This surface process differs
from and is faster than the glass-to-crystal (GC) growth mode existing in the bulk of molecular
glasses. We report that similar to GC growth, surface crystal growth terminates if glasses are
heated to gain fluidity. In their steady growth below the glass transition temperature 7y, surface
crystals rise above the amorphous surface while spreading laterally and are surrounded by
depressed grooves. Above Ty, the growth becomes slower, sometimes unstable. This damage is
stronger on segregated needles (o indomethacin, nifedipine, and o-terphenyl) than on crystals
growing in compact domains (y indomethacin). This effect arises because the onset of liquid flow
causes the wetting and embedding of upward-growing surface crystals. Segregated needles are at
greater risk because their slow-growing flanks appear stationary relative to liquid flow at a low
temperature. The disruption of surface crystal growth by fluidity supports the view that the
process occurs by surface diffusion, not viscous flow. Compared to the bulk GC mode, surface
crystal growth is disrupted less abruptly by fluidity. Nevertheless, to the extent that fluidity

damages them, both processes are solid-state phenomena terminated in the liquid state.

2.2 Introduction

Glasses are amorphous solids that have crystal-like mechanical strength and liquid-like spatial
uniformity,'? making them ideal for many applications. While traditional glasses are inorganic
and polymeric, organic glasses of lower molecular weights are being explored for applications
ranging from electronics to bio-preservation to pharmaceutics.>*> Amorphous materials must be

stable against crystallization and in this context, a relevant recent finding is that organic glasses



23

can grow crystals much faster at the free surface than in the interior.® Surface crystals have been
observed to rise above the glass surface by hundreds of nanometers as they grow laterally. It is
noteworthy that fast surface crystal growth is common among molecular glasses,”®%1%!! but

12,13

apparently less so for glasses of other compositions; it is considered non-existent in

metallic'* and silicate!>!6:!7

glasses. Because crystallization consists of nucleation and growth,
we stress that the phenomenon studied here concerns the growth of existing crystals, not the
nucleation of a new crystalline phase. In the just-cited studies of metallic and silicate glasses, the
free surface was observed to facilitate nucleation but not crystal growth. Understanding fast
surface crystal growth helps advance the science of amorphous solids, crystallization, and
surface mobility.

There have been different explanations for fast crystal growth on amorphous surfaces.®!® One
model attributes the process to high surface mobility,® envisioning that molecules leave the glass
surface layer-by-layer to join upward-growing crystals. This view is consistent with the
inhibitory effect of thin coatings on surface crystal growth!® and the correlation between the rates
of surface crystal growth and diffusion.??! On the glasses of indomethacin (IMC) and nifedipine
(NIF), the velocity of surface crystal growth scales with the surface diffusion coefficient: us =
Ds/(10 pum). In another model, surface crystallization is attributed to the efficient release of
crystallization-induced tension at surfaces.'®

To avoid confusion, we note that the phenomenon studied here concerns crystal growth on the
free surface of molecular glasses. This process is distinct from and faster than the so-called

glass-to-crystal or GC mode,?2%324

which exists in the interior of glasses. For systems showing
the GC growth phenomenon, the velocity of bulk crystal growth is diffusion-limited at high

temperatures, but abruptly rises near the glass transition temperature 7, becoming too fast to be
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controlled by bulk diffusion. At present, the mechanism of GC growth remains
mysterious,?-24252627.28

Glasses become flowing liquids upon heating. Previous studies have found that the onset of
fluidity can terminate the bulk GC growth in molecular glasses.???*?>2 The goal of this study is
to determine whether an analogous effect exists for the process of surface crystal growth.
Independently, the existence of such an effect is suggested the observation that heating above T,
can change the mechanism of surface evolution from surface diffusion to viscous flow.?*?! (In
this context, surface diffusion is the lateral translation of molecules on the surface, and viscous
flow is the collective movement of the liquid responding to a pressure imbalance.) Such a change
is expected to perturb the process of crystal growth supported by surface diffusion; for example,
at high fluidity, surface crystals would appear stationary to a flowing liquid and be wetted and
engulfed, preventing their upward growth. From its response to the onset of fluidity, we hope to
better understand the molecular mechanism of surface crystal growth.

We studied three organic glasses: IMC (crystallizing in o and y polymorphs), NIF, and o-
terphenyl (OTP). These molecules have different structures (see Figures 1, 4, and 6), physical
properties (Table 1), and rates of crystal growth. IMC and NIF glasses are known to exhibit fast
surface crystal growth,”®!° and we report the phenomenon for OTP here for the first time.
Together these systems enable a broad survey of surface crystal growth on organic glasses.

We report that the onset of fluidity generally disrupts fast surface crystal growth on molecular
glasses. The severity of this disruption depends on crystal morphology: segregated needles are
more vulnerable than crystals that grow in compact domains. These results are well explained by
the activation of liquid flow on the timescale of crystal growth, which allows the liquid to wet

and embed upward-growing surface crystals. Segregated needles are at greater risk because their
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slow-advancing flanks appear stationary to the flowing liquid at a relatively low temperature.
The termination of surface crystal growth by fluidity argues that the process is not sustained by
viscous flow, but by surface diffusion. Compared to the bulk GC growth, surface crystal growth
is disrupted less strongly by fluidity. Nevertheless, to the extent that fluidity damages them, both

processes are inherently solid-state processes that are terminated in the liquid state.

2.3 Materials and methods

Indomethacin  (1-(p-cholorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid, 99+%, vy
polymorph), nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitophynyl)-3,5-pyridinedicarboxylate;
NIF), and o-terphenyl (OTP) were purchased from Sigma-Aldrich. To prepare a sample for
crystal growth measurement, the crystalline substance was melted on a clean square coverslip at
15 K above the melting point and covered with a smaller round coverslip (typically 15 mm in
diameter). The assembly was cooled to below T, by contact with a metal block, pre-equilibrated
at room temperature for IMC and NIF and with dry ice for OTP. The sample was confirmed to
be free of crystals by polarized light microscopy. The square cover slip was detached by bending
its edges away from the organic glass, creating a glass film with a free surface. The films were
10 — 100 um thick. In the case of IMC and NIF, surface crystallization was initiated at 313 K (7,
— 2 K) spontaneously and the sample was transferred to a desired temperature for further
measurement. Crystal growth was measured under N> purge through a light microscope
(Olympus BH2-UMA). The time of observation was sufficient for the growth to reach several
hundred micrometers, during which the growth rates were relatively constant. Growth at 303 —
338 K for IMC and 303 — 328 K for NIF was observed real-time on a temperature-controlled

stage (Linkam THMS 600) under N, purge. For slower growth at 296 K, the sample was stored.
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in a plastic bag with purged with N2 in the air-conditioned laboratory (296 + 1 K) and observed
only at the beginning and the end of storage. Because of its slow nucleation, an OTP glass was
initiated to grow surface crystals by placing a seed on its surface and the sample was transferred
to the Linkam stage waiting at a crystallization temperature.

Polymorphs were identified by x-ray powder diffraction (Bruker D8 Advance diffractometer
with Cu Ka radiation) and with a Raman microscope (Thermo DXR). A 780 nm laser was used
for NIF and 532 nm laser for IMC to record the Raman spectra. Surface crystal growth was
observed real time with an Atomic Force Microscope (AFM; Veeco Multimode IV Scanning
Probe Microscope) in the tapping mode under N purge. An AFM hostage was used for
temperature control and calibrated against the melting point of OTP (329 K). The AFM tips

(300AI1-G10, BudgetSensors) are specified as follows: tip radius 10 nm, half-cone angle 20-25°

(10° at apex).

2.4 Results
2.4.1 Indomethacin (IMC).

IMC glasses grow crystals much faster on the free surface than in the interior.>”!” The process
has been observed for two polymorphs (a and y), with oo IMC forming segregated needles and y
IMC compact domains (see the AFM images in Figure 1). These different morphologies are
expected from the structures of the polymorphs: o IMC has a compressed unit cell along the a
axis and y IMC a nearly cubic unit cell (Table 1); according to the Bravais-Friedel-Donnay-
Harker model, o IMC crystals grow elongated along a and y IMC crystals are more equal-

dimensional.



Table 1. Physical properties of the systems studied

Substance IMC NIF OoTP
Eormula C19H16CINO4 C17H18N20s Cis Hua
MW, g/mol 357.79 346.34 230.30
Tgpsc, K 315 315 246
Surface crystal str. a IMC# v IMC®° B NIF3 OTpP*?
a, A 5.462 9.295 9.840 18.583
b, A 25.310 10.969 13.807 6.024
c, A 18.152 9.742 14.206 11.728
a, deg. 90 69.38 61.39 90
B, deg. 94.38 110.79 79.76 90
v, deg. 90 92.78 81.99 90
Z 6 2 4 4
Sp. grp. P21 P-1 P-1 P212121
p, glcm? 1.42 1.37 1.382 1.165
T, K 203 296 296 296
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Figure 1. Crystal growth rates of o IMC (a)
and y IMC (b) at the free surface (us) and in the
bulk (u,). The AFM images show the
morphologies of surface crystals. Color scale =
1500 nm for o IMC and 400 nm for y IMC.
The structure of IMC is given in (a). Above
318 K, the surface growth of o IMC is unstable
and slows over time, but y IMC surface
crystals continue to grow steadily. This
difference is shown in (c) for T = 328 K. In (a),
the region labeled “unstable” shows the early
arowth rates of o IMC.
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Figure 1 shows the velocities of surface crystal growth us in amorphous IMC as functions of
temperature. These velocities well exceed those of bulk crystal growth uy (also shown). For
v IMC, we display uy in both the diffusion-limited regime® and the glass-to-crystal or GC
growth regime (labeled “u, GC”).?® The latter terminates at 306 K. For oo IMC, only up in the
diffusion-limited regime is shown. (While this polymorph can grow in the glassy state, its growth
is much slower and the present data are incomplete.®) The us data from previous studies are
shown with open symbols’® and those from this work in solid ones; where comparison is
possible, the agreement is reasonably good.

In the glassy state (7 < Ty), heating speeds up the surface growth of both polymorphs, but their
responses differ above T,. For a IMC (Figure 1a), the growth rate us levels off and eventually
decreases with increasing temperature, whereas the effect is weaker for y IMC (Figure 1b).
Above 318 K, the surface growth of o IMC becomes unstable: some crystals grow, while others
lie dormant; eventually the growing crystals stop advancing also. This instability is partly
responsible for the scatter in the growth rates of o IMC. In contrast, the compact domains of
v IMC expand steadily at a constant rate. This difference between the two polymorphs is
illustrated in Figure 1c for 7'= 328 K. In the first few hours, the two polymorphs grow at similar
rates; over time, the growth of o IMC slows, but y IMC keeps growing at the same velocity.
Because of its time dependence, the us of o IMC above 318 K is the average velocity over the
first 2 hours; the value will be substantially lower if a longer period is chosen.

It is noteworthy that the surface and bulk growth of y IMC responds differently to heating
(Figure 1b). The bulk growth of y IMC (GC mode) is active below 306 K, yielding compact
spherulites expanding at constant velocities, but is disrupted above 306 K.?® In the disrupted state,

v IMC grows loose fibers at velocities that decrease over time. In contrast, the surface growth of
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v IMC persists in a steady state up to higher temperatures. As a result, it is possible to grow a
thin surface crystal layer over a bulk liquid in which GC growth is halted. These data argue that
fluidity influences surface and bulk crystal growth differently, a subject we return to in the
Discussion.

To understand why the two IMC polymorphs respond differently to the onset of fluidity, we
examined their growth in real time by AFM. Figure 2a shows two consecutive images during the
growth of a needle-like o IMC crystal. These images were recorded 25 min apart at 317 K,
approximately the highest temperature at which steady surface growth is observable. As
expected from the needle morphology, axial growth is much faster than lateral growth, us; >> Usx,
with Usz/Usx estimated to be 100 or greater. The height of the crystal is well above the glass
surface (yc > Yg) by hundreds of nanometers. AFM reports the width of an o IMC needle x. to be
hundreds of nanometers; X ~ 400 nm at 3 um from the tip. In estimating this width, the
broadening effect has been corrected to account for the finite width of the AFM tip and its
conical shape. This correction is illustrated with the vertical lines in Figure 2a and is especially
important for tall objects rising sharply above the surface.

An important feature of surface crystal growth is that the crystals are surrounded by depressed
grooves or depletion zones on the glass surface. This feature is labeled DZ in Figure 2. For an
o IMC needle, the depletion zone widens and deepens with increasing distance to the tip; at a
distance of 3 um, the width is ca. 500 nm and the depth ca. 200 nm. In estimating these
dimensions, we accounted for the fact that AFM overestimates the width of a tall crystal and
consequently underestimates the width of the adjacent depletion zones; this correction is
illustrated in Figure 2a. Note also that the width given here is approximate, since the depletion

zone gradually transitions to flatness; we take the “onset” of a depletion zone to be the location
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where the glass surface curves down significantly. The depletion zones can be asymmetric, and
measurements at different temperatures found that their dimensions are insensitive to
temperature change below Tgy. As we discuss later, the depletion zone is a consequence of mass
transport by surface diffusion in support of crystal growth

In the case of y IMC, AFM showed compact, steadily advancing surface crystals (Figure 2b).
The growth front also rose above the glass surface, but to a lower height relative to o IMC. A
depletion zone is detectable on the glass surface before the growth front, with the width being ca.
200 nm and the depth ca. 100 nm. The principal difference between the IMC polymorphs is that
the growth front of y IMC advances nearly uniformly, whereas o IMC has fast axial growth but
slow lateral growth. We argue later that this difference accounts for the different responses of the
two polymorphs to the onset of fluidity.
2.4.2 Nifedipine (NIF).

811 and the present study focused

Fast surface crystal growth has been observed on NIF glasses
on the effect of increasing fluidity on this process. Figure 3a shows the velocities of crystal
growth at the free surface (us) and in the bulk (u) of amorphous NIF; the solid symbols indicate
the data from this work. Although NIF is polymorphic, only the growth of the  polymorph was
observed in these studies.>! As in the case of o IMC, heating within the glassy state (7 < Tj)
steadily raises the us, but with further heating above T, us plateaus and eventually decreases.
Thus, the surface crystal growth of NIF is similarly disrupted as that of o IMC. In contrast to
o IMC, however, the instability of surface crystal growth above 7, was not as pronounced for
NIF; its growth rate was reduced but remained approximately constant during observation.

Similar to o IMC, NIF grew needle-like crystals on the glass surface (Figure 3b). The crystal

structure of NIF (Table 1) suggests that the needles are elongated along the short a axis of the
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unit cell. As in the case of oo IMC, NIF surface crystals are surrounded by depletion zones on the
glass surface flanking the elongated crystals. Because of their fast growth, precise measurement
of the depletion zones was difficult. Our best data show that the depletion zones are typically 100
nm deep and 400 nm wide at a distance of several micrometers from the tip.

For reference, Figure 3 also displays the velocities of crystal growth in the interior of NIF
glasses,** in the glass-to-crystal (GC) mode. Note that this bulk growth mode exhibits a similar
disruption upon heating above 7,. This disruption is more abrupt than that of the surface crystal
growth. We will comment later on the similarity and differences between the terminations of
surface and bulk crystal growth in organic glasses by fluidity.

2.4.3 o-Terphenyl (OTP).

35,36 23,37,38,39,40,41

OTP is a model for studying glass-forming liquids and their crystal growth.??
Liquid OTP can develop in the bulk a fast mode of crystal growth (the GC mode) as it is cooled
to near 73.>>* GC growth persists deep in the glassy state of OTP and terminates as the system is
heated to above 7. We report here that at the free surface of OTP glasses, even faster crystal
growth occurs and this process also terminates upon heating above 7.

After seeding the surface of an OTP glass with a crystal, new growth soon becomes evident
(Figure 4). Needle-like crystals grow rapidly from the seed. Through a light microscope, the
crystals appear transparent and thin, and their growth rate us is 10 times faster than the known
bulk growth rate up.?®*' Figure 5 summarizes the rates of crystal growth, with the data from this
work shown in solid symbols. It is noteworthy that among the systems known to exhibit fast

surface crystal growth,%”%!° the process in OTP is the fastest. After the surface of an OTP glass

is covered with a layer of crystals (Figure 5), additional crystallization can still occur because of
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bulk crystal growth. Circular domains appear and expand over time (Figure 6), at the known
bulk growth rates.?>*!These domains are more opaque and birefringent than the over-layer of
surface crystals, indicating greater thickness. X-ray diffraction showed that the resulting product
has the same unit cell as the known OTP crystal structure.®? These results show that the second-
stage crystallization corresponds to bulk crystal growth beneath a thin layer of surface crystals.
The fact that OTP surface crystals are nucleated by a seed of the known crystal structure (Figure
4) and in turn nucleate the same (Figure 6) argues that the same crystalline phase grows on the
surface and in the bulk of OTP glasses (i.e., no polymorphic change).

As with o IMC and NIF, the surface crystal growth on OTP glasses is disrupted by heating
above Tq. The observed us plateaus and decreases with temperature increase (Figure 5). Also
similar to the other systems, the surface crystals of OTP grow as segregated needles (Figure 4).
The crystal structure of OTP (Table 1) suggests that the needle axis is the shortest unit-cell axis
b. Because of its low Ty, crystal growth on OTP glasses could not be followed in real time with
our AFM.

The bulk GC growth in OTP glasses is known to be halted by heating®*“! and we report here
that in comparison, the disruption of surface crystal growth is less abrupt. GC growth occurs
steadily in OTP below T¢ = 249 K (onset temperature of GC growth), yielding compact
spherulites. Heating above T halts the process and only careful examinations reveal loose, fast-
growing, fiber-like crystals.?*4! In contrast, surface crystal growth can persist at a steady velocity
slightly above the temperature at which us reaches its maximum. Steady GC growth can be
“poisoned” with a brief heating above Ti; for example, steady GC growth at 243 K could not
resume after heating to 253 K for 30 min and cooling back to 243 K. In contrast, the same

temperature cycling did not halt surface crystal growth.
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2.5 Discussion

The principal finding of this work is that fast surface crystal growth on organic glasses can be
disrupted as they are heated to become fluids. As summarized in Figure 7, heating above T
disrupts the surface crystal growth in three of the four systems examined, with the observed
growth becoming stagnant or slower with increasing temperature. Remarkably, this effect is
largely absent for y IMC, whose us continues to rise with heating. These different responses
correlate with the morphologies of surface crystals: the at-risk crystals are segregated needles,
whose growth fronts advance at vastly different rates relative to the glass surface, whereas the
resistant crystal (y IMC) grows in compact domains, whose growth front advances almost
uniformly. An important feature revealed by real-time AFM is that surface crystals are
surrounded by depletion zones on the surface of organic glasses. For needle-like crystals,
depletion zones are along the needles; for the compact growth of y IMC, they reside before the
uniformly advancing growth front. In this section, we discuss the implications of these
observations for understanding fast surface crystal growth on organic glasses. We argue that
needle-like surface crystals are more at risk to perturbation by fluidity because their slow-
advancing flanks appear stationary relative to the flowing liquid at a low temperature, allowing
them to be wetted and engulfed.
2.5.1 Mechanism of Surface Crystal Growth on Organic Glasses.

Previous work has developed the view that surface crystals can grow rapidly on organic glasses
because of fast surface diffusion. This view is supported by the proportionality of surface crystal
growth rate us and surface diffusivity Ds, us = Dy/ (10 um), observed for IMC and NIF,?! and by

the inhibition of the process by thin surface coatings.!® According to this model, the upward
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growth of surface crystals above the glass surface®!! is a natural response of the system to slow
bulk growth and fast surface diffusion.

The surface-mobility model is consistent with the new finding of this work that surface crystals
are surrounded by depletion zones on the glass surface. This feature is qualitatively explained by
the combined action of (i) the flux of molecules from the glass to the crystal and (ii) the diffusion
of molecules on the amorphous surface. Similar depletion zones have been observed around the
hemispherical surface crystals on amorphous silicon and similarly explained.!® Sallese et al.
modeled the depletion zones around Si surface crystals using Mullins’ theory of surface
diffusion ** and assuming a constant flux of atoms from the amorphous surface to the
crystal.'*The model explains the evolution of the depletion zone as a hemispherical crystal
grows. It would be valuable to test such a model on our systems. For this purpose, it is useful to
have higher-resolution images of the depletion zones than currently available. It is also necessary
to take into account the differences between amorphous Si and IMC. For example, Si crystals
grow hemispherical grains, but oo IMC grows needles. The needle growth means more time for a
depletion zone to develop along the sides than before the tip. The in-plane growth of Si
hemispheres is slow enough for the depletion zones to widen and deepen over time. In contrast,
the depletion zone before the compact growth front of y IMC is independent of time, likely a
result of the limited time for the depletion zone to develop before being overrun by the crystal
growth front.

The real-time AFM observations of surface crystal growth (Figure 2) suggest relevant details
on the growth of surface crystals. At first glance, the needle growth of o IMC (Figure 2a) might
suggest direct acquisition of molecules from the glass surface immediately before the tip. This

mechanism, however, would create a deep depletion zone before the tip, not along the sides. A
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more likely mechanism is the collection of molecules by the lateral surfaces and the migration of
these molecules on the crystal surface to eventual growth sites.

Had there been no surface migration, each molecule crossing the glass/crystal interface would
immediately join the crystal lattice, resulting in fast lateral growth, in conflict with experimental
observation. (The foregoing analysis assumes that the flux of molecules across the glass/crystal
interface is the same everywhere, which is reasonable given that the flux depends mainly on
surface diffusivity and the free-energy difference across the interface.) This mechanism of
needle growth is consistent with Sears’ model for the growth of metal whiskers from vapor, in
which atoms adsorb on the lateral surface and migrate toward the tip.** We speculate that the
other needle-growing surface crystals (NIF and OTP) grow in a similar mechanism as o IMC. In
contrast, the compact growth of y IMC may occur differently, in which molecules crossing the
glass/crystal interface do not travel long distances and deposit near the site of crossing.

2.5.2 Disruption of Surface Crystal Growth on Organic Glasses by the Onset of Fluidity.

We hypothesize that heating above 7§ activates liquid flow on the time scale of surface crystal
growth, allowing the liquid to wet and embed the upward-growing surface crystals. This
interaction would in turn damage the growth of surface crystals. To test this hypothesis, we
compare in Figure 8 the velocities of surface crystal growth us and liquid flow for the systems
studied. For the compact growth of y IMC, the entire growth front is characterized by a single us.
For needle-growing crystals, we distinguish the fast axial growth (us;) and the slow lateral
growth (us). Our measurements by light microscopy yielded us, only, a consequence of limited
spatial resolution. For o IMC, usx (dotted line in Figure 8) was estimated from real-time AFM to
be 100 — 1000 times slower than us,. In the absence of experimental data on NIF and OTP, we

apply the same factor of reduction to estimate their lateral growth rates.
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To estimate the velocity of liquid flow near a surface crystal, we calculate the quantity F =
y/(2n), where y is surface tension and 7 is viscosity. F approximately represents the velocity of
liquid flow in many situations. For example, F is roughly the velocity at which gold spheres sink
into liquid TNB.* These spheres can serve as a model for surface crystals that grow slowly
relative to liquid flow. For a surface groove being flattened by viscous flow (Figure 9a), the
contour velocity at the half depth is F, and the vertical velocity at the bottom is (y/dw) F, where y
is the depth of the groove and dy its half width at the half depth.*? For a sinusoidal surface
grating of IMC and NIF, viscous flow decreases the amplitude h at the rate (2zth/L) F, where A is
the grating’s wavelength, allowing the measurement of F.2%%1

We estimate the velocity of liquid flow near a surface crystal by treating the adjacent depletion
zone (Figure 2a) as half of Mullins’ groove (Figure 9b). The lateral velocity of the liquid relative
to a slow-growing surface crystal is then F, and its vertical velocity at the bottom, (y/dw) F. Our
AFM measurements found that at the steady state of surface crystal growth, the depletion zones
are approximately characterized by y = dw, which leads to uy = F. Thus, the velocities of liquid
flow are well represented by F. Note that this calculation is only approximate given the change
from Mullins’ geometry. Since the liquid is expected to wet its crystal, the actual vertical
velocity could exceed the prediction. Nevertheless, we regard F as a first-order estimate of the
liquid velocity.

In Figure 8, we present the values of F' for IMC and NIF (green diamonds) measured from the
decay of surface gratings.?*?! These data are further extrapolated to lower temperatures assuming
viscosity is proportional to the structural relaxation time.*>*¢ For OTP, no surface-smoothing
measurements have been reported and F is calculated from its known viscosity*’ and surface

tension.*®



Surface
crystal

Figure 9. (a) Model for the smoothing of a surface groove
by viscous flow.*? (b) Model for the interface between a
surface crystal and a glass or liquid.
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Figure 8 shows that below Ty, the velocity of surface crystal growth vastly exceeds that of liquid
flow, us >> F.

This relation holds for y IMC everywhere at the compact growth front; it holds for the needle-
growing crystals both in the axial direction and in the lateral direction, us, > us >> F. This
relation is consistent with the minor role of viscous flow in transporting materials to support
surface crystal growth. For y IMC, the relation us > F'is valid up to a high temperature (~1.2 Ty).
This high cross-over temperature agrees with the persistence of the surface growth of y IMC at
high temperatures. For the needle-growing crystals, applying the same analysis to the axial
growth would return a similar conclusion. However, since the needles have slow lafteral growth,
the liquid velocity can reach and surpass the lateral growth rate at a lower temperature, as
illustrated by the dotted lines in Figure 8. The estimated cross-over temperature is approximately
T, for each system, in good agreement with the termination temperature for surface crystal
growth; this agreement is gratifying considering the errors in the estimated liquid velocities. At
high enough fluidity, a slow-growing crystal will be wetted and embedded by the liquid. Such
interactions will perturb the upward-growing surface crystals, to the detriment of this growth
mode. Although the forgoing analysis applies to the slow-growing flanks of elongated crystals,
we argue that the faster axial growth is also affected. As discussed above, the axial growth
requires the lateral acquisition of molecules. Thus, disrupting the lateral mass transport in turn

damages the axial growth.
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2.5.3 Comparison of the Effects of Fluidity on Surface and Bulk Crystal Growth in Organic
Glasses.

The disruption of surface crystal growth in organic glasses by fluidity is formally similar the
termination of bulk crystal growth under the same condition. As organic liquids are cooled to
become glasses, fast crystal growth can emerge in the bulk.2®?* This glass-to-crystal or GC mode
is so fast that thousands of molecular layers join the crystal in one structural relaxation time of
the liquid. Such rapid growth is in conflict with the standard view that diffusion defines the
Kinetic barrier for crystal growth.383%40 GC growth is notable in its sudden activation during the
cooling of liquids and disruption during the heating of glasses (see Figures 1b, 3, and 5 for the
transition in IMC, NIF, and OTP). In this respect, GC growth is similar to the surface crystal
growth on organic glasses in that both processes occur steadily at low temperatures and can be
disrupted at sufficiently high fluidity. Both, therefore, are appropriately described as solid-state
phenomena that are terminated in the liquid state.

Despite their similarity, the bulk GC growth terminates more abruptly. As a result, there exists
a range of temperatures in which the bulk growth is disrupted but the surface process is still
active, making possible the formation of a thin layer of surface crystals. Sun et al. argue that GC
growth occurs by local oscillations at the crystal/glass interface, as in a polymorphic conversion,
and is terminated if fluidity is high enough to rearrange the interface on the timescale of crystal
growth.?* Musumeci et al. report a quantitative condition for the existence of GC growth: D/u <7
pm, where D is bulk diffusivity and u the velocity of crystal growth.?® In contrast, surface
crystals grow upward on organic glasses using molecules transported by surface diffusion, and

the process is disrupted at the onset of fluidity by the wetting and embedding of surface crystals.
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1.5 Conclusion

Molecular glasses can grow crystals rapidly on their free surfaces and as we report here, the
process can be disrupted as glasses are heated to become fluids. The surface crystals that grow as
segregated needles (oo IMC, NIF, and o-terphenyl) are at greater risk than those that grow in
compact domains (y IMC). AFM showed that surface crystals rise upward as they grow laterally
and produce depletion zones on the glass surface. For the needles, the depletion zones are along
the slow-advancing flanks, and become wider and deeper with increasing distance from the tip.
The termination of surface crystal growth on glasses is attributed to the onset of liquid flow on
the timescale of crystal growth, which disrupts the upward growth of surface crystals supported
by surface diffusion. Elongated growth is more endangered because the slow-advancing flanks
become stationary relative to liquid flow at a low temperature. In contrast, the compact growth of
v IMC resists such attack, because the entire growth front advances uniformly at a speed faster
than liquid flow up to a high temperature. Our results show that fast surface crystal growth on
molecular glasses is inherently a solid-state phenomenon terminated in the liquid state, and that
the process is sustained by surface diffusion, not viscous flow.

Further understanding of surface crystal growth will benefit from systematic studies by high-
resolution microscopy, both below and above Tg, that closely follow the interaction between
crystal growth and liquid flow. It would be of interest to determine the sub-surface structure of
the crystals. Simulation studies would be especially valuable to understand the relationship
between the velocities of surface crystal growth, the rate of surface diffusion, and the dimensions
of the depletion zones. There is a remarkable similarity between the bulk GC growth and the

surface crystal growth in molecular glasses, in their existence in the solid state and their
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termination by fluidity, and this similarity motivates efforts to understand the two processes as a
whole that differentiates under different environmental conditions.
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3.1 Abstract

Molecular glasses can grow crystals much faster at the free surface than in the interior. A
property of this process is the creation of depressed grooves or depletion zones around the
crystals on the initially flat amorphous surface. With scanning electron microscopy and atomic
force microscopy, we studied this phenomenon in indomethacin, which crystallizes in two
polymorphs (o and y) of different morphologies. The observed depletion zones are well
reproduced by the known coefficients of surface diffusion and the velocities of crystal growth.
At the slow-growing flanks of needle-like o IMC crystals, depletion zones widen and deepen
over time according to the expected kinetics for surface diffusion responding to a crystallization
flux. Before fast-advancing growth fronts, depletion zones have less time to develop; their
steady-state dimensions agree with the same model revised for a moving phase boundary. These
results support the view that surface diffusion enables fast surface crystal growth on molecular
glasses. Our finding helps understand crystal growth in thin films in which the formation of deep

depletion zones can cause de-wetting and alter growth kinetics.

3.2 Introduction

Glasses are remarkable materials that combine the mechanical strength of crystals and the
spatial uniformity of liquids, making them useful in many areas of science and technology.'*
Although familiar glasses are inorganic and polymeric, there has been growing interest in the
glasses of small organic molecules for bio-preservation, drug delivery, and electronics.>*° In
these applications, an amorphous material must resist crystallization since crystallization negates

its advantages.
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Recent work has observed surprising features of crystallization in molecular glasses. For
example, as molecular liquids are cooled to become glasses, the velocity of crystal growth can
abruptly increase from being limited by bulk diffusion to vastly exceeding such limit.578%10.11
This fast growth mode has been called the glass-to-crystal or GC mode. In the presence of a free

surface, even faster crystal growth can occur,!?!3!415.16.17

causing crystals to grow much faster
along the surface than into the interior. At present, GC growth is known only for molecular
glasses, and while fast surface crystal growth is reported for amorphous Se'® and Si,' the
phenomenon is apparently absent in metallic glasses®® and the reports differ on silicate
glasses.21’22’2324’25

Several features of surface crystal growth on molecular glasses are worth noting. Surface
crystals rise upward as they grow laterally'? and are surrounded by depressed grooves or
depletion zones that form on the initially flat amorphous surface.!” The process of surface crystal
growth is halted by a thin coating (e.g., 10 nm of gold or a few nm of polymer).?® For the glasses
of indomethacin and nifedipine, the velocity of surface crystal growth is proportional to the
diffusivity of surface molecules independently measured through the decay of surface
gratings.?’-?® Furthermore, the active growth of surface crystals in the glassy state is disrupted if
the glasses are heated to become fluids.!” Fast surface crystal growth has been attributed to the
high mobility of surface molecules.!? In this model, surface molecules diffuse to join upward-
growing crystals layer-by-layer. Surface crystallization has also been attributed to the easier
release of crystallization-induced tension at the free surface.?’

This study concerns a key feature of surface crystal growth on molecular glasses — the

depletion zones around surface crystals created on the initially flat glass surface. This feature is

diagnostic of the mechanism of molecular transport that grows surface crystals. We used
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scanning electron microscopy (SEM) and real-time atomic force microscopy (AFM) to study the
phenomenon in the system indomethacin (IMC). This system is especially rich because two
polymorphs (a and y) can produce surface crystals of different morphologies, with depletion
zones developing around them on different timescales and to different dimensions. We report
that the observed depletion zones agree well with those expected for the combined action of
surface diffusion and crystal growth. For the slow-growing flanks of needle-like oo IMC crystals,
the depletion zone widens and deepens over time, in a manner consistent with surface diffusion
responding to a crystallization flux. On the other hand, the depletion zone has limited time to
develop before a fast-advancing growth front, and its steady-state dimension agrees well with the
same model adapted for a moving phase boundary. We obtain self-consistent crystallization
fluxes from the evolution of depletion zones and the growth velocities of surface crystals. These
results argue that surface crystal growth on molecular glasses is enabled by surface diffusion.
The phenomena studied here have much in common with the formation of surface grooves in
other processes: the growth of hemispherical crystals on amorphous silicon, ! the development

3031 and the evolution of polymer surfaces.>?

of grain boundaries in polycrystals,
3.3 Materials and methods
Indomethacin  (1-(p-cholorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid, 99+%, vy
polymorph) was purchased from Sigma-Aldrich. To prepare a sample for studying surface
crystal growth, indomethacin was melted on a clean coverslip at 15 K above the melting point
and covered with a smaller coverslip (typically round, 15 mm in diameter). The assembly was
cooled to below 7y by contact with a metal block pre-equilibrated at room temperature. The

sample was confirmed to be free of crystals by polarized light microscopy. The larger coverslip
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was detached by bending its edges away from the sample, which creates a glass film with a free
surface. The films were 10 — 100 pum thick. Surface crystals were nucleated at 313 K in
approximately two days and if necessary, the sample was transferred to a chosen temperature to
follow further growth. To favor a particular polymorph (a or y), seeding was sometimes used.
Polymorphs were identified by x-ray diffraction (Bruker D8 Advance diffractometer with Cu Ka
radiation) and Raman microscopy (Thermo DXR, excitation wavelength 532 nm).

SEM analysis was performed with a field-emission LEO 1530 low-voltage and high-resolution
SEM operated at 6 KV and 12-14 mm working distance using an in lens secondary electron
detector. Prior to SEM analysis, the sample was coated with a gold film 10 nm thick (Denton
Vacuum Desk Il, Denton Vacuum, Moorestown, NJ; 50 mTorr pressure, 45 mA current, and 30 s
deposition). The gold film stopped surface crystal growth and prevented charging during SEM
analysis. To further prevent charging, the sample was attached to a metal stub with a carbon tape.
For the cross-sectional view of a sample, the substrate coverslip was previously scored with a
carbide knife and just before analysis, the sample was snapped in half and coated with gold. The
IMC glass had clean brittle fractures.

Real-time AFM was performed with a Veeco Multimode IV Scanning Probe Microscope in the
tapping mode under N> purge. An AFM hostage was used to control temperature; it was
calibrated against the melting point of o-terphenyl (329 K). According to the manufacturer, the

AFM tip (300A1-G10, BudgetSensors) had a tip radius of 10 nm and half-cone angle of 20-25°

(10° at apex).



59

3.4 Results
Two polymorphs can grow on the surface of an IMC glass: a and y. These polymorphs have

different structures333*

and growth morphologies, enabling observations of different depletion
zones that develop at growth fronts that are nearly stationary or fast moving.
341 alIMC

Figure 1 shows SEM and real-time AFM images of o IMC crystals on the surface of IMC
glasses. At the temperatures of this study (300 — 317 K), these crystals grow steadily as needles
that rise above the glass surface.!? The side view of surface crystals (Figure 1b) shows that the
tip of an o IMC needle is raised above the glass surface, a feature invisible to the AFM tip
scanning from above. In cross sections (Figure 1c and 1d), we see that the crystals do not grow
significantly into the interior of the glass and are surrounded by depressed grooves or depletions
zones.

Real-time AFM obtained the velocities of crystal growth; for the crystal in Figure le, u, = 0.9
nm/s in the axial direction. As implied by the needle morphology, axial growth is much faster
than lateral growth, u, >> ux. The axial growth velocities from AFM agree with the reported
growth velocities measured by optical microscopy.'>!317

Figure 2 shows the typical width w and height A of o IMC needles. Both are several hundred
nanometers and both increase slightly with the distance to the tip. The H reported here is relative
to the flat glass surface far from the crystal; its value would be greater if measured from the
depressed glass surface immediately next to the crystal. In determining the width of a needle-like

crystal, SEM is more accurate than AFM, since the crystal can rise sharply above the glass

surface (Figure 1), causing the AFM tip, with its finite cone angle, to overestimate the crystal
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Figure 1. (a-d) SEM images of o IMC
surface crystals grown at 300 — 317 K. “DZ”:
depletion zone. (e) Real-time AFM images at
317 K. Color scale = 1200 nm in height. The
dotted line illustrates the measurement of
depletion zone profiles (Figure 3a).
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width. On the other hand, AFM is more accurate than SEM for measuring the height of crystals,
since SEM relies on side-view observations at uncertain angles.

Consistent with the previous finding,!” we observed depletion zones around o IMC surface
crystals on the initially flat glass surface. In cross-sectional views (Figure 1d), SEM shows that
the depletion zone descends as it approaches the flank of an a IMC needle, approximately
reaching a local minimum at the intersection. Figure 3a shows the typical profiles of depletion
zones from AFM, measured normal to the needle axis at different distances z to the tip (see the
dotted line in Figure le). These profiles are truncated near the crystal edge (x = 0). We see that
the depletion zone becomes wider and deeper with increasing distance to the tip. This
enlargement of the depletion zone is also observable at the same position on the glass surface
upon comparing the AFM images recorded at different times. As we discuss later, the evolution
of the depletion zone is well explained by surface diffusion responding to a crystallization flux.

Because the crystal can rise sharply over the glass surface (Figure 1), the AFM tip, with its
finite cone angle, cannot always find the exact location of a crystal/glass boundary (x = 0). To
locate this boundary, SEM images were a valuable aid and independent check on the AFM data.
SEM reports the accurate width of a needle-like crystal (Figure 2a), as well as the widths of
depletion zones. Meanwhile, an AFM scan across the needle accurately determines the height
profile and the total width of the perturbed glass surface (the two depletion zones flanking the
needle). From these two techniques, we obtain the crystal/glass boundary for an AFM depletion-

zone profile.
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Figure 2. Typical width (a) and height (b) of o IMC
surface crystals versus distance z to the tip,
measured by SEM and AFM, respectively. The
temperature range was 300 — 317 K, with no strong
dependence on temperature noted.
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Figure 3. (a) Depletion zone profiles at 317 K near an o
IMC crystal along x (direction of slow growth) at different
distances z to the tip. The actual crystal is in Figure le. (b)
Scaling the depletion-zone profiles according to eq. (6) [x
by (Bt)** and y by j(Bt)**] yields a master curve, which
agrees reasonably well with the model (red dotted line).
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3.4.2yIMC

This polymorph grows in compact domains, in contrast to the segregated needles of o IMC.
Surface crystals of y IMC also rise above the glass surface as they grow laterally, but not as high
as those of o IMC. Consistent with the previous report,!” SEM in cross sections found a small
depletion zone before the y IMC growth front (Figures 4a/b). The depletion zone approximately
reaches a minimum at the intersection with the crystal. Real-time AFM measurements (Figure
4c) also detected this feature before steadily advancing growth fronts. Figure 5 shows the typical
profiles of the depletion zone in the direction of crystal growth (dotted lines in Figure 4c). The
dimensions of the depletion zone are independent of time. In the case of y IMC, the “tall crystal”
problem encountered in the AFM analysis of o IMC is less severe, allowing the AFM tip to
locate the crystal/glass interface. Real-time AFM also yielded the growth velocities of y IMC
surface crystals, which agree with those from optical microscopy;'” for the crystal in Figure 4c, u
= 0.9 nm/s at 317 K. As we discuss later, the depletion zones are well explained by surface
diffusion near a moving interface responding to crystal growth.

In cross-sectional views, SEM revealed significant subsurface growth of y IMC concurrent
with surface growth. This bulk growth is faster for y IMC than for a IMC, and has been called
the glass-to-crystal (GC) growth mode.!! Despite the more active bulk growth, however, the

surface growth of y IMC still well outpaces the bulk process.



Figure 4. (a, b) SEM images of y IMC surface crystals
(313 K). “DZ”: depletion zone. (c) Real-time AFM
images vs time at 317 K. Color scale = 300 nm in
height. The dotted lines illustrate the measurement of
depletion-zone profiles.

+ 24 min + 48 min
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Figure 5. Depletion zone profiles before y IMC growth front
at 317 K (solid circles) and the profile predicted by a model
(eqg. (14); red line). The profiles refer to the advancing growth
front.
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3.5 Discussion

This work has characterized the surface crystals growing on the molecular glass IMC by high-
resolution microscopy and the surrounding depletion zones. Surface crystals rise above the local
amorphous surface and are surrounded by depletion zones whose dimensions depend on the
velocities of crystal growth. Before slow-advancing growth fronts, depletion zones enlarge over
time; before fast-advancing growth fronts, our experiments observed depletion zones of constant
dimensions. We show below that these observations are well explained by the known
coefficients of surface diffusion and kinetics of crystal growth.

3.5.1 Depletion zones along slow-advancing flanks of o IMC needles.

We first consider the depletion zones along the slow-growing flanks of an o IMC needle. The
depletion zone around the fast-advancing tip will be discussed later, because a different analysis
is required. We model each depletion-zone profile measured normal to the needle axis (Figure 6)
as a one-dimensional problem and as the result of surface diffusion in response to a
crystallization flux. We assume the side wall of the crystal is stationary, a reasonable assumption
given the slow lateral growth. If the cross-section is distance z to the tip, the depletion zone has
the time ¢ = z/u, to develop, where u; is the velocity of crystal growth in the needle direction.

The equation for the evolution of a one-dimensional surface profile, y(x,#), by surface diffusion

is:»

oy
2L 4+ By"=0 1
P y (1)

D% e : :
where B ="—",7, Ds is the surface diffusion coefficient, y the surface tension, 2 the molecular

volume, and v the number of molecules per unit area. Eq. (1) holds under the small-slope
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Figure 6. Model for the depletion zone
along the side of an a IMC needle. F¢ is
crystallization flux. Ac is the area of the
needle’s cross section.

68



69

assumption (y’~ 0). Zhu et al. have measured the values of B for IMC glasses using the method
of surface-grating decay.?’
For the evolution of the glass surface along the side of an o IMC needle, we introduce the

following boundary conditions:

V(6 0)=0 @
V@, 0 =0 3)
V(0,=0 4)
yoy=j= e 5)

Condition (2) states that the glass surface is initially flat. Condition (3) states that the glass
surface is flat far away from a surface crystal. Condition (4) sets the slope of the glass surface to
zero at the boundary with the crystal, to be consistent with experimentally observed surface
profiles. Condition (5) specifies the flux of molecules that leave the glass surface to join the
crystal; F¢ is the number flux in the unit of molecules/m/s and F. Q 1is the volume flux in
m?/(m-s). The “scaled flux”j is introduced for mathematical convenience. Sallese et al. defined a
similar model for the depletion zone near a hemispherical surface crystal on amorphous silicon. !’
Their model differs from ours in that in place of our Condition (4), they write y (0, ¢) = 0; that is,
they assume that the base of the hemispherical crystal remains at the level of the original
amorphous surface (this condition is somewhat at odds with their TEM images of the crystals.)

The problem defined by egs. (1-5) has been solved by Genin et al. in a different context.’® In
that solution, the process under study is the formation of grain-boundary (GB) grooves by
surface diffusion in the presence of a matter flux into or out of the GB. Mathematically, that

problem is defined in the same way as our crystal growth problem, and the solution is:

y(xt) = j(Bt)"“W(¢) (6)
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where & = is a scaled distance and the function W (&) is plotted in Figure 6.

X
(B)"*

Eq. (6) implies that the depletion-zone profiles reduce to the curve W (&) if x is scaled by
(BH)"* and y by [j (Bt)**]. This self-similarity is indeed observed in our system. For a series of
depletion-zone profiles at z = 1 — 4 um from the tip (Figure 3), the scaling collapses them to a
single master curve that agrees reasonably well with I (). Note that for this scaling, we use the
experimental value of B from surface-grating decay (10°!'* m*/s),?” and the experimental value
of u. from real-time AFM (0.9 nm/s). This consistency argues that surface diffusion responding
to a crystallization flux quantitatively explains the evolution of the depletion zones near surface
crystals. From this analysis, the volume flux of crystallization is estimated to be Fc Q= 6 nm?/
(nm-s).

There is a disagreement in Figure 3b between the scaled experimental profiles and the function
W (&) at the “overshoot”. The model predicts a profile of damped oscillations, which is not
observed experimentally. In the surface crystal growth on amorphous silicon, Sallese et al. noted
a similar discrepancy between the observed and predicted depletion-zone profiles.!”” The
oscillatory profile, however, was observed in the evolution of grain-boundary grooves and
polymer surfaces.?

The foregoing analysis applies only to the region 1 um behind the tip of an o IMC needle. This
1s necessary because the tip of the crystal is raised over the glass surface, with the overhang
being approximately 1 um. The tip advances more rapidly, requiring a different treatment than
the one described above but similar to that for y IMC (see below).

The crystallization flux just obtained from the evolution of the depletion zone, 6 nm?/ (nm-s),

can be tested against the flux estimated from crystal growth rates. If each flank of an o IMC
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needle receives the volume flux F. Q, the area of the needle’s cross section A (Figure 6) should

increase with its distance to the tip as

Fo-%dA 7)
2 dz

To see eq. (7), consider two vertical slices of an a IMC needle of width /4 and distance dz
apart. The slice further from the tip has the additional time dz/u, to receive the flux, collecting
2hF. dz/u, more molecules, where the factor 2 reflects the two flanks of the needle. The volume
difference between the two slices is then & dA. = 202 h F. dz/u., from which eq. (7) follows. We
evaluate dA¢/dz from the AFM height profiles of surface crystals (Figure 1e) and obtain F.Q =
12 nm* (nm-s) at 317 K, which is in fair agreement with the value from the evolution of
depletion zones.

3.5.2 Depletion zones near y IMC surface crystals.

In contrast to the slow-growing flanks of o IMC needles, the growth front of y IMC surface
crystals advances uniformly and rapidly. Before a fast-advancing growth front, a depletion zone
has less time to develop, before being overrun by the crystal. Experimentally, we observe a
steady-state profile of the depletion zone before the growth front (Figure 4). To model this
depletion zone, we seek a steady-state solution of Mullins’s equation of surface diffusion (eq. 1)
for a moving phase boundary subject to a crystallization flux. For this problem, eq. (1) is
rewritten in the moving reference frame &= x — ut, where u is the velocity of crystal growth, to

read:®

oy
By — l+_=0 9
3% Wyt )

At the steady-state, %tl =0 and Eq. (9) becomes an ordinary differential equation for y(¢):
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"

y"— 0(3)/' =0 (10)
where > = u/B.

We subject Eq. (10) to the following the boundary conditions:

y(©)=0 (11
y'(0)=0 (12)
" — '_FCQ

y"()=j= B (13)

Condition (11) states that the glass surface is flat far away from the crystal. Condition (12)
sets the slope of the glass surface to zero where it meets the crystal, which is consistent with the
experimental profile. Condition (13) specifies the flux of crystallization.

The solution of (10) subject to (11)-(13) is

g
2

y = exp(—ael 2) cos(@ ag—%) (14)

RIS

The shape of the predicted depletion-zone profile is shown in Figure 7 as a plot of y/ [-
2j/(~/3 6?)] vs ae Note that eq. (10) has been solved by Genin®’ and by Sekerka et al.>* under
other boundary conditions in their treatment of traveling grain-boundary grooves in the presence
of a matter flux. Their problems are mathematically similar to our crystal growth problem, but
the solutions differ owing to different boundary conditions.

To apply eq. (14) to model the surface growth of y IMC, we again use the experimental data B
= 10" m*s, 27 and u = 0.9 nm/s. The predicted depletion-zone profile is overlain in Figure 5
with the observed. The prediction agrees reasonably well with the experimental data. From this

analysis, we obtain F Q =27 nm?/ (nm-s) for the volume flux of crystallization. The latter value

is larger than that for the flanks of an oo IMC needle (6 nm*/nm-s), a difference we shall discuss
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Figure 7. A model for the steady-state
depletion zone before the growth front of y
IMC. F is crystallization flux; u is growth-front
velocity. The negative sign before 2j
corresponds to removing molecules from the
glass surface, creating a depressed groove.
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later. Note that as in the case of o IMC, there is a disagreement at the “overshoot” for y IMC as
well.

The crystallization flux just obtained from the depletion zone (27 nm?/nm-s) can be tested
against the flux implied by the velocity of crystal growth. For a section of the growth front of
length L and height H advancing at velocity u, the crystal volume increases at the rate uHL,
implying the volume flux of crystallization is

FeQ=uH (15)

At 317 K, u = 0.9 nm/s, H = 40 nm (average height of the y IMC growth front), we obtain F Q2

= 36 nm’/ (nm-s), in reasonable agreement with the crystallization flux for y IMC from the

depletion zone.

3.5.3 Depletion zones around the fast-growing tips of oo IMC needles.

The depletion zone before the tip of an o IMC needle must be treated separately from that
along its sides. The fast tip growth suggests a similar treatment to that just described for y IMC.
The present situation, however, is less well characterized experimentally, since the raised tip of
an o IMC needle blocks the access of an AFM tip to the region of the expected depletion zone.
The limited data from SEM suggest that the depletion zone before the tip has roughly the same
dimensions as that before the growth front of y IMC. We speculate that the similarity exists
because the two situations are characterized by similar growth-front velocities and crystallization
fluxes. That the two polymorphs should have similar crystallization fluxes (in their fast growing
directions) is reasonable because across the crystal/glass interface, there should be similar

chemical-potential gradients and similar molecular mobilities. The two situations differ slightly
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in that the tip of an a IMC needle probably grows by collecting molecules from the glass surface
around the tip, not just in front of it.

Our study finds that the crystallization flux at the side of an o IMC needle is significantly
lower than that at the growth front of y IMC and probably at the tip of o IMC. We attribute this
difference to the different growth velocities of crystal faces. The flank of an a IMC needle
advances more slowly than the tip because of its lower surface energy. We imagine that both the
tip and the flank receive the same flux of molecules, but only at the tip can the molecules quickly
join the crystal. The side surface of an o IMC needle is slower to incorporate incoming
molecules into its lattice and may return some of them to the amorphous surface, leading to
lower net fluxes.

The upward growth of surface crystals on molecular glasses is superficially similar to the
growth of whiskers off a solid material, but is in fact quite different. Metal whiskers can grow
from a vapor phase, which deposits atoms to the side surface of a whisker;® tin whiskers can be
extruded from a solid material as a mechanism of stress release.>* These processes differ from
surface crystal growth on molecular glasses, in which molecules join the crystals by surface
diffusion, creating characteristic depletion zones on the amorphous surface. It is also noteworthy
that not all surface crystals on molecular glasses resemble whiskers; for example, y IMC grows
compact domains.

It seems possible to develop an alternative explanation for the depletion zones around surface
crystals reported here, in which surface viscous flow, as opposed to surface diffusion, supplies
molecules to growing crystals. Assuming that there exists a low-viscosity surface layer that
obeys Stokes equations in the lubrication approximation with no slip from the underlying bulk

material, Chai et al. derived an equation for surface evolution that is mathematically equivalent
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with Mullins’ equation for surface diffusion (eq. 1).>> While Mullins’ model defines surface
diffusion as involving only the top layer of molecules, Chai et al.’s model invokes a fluid surface
layer of unspecified thickness. Further studies, perhaps by simulations, are warranted to
determine which model better describes the surface evolution of molecular glasses, including

surface crystal growth and the decay of surface gratings.

3.6 Conclusions

Molecular glasses can grow crystals much faster at the free surface than in the interior, a
phenomenon uncommon for other glasses. A key property of this process is the formation of
depressed grooves or depletion zones near the crystals on the initially flat amorphous surface.
With scanning electron microscopy and real-time atomic force microscopy, we studied this
phenomenon in indomethacin, which crystallizes in two polymorphs (o and y) of different
morphologies. The observed depletion zones are quantitatively reproduced by the combined
action of surface diffusion and crystal growth. Near the slow-advancing growth fronts, depletion
zones widen and deepen over time, and their evolution follows the expected kinetics for surface
diffusion responding to crystallization fluxes. Before fast-advancing growth fronts, depletion
zones attain steady-state dimensions, which are predicted by the same model adapted for a
moving phase boundary. These results strongly support the view that fast surface crystal growth
on molecular glasses occurs by surface diffusion.

Better understanding of mass transport responsible for surface crystal growth will benefit from
studying other systems and testing the generality of the conclusions reached here. Of the
molecular glasses capable of fast surface crystal growth, indomethacin has relatively slow

growth and exhibits polymorphism. The slow growth enables observations at high resolution,
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while the polymorphism gives access to different growth morphologies and growth-front
velocities. Surface crystals grow faster on the glasses of nifedipine and o-terphenyl,!” and the
study of these systems will require faster microscopy and can provide a fuller test of the models
proposed here. It is also of interest to apply high-resolution microscopy to examine the
disruption of surface crystal growth at the onset of liquid flow!” to understand the mechanism by
which solid-state crystal growth terminates in the liquid state.

Although our experiments were performed with bulk glass films (ca. 100 pum thick), our results
are relevant for understanding crystal growth in thin glass films, where the formation of
depletion zones could lead to de-wetting and altered growth kinetics. Sun et al. reported that with
decreasing thickness, surface crystal growth can slow down in a glass film of indomethacin.'?
The effect is more pronounced for oo IMC than for y IMC; in films thinner than 100 nm, the
growth of needle-like o IMC crystals exposes regions of bare substrate. It is noteworthy that
slower growth is observed even in films a few hundred nanometers thick, despite the expectation
that fast surface diffusion occurs in a mobile layer a few nanometers thick. This effect can be
explained by the creation of depletion zones around surface crystals. With increasing distance to
the tip, the depletion zones flanking an a IMC needle can become several hundred nanometers
deep. Once a depletion zone is deep enough to reach the substrate, de-wetting can occur, and the
exposed region can expand with further crystal growth. If the de-wetted region reaches the
growth tip, its fast growth could be halted. The shallower depletion zones before y IMC surface
crystals explain their relative immunity to the decrease of film thickness. It would be of interest
to test these ideas by real-time AFM.

We have studied the formation of depletion zones in the context of understanding surface

crystal growth on molecular glasses. This phenomenon has much in common with other
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processes that create surface grooves by a combined action of surface diffusion and matter flux;
for example, the growth of hemispherical crystals on amorphous silicon!® and the evolution of
grain boundaries in polycrystals.’**! Having received similar treatments, these phenomena can
collectively report the success and shortcomings of current models. For example, while the
models predict mildly oscillating surface contours as a consequence of crystal growth supported
by surface diffusion, such features are not observed for the process on amorphous silicon'® and
indomethacin, though they are sometimes observed in grain-boundary grooves. There is room for
future work to achieve a better agreement between theory and experiment.
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4.1 Abstract

Recent studies have shown that organic glasses can grow crystals substantially faster at the free
surface than in the interior. Previous studies were performed with glass films essentially infinitely
thick and wide. This study examines the effect of spatial confinement on the process using glass
films of limited width and thickness and with the supporting substrate being more to less adhesive.
The major finding is that surface crystal growth on molecular glasses is disrupted by spatial
confinement on length scales that greatly exceed several molecular layers — the length scale
expected for surface diffusion. For a thick glass film of nifedipine (NIF) or o-terphenyl (OTP), the
process is disrupted if the width is reduced to below several micrometers. This critical width is
approximately the lateral “footprint” for surface crystal growth, composed of the single-crystal
domain in steady development and the distance over which the amorphous surface is perturbed.
Similarly, the process in indomethacin (IMC) is disrupted if the glass film is thinner than the
vertical “footprint”, which is defined by the depth of the depletion zones around growing crystals.
We also report a more subtle confinement effect observed with glass films approximately 10 um
thick supported by strongly adhesive substrates. Surface crystal growth in these films has the
expected initial velocity, but the velocity decreases over time, approximately on the timescale at
which the surface crystal layer grows to the bottom of the substrate. All these effects reflect the
environmental perturbation to the growth of surface crystals. These effects are significant because
organic glasses of technological importance have finite dimensions, may be attached to substrates,

and the resulting confinement can affect the kinetics of surface crystallization.

4.2 Introduction
Glasses or amorphous solids can be formed by cooling liquids, drying solutions or condensing

vapor without crystallization. Amorphous solids are advantageous over their crystalline
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counterparts for many applications®. Although the more familiar amorphous solids are inorganic
(e.g., window glass) and polymeric, there has been an increased attention to organic or molecular
glasses as vehicles for delivering poorly soluble drugs?, and as photo- and electro-active
materials®*. An amorphous solid is generally more soluble than the corresponding crystal, and this
property is useful for delivering drugs whose bioavailability is limited by their poor solubility. For
all amorphous materials, stability against crystallization is important. Recent studies discovered
that crystal growth at the free surface can be orders of magnitude faster than crystal growth in the
interior>®789 1t is worth noting that surface-enhanced crystallization is observed for molecular
glasses and amorphous Se'® and Si !, but the phenomenon is apparently absent in metallic
glasses'? and silicate glasses'®4151617 Understanding fast surface crystal growth on molecular
glasses is important for developing amorphous materials that are stable against crystallization.
Previous studies have reported many interesting features of surface crystal growth on molecular
glasses. Surface crystals rise above the glass surface, and are surrounded by depletion zones,>® as
a result of the combined action of surface diffusion and crystallization flux®. The growth of surface
crystals can be inhibited by a nanocoating (e.g. 10 nm of gold or a few nanometers of polymers)*°.
Surface crystal growth is active on molecular glasses, but is terminated by the onset of fluidity.®
Surface diffusion and surface crystal growth have similar kinetics, described by us = Ds / (3
um)?02122 This relation suggests that surface mobility is responsible for fast surface crystal growth.
In this work, we investigate the effect of spatial confinement on surface crystal growth. Previous
studies were performed with glass films essentially infinitely thick and wide. Previous work also
observed that the growth of surface crystals has characteristic length scales.®!® The lateral
“footprint” of the process is on the order of several micrometers, consisting of the size of single-

crystal domains that steadily develop and the size of the surrounding depletion zones on the
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amorphous surface; the vertical footprint is on the order of hundreds of nanometers defined by the
depth of the depletion zone. We hypothesize that if the available space for surface crystal growth
is reduced to the size of its footprints, the process will be disrupted.

Apart from understanding surface crystal growth, this work is motivated by the recent proposal®
that crystal growth in the interior of molecular glasses is related to that on the free surface. Powell
et al. propose that bulk crystal growth in mechanically fragile organic glasses might involve
continuous fracture and surface mobility. This model in essence treats bulk crystal growth as a
spatially confined form of surface crystal growth. Thus, understanding how surface crystal growth
responds to spatial confinement could help understand bulk crystal growth.

This work is also motivated by the work of Rades and coworkers?*, who performed crystallization
experiments in open micro-containers. They observed slower crystallization of indomethacin
glasses in containers that are tens of micrometers in diameter. This observation is unexpected given
that the length scale of this effect is vastly larger than the estimated thickness of the mobile surface
layer (the thickness of several molecules).

We performed several preliminary experiments to learn how spatial confinement affects surface
crystal growth. First, we varied the width of the channel into which surface crystals can grow.
Crystal growth was monitored at the edge of a glass film sandwiched between two cover slips. In
this experiment, the material feeding crystal growth is unlimited in depth but limited in width.
Second, we performed experiments with glass films of different thicknesses and supported on
different substrates.

We find that spatial confinement on the length scale of micrometers can disrupt the growth of
surface crystals. For a thick glass film of NIF or OTP, the process is disrupted if the width is

reduced to below several micrometers. This critical width is approximately the lateral “footprint”
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of surface crystal growth (the size of a single-crystal domain plus the distance over which the
amorphous surface is perturbed). Similarly, the process in IMC is disrupted if the glass film is
thinner than the vertical “footprint”, which is defined by the depth of the depletion zones around a
growing crystal. We also report a more subtle confinement effect observed with glass films
approximately 10 um thick supported by strongly adhesive substrates. Surface crystal growth in
these films has the expected velocity initially, but the velocity decreases over time, approximately
on the timescale at which the surface crystal layer grows through the film to touch the substrate.
These effects are explained on the basis of the environmental perturbation on the growth of surface

crystals.

4.3 Materials and Methods

Indomethacin  (1-(p-cholorobenzoyl)-5-methoxy-2-methylindole-3-acetic  acid; IMC; vy
polymorph), nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitophynyl)-3,5-
pyridinedicarboxylate;NIF), and o-terphenyl (OTP) were purchased from Sigma-Aldrich. As
described in previous chapters, glass films were prepared between silicate coverslips and film
thickness was controlled by adjusting the sample mass. One coverslip was detached to create a
glass film with a free surface to study the effect of glass thickness on surface crystal growth. Some
experiments were performed in which the silicate substrate was replaced by a Kapton film and a
gold-coated Kapton film (the gold layer was 20 nm thick and deposited by sputtering).

For a “perimeter surface experiment”, a glass film was prepared between two coverslips in such
a way that the edge of the film was recessed from the edges of the coverslips to allow easy

observation. The edge of the glass film was a ribbon of exposed free surface whose width is the
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thickness of the film. In this geometry, it was possible to observe both surface crystal growths
along the edge and bulk growth into the interior.

Surface crystallization was observed real-time with the aid of the temperature-controlled Linkam
microscope stage under a N2 purge (Olympus BH2 — UMA). Real-time AFM was performed with
a Veeco Multimode 1V Scanning Probe Microscope in the tapping mode under N2 purge. An AFM
hostage was used to control temperature; it was calibrated against the melting point of o-terphenyl
(329 K). According to the manufacturer, the AFM tip (300AI-G10, BudgetSensors) had a tip radius

of 10 nm and half-cone angle of 20-25° (10° at apex).

4.4 Results
4.4.1 Effect of glass width on surface crystal growth

Figure 1 shows the effect of glass width on surface crystal growth on an OTP glass at 243 K (Tq
— 3 K; Ty is the glass transition temperature). In this experiment, the edge of a glass film was
observed to allow simultaneous measurements of surface crystal growth along the edge and bulk
crystal growth into the interior. The depth for bulk growth was essentially infinite, whereas the
width w for surface growth was limited. At w = 14 um (Figure 1a), the velocity of surface crystal
growth us matches that for growth without any width limitation: log us (m/s) = -6.9.° The bulk
crystal growth rate up is also consistent with the previous report: log up (m/s) = -8.0.2>% Atw =7
um (Figure 1b), however, surface crystal growth along the edge is significantly slower, while the

bulk crystal growth is unaffected. Figure 1c shows the data used to measure these growth rates.
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Figure 1. OTP surface crystals growing at 243 K (Tq — 3 K) in glass films 14 um (a) and 7 um (b) thick.
(c) Kinetics of surface (black) and bulk (red) crystal growth in the two films. (d) us as a function of glass
width. us and up: previously reported velocities of surface and bulk crystal growth.%22
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Figure 1d shows the velocity of surface crystal growth as a function of glass width. Notice a drop
of us as the glass width decreases to several micrometers. Above this width, us is consistent with
the reported value for unlimited width. Below this width, us approaches the bulk crystal growth
rate up.>2>%

Similar results were observed with NIF glasses crystallizing at 303 K (Tg — 12 K) (Figure 2). At
w = 10 um, the observed us and uy, agree with the previous reports: log us (m/s) = -8.4, log up (m/s)
=-9.4."9% However, at w = 5 um, the observed us is significantly slower, while the up is unaffected.
The plot of us vs. w (Figure 2d) shows a drop of us as the glass width decreases to several
micrometers. Above this width, us is approximately the reported value for unlimited width; below
this width, us approaches the bulk crystal growth rate up.>?® Notice that for both OTP and NIF
glasses, the critical glass width below which surface crystal growth is disrupted is comparable

(several micrometers).

4.4.2 Effects of glass thickness and substrate materials on surface crystal growth

Sun et al. systematically studied the effect of glass thickness h on the surface crystal growth on
IMC glasses, using h that is on the order of the depth of the depletion zones around surface
crystals.® They observed that as h approaches the depth of the depletion zone, surface crystal
growth is disrupted. In this study, we used thicker films to study a more subtle confinement effect.
Figure 3a shows the Kinetics of surface crystal growth of y IMC at 303 K (Tg — 12 K) in films 14
and 170 um thick, both supported by a silicate coverslip. The crystal growth rate us was measured
by AFM under nitrogen purge. In this experiment, the sample was initiated to crystallize at 313 K

and transferred to 303 K for further crystal growth; because bulk crystal growth is slow at 313 K
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Figure 2. NIF surface crystals growing at 303 K (Tg —12 K) in glass films 10 um (a) and 5 um (b)
thick. (c) Kinetics of surface (black) and bulk (red) crystal growth in the two films. (d) us as a function
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log h (um)

Figure 3. (a) Crystal growth rates us of y IMC in glass films 170 and 14 pm thick at 303 K,
observed by real-time AFM. us decreases over time approximately exponentially. The decay time
7 is shown in (b) as a function of glass thickness. The trend is approximately captured by the
calculated curve tcac = k h/up, where k = 0.5 is a fitting parameter, h is glass thickness, and up is

bulk crystal growth.
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(the onset temperature for bulk GC growth is 306 K),?” the 303 K observation began with only a
surface crystal layer.

Notice that in both films, us decreases over time, with the effect being much stronger in the
thinner film. Initially, the two films have similar us, but at the end of the measurements, us for the
thinner film is nearly 10 times slower. The initial velocity of surface crystal growth is consistent
with previous reports for thick films during the early stage of crystal growth.>®° Notice also that
the decrease of us over time is approximately exponential (log us roughly linear in t). Figure 3b
plots the characteristic time t for the exponential decay vs. the glass thickness h. The data have
considerable scatter; the overall trend is that us slows down at a faster rate in thinner films than in
thicker films. The curve passing through the data points is the time for bulk crystal growth to
descend halfway through the film toward the substrate (see later).

We next present three other observations that help understand the thickness-dependent slowdown
of the surface crystal growth of y IMC. First, the effect is temperature dependent. If the temperature
is raised from 303 K to 313 K (T4 — 2 K), the effect largely vanishes. This result indicates that the
solidity of the matrix is important for observing the phenomenon. Second, the effect depends on
the surface of the substrate. Figure 4 compares the kinetics of surface crystal growth on an IMC
glass 12 um thick supported on a silicate coverslip, a Kapton film, or a Kapton film coated with a
layer of gold (20 nm thick). Notice that by replacing the silicate substrate with the Kapton substrate,
us becomes nearly independent of time. In contrast, on a gold-coated Kapton substrate, us decreases
over time as on a silicate substrate. In this comparison, these three substrates differ in the strength
of adhesion to the IMC glass: IMC adheres weakly to the Kapton surface and more strongly to the
silicate or gold-coated Kapton surface. This difference in adhesion was readily seen in a peel test.

A Kapton film is easily and cleanly peeled off the IMC glass, whereas a silicate coverslip or
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a gold-coated Kapton film is not. This finding indicates that the slowdown of surface crystal
growth is related to the interaction between the IMC glass and the substrate.

A third observation relevant for understanding the thickness-dependent slowdown of surface
crystal growth is that in contrast to y IMC, the surface crystal growth of o IMC does not slow
down significantly at the same film thickness. Figure 5 shows the growth kinetics for oo IMC
growing in a glass film 14 um thick. Within experimental error, the growth rate is constant. As we
discuss later, we attribute the difference between the two IMC polymorphs to their different bulk

crystal growth rates up: in the bulk, y IMC grows 10 times faster than o. IMC.?’

4.5 Discussion

In this preliminary study, experiments were performed to learn how spatial confinement affects
the growth of surface crystals on molecular glasses. We find that for a thick glass film of nifedipine
(NIF) or o-terphenyl (OTP), surface crystal growth is disrupted if the width is reduced to below
several micrometers. It was reported previously that surface crystal growth in the glass films of
indomethacin (IMC) is disrupted if the thickness is reduced to several hundred nanometers?®,
Below we will discuss these confinement effects on the basis of the “footprints” of surface crystal
growth and the space available for growth. This study has also observed a more subtle confinement
effect with IMC films approximately 10 um thick. On strongly adhesive substrates, surface crystal
growth has the expected initial velocity, but the velocity decreases over time. This effect
disappears on the less adhesive Kapton substrate. We will discuss this effect on the basis of

simultaneous bulk growth under surface crystals and its interaction with the substrate.
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4.5.1 Critical width and depth for disrupting surface crystal growth on molecular glasses
Surface crystal growth on molecular glasses has characteristic dimensions or “footprints”. We
hypothesize that if these footprints exceed the space available for crystal growth, the process will
be disrupted. This hypothesis is consistent with known morphologies of surface crystals
summarized in Figure 6.°18%° The best quality images were obtained for IMC surface crystals
because of their slower growth and the possibility to characterize them at room temperature (as
opposed to sub-ambient temperatures for OTP glasses). o IMC grows segregated needles that rise
above the glass surface and are surrounded by depletion zones (Figure 6a). The width of an o IMC
needle is 10? — 10% nm; the distance over which the crystal perturbs the surrounding amorphous
surface (Chapter 3) is also 102 — 10° nm. We estimate the “footprint” for the steady-state growth
of a IMC surface crystals to be several micrometers (the sum of the crystal width and the width of
the depletion zones on both sides). In comparison, y IMC surface crystals are more compact (Figure
6b), with each single-crystal domain estimated to be several micrometers in size. NIF surface
crystals are bundles of fibers or plates that advance together (Figure 6¢).° The lateral footprint of
this growth process is probably on the order of several micrometers. For OTP (Figure 6d), surface
crystals have been characterized only with the relatively low-resolution light microscopy, a result
of its sub-ambient T4. The lateral dimension of independently advancing domains is estimated to
be several micrometers. For all these systems, surface crystal growth is roughly described as
having a lateral footprint of several micrometers, and this dimension agrees with the critical glass

width below which the process is disrupted (Figures 1d and 2d).
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Figure 6. Surface crystals on molecular glasses: o IMC (a), y IMC (b), NIF?° (c), and OTP
(d).
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To further test this understanding, it would be valuable to compare the growth of the two IMC
polymorphs in the same experiment that has been performed for OTP and NIF glasses. Because
they grow as segregated needles, the surface crystals of o IMC could enter channels slightly
narrower than those of y IMC. Such polymorphic selectivity would have practical utility.

The vertical footprint for surface crystal growth is expected to be comparable to the depth of
depletion zones around surface crystals. For o IMC, the depletion zones around the needle-like
crystals are 102 — 10 nm, increasing with the distance to the tip.' For y IMC, the depletion zone
before the steadily advancing growth front is 10 — 102 nm deep.8 These depths roughly agree with
the thicknesses below which the surface growth of these polymorphs is disrupted: 300 nm for o
IMC, and 180 nm fory IMC.® It would be of interest to test this correlation with additional systems,

such as NIF.%> 2

4.5.2 Slowdown of surface crystal growth over time

Concerning the gradual slowdown of the surface growth of y IMC over time (Figure 3), the
experimental facts suggest a role for the simultaneous bulk crystal growth under surface crystals
and the interaction between the organic glass and the substrate. Paeng et al. report that as a crystal
growth front advances through the bulk of an o-terphenyl glass, a modest stress field is present
near the growth front over a distance of 10 pm, with the maximal tension reached being 8 MPa?,
Powell et al. argue that bulk crystal growth in molecular glasses continuously fractures the glass
matrix, which limits the buildup of crystallization-induced tension to a modest level (8 MPa for o-
terphenyl).?® Consistent with these ideas, we imagine that as surface crystals grow laterally atop a
glass film, a bulk growth front is initiated and moves towards the substrate. As the bulk front

approaches a strongly adhering substrate, the kinetics of fracture changes. This effect might arise
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because the substrate has a different elastic modulus and because it is more difficult to delaminate
the organic glass off the strongly adhering substrate than to fracture the organic glass. This effect
could cause stress to increase and to spread. The stress field could propagate to the glass surface,
causing local separations between crystalline and amorphous domains and slowing surface crystal
growth. This model can explain the existence of the phenomenon with the faster bulk-growing y
polymorph but not with the slower growing o polymorph and the disappearance of the effect on
replacing the silicate substrate with the less adherent Kapton substrate. The model also explains
the disappearance of the phenomenon at the onset of fluidity by invoking the efficient stress
relaxation through liquid flow.

For an empirical test of this model, we assume the characteristic time for the slowdown of surface
crystal growth is proportional to the time for the bulk growth front to arrive at the substrate:

Tealc = K h/up 1)
Where h is film thickness, up is bulk crystal growth rate, and k is a factor on the order of unity.
Figure 3b shows that with a reasonable value k = 0.5, eqg. 1 approximately reproduces the trend of
the experimental data. Thus, the characteristic time for the slowdown of surface crystal growth is
approximately the time for the bulk growth front to descend halfway through the film toward the
substrate.

At present, the model is highly speculative and future work is needed. A test of this model could
be performed with the aid of polymer additives, which slows down bulk crystal growth effectively,
but has a smaller effect on surface crystal growth.?® The model predicts that the slowdown of
surface crystal growth over time becomes less pronounced in the presence of a polymer dopant. It
would be valuable to examine the process of crystal growth by SEM for evidence of fracture and

propagation of the stress field.
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4.6 Conclusions

We performed preliminary studies of the effect of spatial confinement on surface crystal growth
in indomethacin, nifedipine, and o-terphenyl glasses. The major finding is that surface crystal
growth on molecular glasses can be disrupted by spatial confinement on length scales that greatly
exceed several molecular layers — the length scale envisioned for surface diffusion. For a thick
glass film of nifedipine (NIF) or o-terphenyl (OTP), the process is disrupted if the width is reduced
to below several micrometers. This critical width is approximately the lateral “footprint” for
surface crystal growth, composed of the single-crystal domain and the distance over which the
amorphous surface is perturbed. Similarly, the process in indomethacin (IMC) is disrupted if the
glass film is thinner than its vertical “footprint”, defined as the depth of the depletion zones around
a growing crystal. We also report a more subtle confinement effect observed with glass films
approximately 10 um thick on strongly adhesive substrates. Surface crystal growth in these films
has the expected initial velocity, but the velocity decreases over time, approximately on the
timescale at which the surface crystal layer grows to the bottom of the substrate. All these effects
reflect the environmental perturbation of the growth of surface crystals.

Further understanding these effects is significant because organic glasses of technological
importance have finite thickness and may be attached to substrates, and the resulting confinement
effect on surface crystallization is relevant for predicting and controlling their physical stability.
Future work could systematically examine the phenomenon in different glass formers and with
different techniques of spatial confinement. Microfluidic channels could be a useful tool for

controlling the space available for crystal growth.
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Chapter 5

Future Work

The work described in this thesis investigates the mechanism of fast surface crystal growth
on molecular glasses. Recent literature and subsequent research presented in this thesis have
established that fast surface crystallization on molecular glasses is enabled by surface diffusion.
These studies have been conducted mainly using indomethacin. Many other systems can be
examined for future studies. In this final chapter, I will propose some future studies that would
advance our understanding of surface crystallization on molecular glasses, and consequently,

contribute towards our understanding of the stabilization of amorphous solids.

5.1 The effect of heating above T4 on the growth of surface crystal

Using optical microscopy, we observed that fast surface crystal growth is active below Tg, but is
terminated by the onset of fluidity above Tq.! However, the effect is not consistent across different
crystals. While heating leads to the termination of surface crystal growth in o-terphenyl (OTP),
nifedipine (NIF) and indomethacin (a IMC)), its effect on y IMC is comparatively less.

| propose to study the competition between surface diffusion and viscous flow using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). With the help of high-resolution
microscopy, it should be interesting to observe how the activated liquid interacts with and
terminates surface crystal growth. Do surface crystals still grow upward upon heating? Do we
observe depletion zones around a growing crystal? Do depletion zones persist upon heating? If

not, does the velocity of viscous flow explain the filling of depletion zones? How different is the
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interface between o and y IMC? In addition to IMC system, it might be interesting to further
investigate the effect of heating on surface crystallization in NIF.

In addition to surface grating decay experiments, observations with nanoparticles embedded in
both native and doped in an IMC glass will help understand the mechanism of surface
transformation. These particles can represent slow-growing crystals. For preliminary experiments,
we deposited 500 nm diameter PS spheres on the surface of IMC upon heating. Figure 1a shows
a series of AFM images that track the height of PS spheres over time at 327 K. The initial velocity
of sinking of PS spheres (the slope of the red line) is plotted in figure 1b along with the
characteristic rate of viscous relaxation, F = y/2n, where vy is surface tension, and 7 is viscosity. A
reasonable agreement between F and the sinking rates of PS particles was observed, suggesting
that PS particles sink by viscous relaxation (Figure 1c).

It would be beneficial to measure the velocity of sinking as a function of the size of particles.
Systematic studies (at many temperatures) might provide a better estimate of sinking rate and
consequently, a better estimate of viscosity. The analysis of sinking rate should be extended to
understand whether the exposed particle size affects the sinking velocity.

It would be of additional benefit to study particle deposition on other systems such as NIF.
Previous studies demonstrate that NIF shows surface enhanced crystallization' and diffusion.>*
Also, NIF has the same grass transition temperature as IMC (7 = 315 K). A test of the generality
of our findings on systems other than IMC would be helpful to understand the transformation of

main mechanism between surface diffusion and viscous flow as a function of temperature.
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5.2 Creation of depletion zones

A key feature of surface crystal growth on IMC glasses is the creation of a depletion zone around
a growing crystal. In this thesis, we focused our work on IMC. In Chapter 3, we presented a
physical model to describe the evolution of surface for two different polymorphs of surface
crystals, o and y IMC®. We concluded that the depletion zones near the crystals of both polymorphs
are explained by surface diffusion and crystallization flux.

It would be a better argument to examine if other mechanisms such as viscous flow or bulk
diffusion are also responsible for the development of depletion zones. Further studies are
warranted to extend Mullin’s mathematical model to determine if the surface evolution of
depletion zones around a growing crystal can be explained by bulk diffusion or viscous flow.®

It will be also useful to examine the evolution of depletion zones in other systems such as NIF
glasses. AFM observations of NIF surface crystals indicate the presence of a segregated needle-
like surface morphology. As mentioned in Chapter 3, for the slow-growing flanks of needle-like o
IMC crystals, the interface between a crystal and a glass surface is considered to be stationary. On
the other hand, the depletion zone has limited time to develop before a fast-advancing growth front
for a compact domain of y IMC. The crystal morphology of NIF is between needles and compact
domains, which may necessitate a new physical model for NIF crystals.

Another system to study could be the felodipine system. Kester and Taylor studied the surface
and bulk crystal growth of felodipine, a hydrophobic calcium channel blocker.” They reported that
of the two polymorphs, Form | exhibits faster surface crystal growth rate compared to the bulk
crystal growth rate. The other polymorph, Form I, shows only bulk crystal growth. The surface
crystal growth rate of Form | below Ty (316 K) is approximately six times faster than the bulk

growth rate. The surface crystal morphology of Form I is spherulitic, with a compact, dense and
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smooth interface with the glass. The morphology of Form | might be similar to y IMC. To date, no
experiments have been conducted to characterize the depletion zones around the surface crystals
on felodipine glass by high-resolution microscopy. If depletion zones are observed, further
characterization would be necessary to see if a physical model used for y IMC can describe the
evolution of surface on felodipine glasses.

Another possible system for these studies is cabamazepine (CBZ), an anticonvulsant drug. Gunn
and Yu reported three polymorphs of CBZ that exhibit enhanced surface crystallization.® They
demonstrated that the crystal morphology of Form I is needle-like, while that of Form IV is
spherulitic, as shown in Figure 2. The rate of crystal growth for Form | and IV makes these
polymorphs amenable to AFM analysis of their surface morphology at 303K (Form I: log us (m/s)
=-9.35, Form IV: log us (m/s) = -8.62). Since the crystal morphology of Form | and IV are similar
to o and y IMC, respectively, these experiments would be valuable to examine the generality of
the physical model we used to explain the relationship between surface diffusion and fast surface
crystal growth.

The work in this thesis has focused on pure compounds. However, multi component glasses are
often used for commercial formulations. Polymer additives are used to stabilize amorphous drugs.
Polymer dopants®% can inhibit the bulk crystal growth more strongly than they affect the surface
crystal growth. The exact mechanisms underlying the effect of polymer additives on surface crystal
growth is still unclear. Thus, characterizing the surface evolution with LM (Light microscopy),
SEM and AFM may provide better explanation for understanding the interaction between drugs

and polymers at the surface.
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Figure 2. (I) Optical images show the crystal growth of Form | at the
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Surface morphology of pure NIF has been examined by AFM.}® For future studies,
polyvinylpyrrolidone (PVP) or polystyrene (PS) doped in NIF glass or IMC glass can be tested by
real-time AFM observations. In addition, polyethylene oxide (PEO) could be investigated as
Powell et al observed the acceleration of surface crystal growth for PEO doped NIF.X | am
interested in pure compounds. | expect to see the width and depth of depletion zones become larger
in multi-component glasses because the crystal growth rate becomes slower for the polymer
additives in observing the differences in how the surface evolves in multiple component glasses
compared to drugs. If depletion zones are observed, we will test if they are reproduced by an
experimental coefficient of surface diffusion. With help of high resolution microscopy, | anticipate
that this study could also help explain the mechanism of surface crystal growth for multi-
component glasses.

Overall, understanding the properties of depletion zones around a growing surface crystal on a
broad range of organic glasses will aid in the development of better models to explain the

mechanism of surface crystallization.

5.3 Confinement effect on surface crystal growth
5.3.1 Critical width on inhibition of surface crystallization in molecular glasses

The spatial confinement effect has been generating great interest in practical applications. Much
work has been devoted to study finite size effects on glass transition temperature for polymer
molecules, 111213141516 The study of polymer thin film may have a tremendous impact on the
application of electronics, lubrication. For instance, Keddie et al. discussed that glass thickness

was a function of Tq. As the glass thickness decreased, Ty was slightly increased because of the
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interaction with substrate, which resulted in slower mobility for thin films of poly(methyl
methacrylate) (PMMA). 1

Note that the length scale of glass thickness for studying polymer glass is angstrom or nanometer
scale, while the dimensions in our case are hundreds of nanometers. Another example of spatial
confinement is porous matrices such as controlled pore glass (CPG) to test the spatial confinement
effect on stabilizing amorphous solids or selection of polymorphs,17:18:19.20.21,22

We show in this thesis that glass width, glass depth and glass thickness alter surface
crystallization kinetics. As a test of confinement effect, in addition to the experiments discussed
in chapter 4, | propose to grow surface crystal of IMC in a channel. In preliminary work, an IMC
glass was prepared by quenching of a melt, and a 10 nm gold was coated through a copper grid
sitting on the IMC glass, producing channels 35 microns wide Figure 3(b-d) show SEM images of
v IMC surface crystals growing at 313 K in the channels. The rate of surface crystal measured by
optical microscopy agreed reasonably with previous studies (log us (m/s) = -8.9).%2324 Although
this experiment was successful for growing crystals in a channel, the main concern was that the
interface between the glass and gold coating was not distinguishable. Knowing the exact length
scale of the system is critical for studying the confinement effect.

For future work, we can use microfluidic approaches as an alternative to better understand the
confinement effect. Figure 4 shows the proposed microfluidic crystallization channel for organic
material system. The width is between 2- 4 um, and the thickness has to be above 10 um. As
discussed in Chapter 4, the smallest width of “perimeter surface experiments” is approximately 5
um. Thus, microfluidics technique will be useful to allow precise control over a few microns scale.
However, there are two disadvantages of using microfluidics techniques for our systems. The

conventional microfluidics channel is usually not surface, but bulk system. Thus, it is necessary
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Figure 3. The dimensions of a copper grid (a). SEM
images of y IMC surface crystal growing in a glass
confined by 10 nm gold coating of a copper grid at
313 K (b-d).
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Figure 4. Scheme of a microfluidic crystallization
channel (top). Yellow color surface crystallization
fabricated in a channel below Ty.
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that the top layer of polydimethylsilozane (PDMS) has to be removed gently without any damage
to asample or mold. Secondly, the microfluidic platform comprises a thin multilayer PDMS cannot
endure a high temperature above 353K, which indicates that cooling of a melt method for preparing
IMC glass is impossible because the melting point of y or o IMC, for example, is respectively 433-
438 K*26 425-427K.?® In order to grow crystals in a channel prepared by microfluidic technique,
solvent has to be used to prepare a glass. It is important to confirm the solvent is completely
evaporated before measuring the rate of surface crystal growth. Real time measurement of surface
crystal growth rate will be monitored by an optical microscopy plus hot-stage with nitrogen purged
to reduce the effect of moisture. Raman microscopy will be used for identification of
polymorphism. We will use AFM and SEM to study the surface morphology of crystals growing

in the channel.

5.3.2 The effect of glass thickness on surface crystal growth

In Chapter 4, we report that surface crystallization Kinetics is affected by glass thickness and
material substrate. Surface crystal growth in thinner films supported by silicates has the expected
initial velocity. However, the velocity decreases over time, approximately on the timescale of the
surface crystal layer grows to the bottom of the substrate.

It would be beneficial to observe, in real-time, the subsurface of both, thin (10 um) and thick
(more than 100 pum) glass films of o and y IMC glasses. This may allow the observation of voids
that are created in the bulk. SEM is a useful technique to study subsurface of glass. However, real
time observation of subsurface using SEM is not currently possible because the sputter gold
coating that is used to study IMC glasses using SEM inhibits further surface crystal growth.?’

Preparing samples at each day to observe crystal growth rate at the surface and in the bulk can be
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a useful experiment. SEM can also help us understand how the interaction between a substrate and
a glass can affect crystal growth rate at the surface. We hypothesize that when the bulk crystal
growth reaches a substrate, the interaction between them creates tension. Subsurface SEM
experiments could be beneficial to test this hypothesis.

Our current analysis investigates surface crystallization kinetics y IMC at 303 K. In the future,
we will examine this phenomenon at different temperatures. For y IMC, the onset of temperature
for terminating GC growth (glass-to-crystal; T:) is 306 K.2® We anticipate that at temperatures
above 306 K, the slowdown of surface crystallization will not occur because GC growth is
terminated. Additionally, we will perform similar analysis with the NIF system around 316 K (T
for NIF) to gather additional support for this hypothesis.

According to the observation in o and y IMC, the bulk crystal growth rate of y IMC is an order
of magnitude faster than that of a IMC, but surface crystal growth rate of o and y IMC are
similar.1?® We found that the surface crystal growth rate of y IMC slows over time, while o. IMC
does not. As mentioned, the hypothesis is that the time for surface crystal growth to slow down
correlates with the time for bulk crystal to grow. In other words, at early stage the surface crystal
growth is fast, but surface crystallization kinetics is dependent on how much the crystal grows in
the bulk at late stage. We will apply this idea on CBZ. Form |11 shows surface crystal growth rate
is a factor of 3 faster than bulk crystal growth rate. For Form | and 1V, surface crystal growth rate
is more than ten times faster than bulk crystal growth rate. Thus, we expect that Form 111 show the
stronger effect on the slowdown of crystallization over times, but Form | and IV may show less
effect. Testing the crystal growth rate of three polymorphs might help further understanding of

correlation between surface and bulk crystal growth rate.
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5.4 Conclusions

This thesis has demonstrated that fast surface crystal growth on molecular glasses is explained
by surface diffusion. This phenomenon is new area of research because all of the studies have been
published in the last 10 years. All observations are surprising features to be addressed in order to
understand and develop for stabilizing the amorphous solids. This chapter suggests a wide range
of experiments that can be conducted to better understand surface crystallization on molecular
glasses. This will have many practical application in stabilization of systems used in
pharmaceutical, food and electronic industries.

Molecular glasses in confined systems should be explored further because this could be one of
useful strategies to stabilize amorphous solids, selecting polymorphism and controlling nucleation.
At the current experimental set up, it might be difficult to pursue the confinement effect on surface
crystallization because it usually requires studying from micrometer to the nanometer scale.
Therefore, multiple additional techniques should be certainly tried to employ studying

crystallization process at the nano scale in a confined system in the future.
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