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Two classes of stimuli-responsive polymers were prepared and studied. The first class of
materials comprised both homopolymers of and block copolymer including polyoxacyclobutane
(POCB) which is known to exhibit the rare quality of cocrystallization when exposed to water.
The kinetics of cocrystallization were investigated using techniques that had previously only been
applied to polymer homocrystallization. It was shown that cocrystallization, while heavily
influenced by diffusion effects, can still be described by standard homocrystallization theories.
Block copolymers containing POCB and polyethylene oxide (PEO) were then synthesized via
click chemistry to test their ability to form the hydrate as well as their ability to self-assemble. It
was also established that the crystalline POCB hydrate does form for block copolymers, and that
for low PEO to POCB ratios the structure of the crystal changes from spherulites to cylindrical
micelles. At high temperatures the crystal melts and the block copolymers separate into
aggregates/micelles with a hydrophobic core. The second class of stimuli-responsive polymers
investigated were polymers bearing ionic side chains. With a long-term goal of forming layered
composites whose mechanical properties could be controlled with electricity, polymer electrolytes
were prepared, and their adhesion was studied. Metal substrates coated with polymers bearing
both negatively and positively charged sidechains were shown to physically adhere to electrodes
when an external voltage was applied. The dependence of the adhesion on environment and

sample history was studied.
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1 Introduction to Dissertation

1.1 Stimuli Responsive Polymers

Unlike small molecules, which typically display the same characteristic set of properties
for both one molecule and for several moles, a polymer will change properties depending on chain
length, preparation, degree of folding or aggregation, branching, crosslinking, and other
macromolecular traits. In otherwords,, these materials exhibit “bulk” behavior that depends
directly on the interchain interactions, which can be dramatically affected by external stimuli.
Small molecules, although they also respond to external stimuli, rarely exhibit cooperative
behavior that one could characterize as a unique bulk materials property. Common stimuli include
temperature, light, pH, salt concentration, or presence of a specific molecule!. This phenomenon
is similar to the way proteins and other biomaterials respond to stimuli within the body, and indeed,
much work in this area is inspired by biological systems.

There are multiple ways to alter a polymer’s physical properties. Heating above the Ty, the
Tm, or the LCST, or changing the number of crosslinks or conformation or interactions with the
solvent are common ways of changing said properties?. Stimuli responsive polymers see use in
things like drug delivery® and actuation®, exhibiting a change when certain conditions are met.

The materials | investigated in the course of my PhD are unique because while the stimuli,
water and electricity, are not uncommon, the manner in which they change the polymer properties
are unique. Please note that the following introductions to these projects are brief and more detailed

information related to precedents, approach, and rationale can be found in the specified chapters.



1.2 Water Responsive Polymers

The water responsive polymer project was undertaken in collaboration with Prof. Sachin
Velankar and his research group from the Chemical and Petroleum Engineering Department at the
University of Pittsburgh (Chapter 2). Polyoxacyclobutane (POCB), otherwise known as
polyoxetane or polytrimethylene oxide, is a polyether with unique chemical properties. The three
methylene carbons flanking each oxygen confer a relatively hydrophobic quality to the molecule,
which phase separates from water at most concentrations. However, below a melting temperature
of 37°C, the precise spacing of the oxygens in the polyether backbone allows a cocrystal structure
between the water and the POCB to form (Fig. 1.1), despite its otherwise hydrophobic nature. This
crystal structure had been originally reported in 1970°, but only recently has the crystallization

phenomenon been studied in detail®.

Figure 1.1: The cocrystal structure of POCB. The precise spacing of the oxygens in the polyether
backbone allow for the formation of a cocrystal with water in which there is a 1:1 ratio of repeat
units to water molecules

While there are a few other known polymers that cocrystallize with a small molecule, these
compounds are rare, and cocrystallization with water is known only in POCB’, linear
polyethyleneimine®, and possibly poly(1,3-dioxolane)®*! and of those, only POCB cocrystallizes

at a biologically relevant temperature. None of the polymers that crystallize with a small molecule
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have been studied kinetically or mechanistically. Polymers crystallize differently than small
molecule crystals, and prior to this work, it was not known whether cocrystals crystallize in a
similar manner as polymer homocrystals. Sudesna Banjeree carried out the kinetic experiments for
this project and I analyzed the data collected using methods previously only used for single-
component crystallization kinetics'?>®® to determine if polymer cocrystals behave similarly to
polymer homocrystals.

In the context of this work, we regard water as a stimulus because the introduction of water
to either the bulk phase of the polymer or a solution of the polymer in an organic solvent has a
dramatic effect. Unless the temperature of the system is held very close to the melting point, visible
precipitates containing crystalline regions form immediately. These crystalline materials are stable
and insoluble until heated above the melting point of the hydrate.

Moving forward, in order to expand the range of potential applications for the POCB
hydrate, | prepared and studied the behavior, including the interaction with water, for block
copolymers combining POCB with polyethylene oxide (PEO) (Chapter 3). While the 37°C
transition of the POCB cocrystal is promising for biological applications, it cannot be used directly
as it either phase separates or crystallizes out. The most commonly used biocompatible,
hydrophilic polymer is PEO and this makes it an ideal candidate as the hydrophilic portion of the
block copolymer. | first compared methods of block copolymer synthesis to determine an optimal
synthetic route, and then produced several block copolymers of various lengths and used a variety
of analytical techniques to determine their supramolecular structure as well as the characterizing
the crystallization behavior thereof.

Homocrystallization within block copolymers typically affects the structure, producing

cylindrical micelles more frequently than the spherical micelles normally seen in self-assembly 4.



Cylindrical micelles have different rates of drug delivery than spherical micelles, and, since
polymer crystals typically have amorphous regions, this could allow for interactions with small
molecules for drug delivery. The ability of POCB to cocrystallize with water could significantly
impact its shape as a part of a block copolymer, thus leading to increased potential as a drug
delivery system. As we will see, water will have the ability to transform a structure into different

forms.

1.3 Electrically Responsive Polymers

Next, we look at electrically responsive polymers. Electrically responsive polymers are
particularly attractive due to the presence of electricity in our everyday lives. Examples of
electrically responsive polymers include shape memory®®, color changes®®, drug delivery!’, and
electrochemical actuators*®,

This project was a continuation of work done by Jeff Auletta in the Meyer group to
determine the viability of ionomer films for electroadhesive applications. Electroadhesion occurs
in all capacitor systems, in which the separated charges experience an attraction to each other. This
process has been well documented for inorganic materials and is separated into two categories-
standard coulombic attraction which describes the attraction between two capacitor plates, and
Johnsen-Rahbek electroadhesion, which describes the attraction between charges at the interface
of a dielectric and the capacitor plate!®. The latter confers a lower required charge, and thus is the
ideal application for biological and wearable applications.

In my project, | tested the repeatability of the adhesion effects of PEAA and studied the

adhesion behavior of sodium sulfonated polystyrene-co-(ethylene-b-butylene)-co-styrene (SEBS)
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with varying degrees of sulfonation and as well as an ionic liquid film (Chapter 4). Although
electroadhesion was repeatedly observed, the behavior of the samples was found to be extremely

dependent on both sample history and environmental conditions.

1.4 Final thoughts

Although these two projects involved different polymers and different stimuli, they hold in
common the fact that the external stimuli are affecting interchain interactions. In the POCB/water
project the external water creates crystalline order rapidly upon exposure. Although POCB, like
many polymers can self-crystallize in the dry bulk form, the process is slower and requires careful
thermal processing. In the electroadhesion process, the build-up of charge at the polymer surface,
is used to promote strong adhesion. While polymers often exhibit some adhesive properties with
other polymers and surfaces due to their ability to form a large number of individual interactions,

the build-up of electrostatic charge dramatically enhances these interactions.



2 POCB kinetics

This chapter includes work done in collaboration with Sudesna Banerjee, who carried out
the bulk of the characterization. My contributions include helping to develop the volumetric
methodology used to characterize bulk crystallization, data analysis, particularly for the Avrami
plots and Hoffman-Lauritzen plots, and manuscript writing. This chapter includes the text from
our joint paper:

Liquids that Freeze when Mixed: Homogeneous Cocrystallization Kinetics of
Polyoxacyclobutane-Water Hydrate; Emily F. Barker, Sudesna Banerjee, Tara Y. Meyer, and
Sachin Velankar; ACS Applied Polymer Materials 2022 4 (1), 703-713; DOI:

10.1021/acsapm.1c01626.

2.1 Background on Crystallization

Crystallization both of small molecules and polymers has been studied extensively. To put
our studies of the crystallization kinetics of POCB with water into context, it is useful to review
some widely accepted theories of how crystallization proceeds. The two most common polymer
crystallization theories are the Hoffman-Lauritzen theory of crystal growth and the Avrami model
of crystallization. As we will be discussing how the kinetics of cocrystallization match the

established theories of polymer crystallization, a brief review is presented.



Hoffmann-Lauritzen Regimes

One of the most common methods of describing crystal growth is through use of the
Hoffman-Lauritzen (HL) theory of polymer crystal growth. In Hofmann-Lauritzen theory crystals
expand via one of two processes: secondary/surface nucleation in which a new layer is added to
the polymer crystal via chain folding or through addition of a new polymer chain, and lateral
growth, in which the polymer expands laterally from a nucleation site. Interestingly, the difference
in temperature dependance of surface nucleation (i) and lateral growth (g) can be observed in plots
of undercooling vs log of growth rate?®, as the rate limiting step of the process changes as
temperature changes, giving insight into the mechanism of growth. Specifically, three regimes are
noted as increase in surface nucleation changes with increase in undercooling (Fig 2.1). We apply
such treatment to polymer cocrystals, and thus it is necessary to expand upon these regimes and

the reasoning behind them.

Regime | Regime Il Regime IlI

G, = biL

Figure 2.1: One model of the Hoffmann-Lauritzen regime growth that does not take the spherulite
substructure into account in order to focus on the understanding of the regimes. In regime 1 (a)
each nucleation event is rare and the entire surface of the crystal is covered before another
nucleation event takes place. In regime Il (b) both nucleation and growth are occuring on similar
scales. In regime I11 (c) surface nucleation is so rapid there is no lateral growth contribution.



There are many sources that provide the final rates of each regime (2.1.5, 2.1.9, and
2.1.12)12 2024 to explain why one sees 3 regimes in the graph of log of growth rate vs undercooling,
but with regards to the reasoning behind the square root in regime Il it mostly arises from the
thermodynamic derivation. In the below text I thus go into further detail to expand on how one can
arrive at these equations more intuitively.?%’

One can treat the problem as a rate problem. A sites on the polymer get filled in through

lateral growth (g) to form the next layer of the crystal, B, and A’ sites get filled in through surface

nucleation (i) to form the next layer of the crystal B (eq. 2.1.1-2.1.4).

a)

Figure 2.2: A section of a new layer of polymer crystal can either be added through surface
nucleation (a) or through lateral growth (g). The empty site is given as A if it gets filled by surface
nucelation and A’ if it gets filled by lateral growth. Whether added via surface nucleation or lateral
growth, the resulting site will be approximately the same (B) regardless..

A%B (2.1.1)
aLp (21.2)
—dA
el 2.1.3
7 =9 (2.1.3)
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g (2.1.4)
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Regime |

In regime 1, a rare secondary nucleation event (i) occurs which allows for lateral growth (g) across
the surface of the growing crystal (Fig 2.1a). Secondary nucleation is so slow that the entire surface
of the crystal gets filled in through lateral growth before another nucleation event occurs, making
the rate determining step the nucleation event (eq. 2.1.5). The change in B (the addition of the next
layer of the crystal) is dependent on the rate of nucleation and the thickness (b) and persistence

length (L) of the crystal.

Ifi<<g
i is the rate-limiting step:

dB
_ = 2.15
R ibL ( )

Regime Il

In Regime 11 secondary nucleation is on the same scale as lateral growth (Fig 2.1b). A nucleation
event is required for lateral growth, but since they are on the same scale, the lateral growth is not
limited. Thus, we can treat the problem as follows: A sites get converted to the next layer B through
lateral growth at the rate g and A’ sites get converted to the next layer B at the rate i through
secondary nucleation. This can be written as the equation A + A'—2B, which would produce a

rate equation of the rate being proportional to the square root of both i and g (eq 2.1.9).



ifi~g

A+ A - 2B (2.1.6)
1 1
SA1 A 2.1.7
2A+2A - B ( )
1 1
fEZ(QSﬁ;éiZ (2.1.8)
dt dt dt
dB
zﬁfzzbvﬁg (2.1.9)

Regime 111

In regime I11 the secondary nucleation events are occurring at such a high rate that there is virtually
no time for lateral growth to occur and all spaces are being filled by secondary nucleation events
(Fig 2.1c). Thus, the rate is dependent only on i (eq 2.1.12) because g is 0. The persistence length

L' is given instead of L because this mechanism leads to a slightly different length.

ifi>g

i is the only step:

A5 B (2.1.10)
158 (2.1.11)
dB
— = i{bl’ 2.1.12
=i ( )
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It can be understood that surface nucleation is more influenced by the undercooling
temperature than lateral growth, thus if one were to plot the growth rate vs degree of undercooling

there will be a change in slope for regime 11 (Fig. 2.3) Specifically, the equation,

K

G = Gofe TaT (2.1.13)
where
= % (2.1.14)
for regimes I and 111 and
= % (2.1.15)

for regime 11242829 B is the transport function related to diffusion of the polymers,  is the surface
free energy of lateral growth, oe is the surface free energy of a fold, Tr is the melting temperature,
Ahs is the heat of fusion per unit volume of crystal, and k is the Boltzmann constant.

For a dilute solution,

1/3 AH*  AS*
PRRESLINES s (2.1.16)

where ¢ is polymer concentration, AH* is the activation energy of diffusion, AS* is the entropy
change related to diffusion, R is the gas constant, T is the temperature.
This model allows one to plot the log of the growth rate G vs 1/TAT to produce a linearized

plot where the slope of regime Il is less than that of regimes I and 11 (Fig. 2.3).
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Regime [ll

LogG
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Regime |

1
TAT

Figure 2.3: Anexample of the linearize plot of crystallization growth vs undercooling to highlight
regime changes. Plotting the data in such a way allows one to make conclusions about the
mechanism of growth.

On an atomic scale one would see that the direction of growth is not consistent with that of

a sphere or circle, but rather a circle comprising many strands of lamellae (Fig. 2.4a), each of
which comprises strands of folded polymer chains (Fig. 2.4b)%31,
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Figure 2.4: The spherulite substructure made up of many lamellae with length L and height b (a).
The lamellae each contain folded polymer (b). A nucleation event would be a fold onto a new layer
and growth along an already nucleated surface comprises lateral growth.
Critical radius

When a crystal is small, the free energy of crystallization is lower than the free energy of
melting due to the low number of interactions between the crystallizable components. As the
crystal expands, the number of interactions of the internal crystal components increases, such that
the free energy of the crystal volume increases at a greater rate than the free energy of the surface.
When the volume is sufficiently large, the free energy of crystallization will be larger than the free

energy of melting due to the increased internal interactions of the crystal volume and crystallization

will proceed. This point is known as the critical radius®.
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Figure 2.5: Graph showing the trends of the free energy change of surface crystallization, the free
energy change of the interior volume of crystallization, and the total free energy change of
crystallization, which is equal to the sum of the surface and volume crystallizations. Initially the
total free energy change is positive but as the volume free energy change decreases faster than the
surface free energy change changes, the total crystallization free energy change reaches a
maximum known as the critical radius.

Contrary to the implication from the name, the critical radius of polymers is not a fixed
diameter of a sphere, rather it takes the form of a set number of chain folds (Fig. 2.6). Zhang et.

al. combined the classical crystallization theory of the critical radius with the lamellar substructure

of polymer crystallites and calculated the number of chain folds that comprise the critical radius®3.
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according to HL theory above the critical radius

Figure 2.6: Hoffman-Lauritzen theory predicts a new secondary nucleation event is required for
the next layer of crystal growth. In actuality several folds are required for a secondary nucleation
event to be thermodynamically stable.
Avrami plots

JMAK theory!? arises from a Poisson relation, as derived by Evans®* to model the
expanding circles of waves from raindrops landing in a pool of water. According to this theory,
crystallization kinetics are characterized by an exponent (n) that describes the dimensionality of
growth. The fraction of material crystallized, y., changes as

xe =1—exp(—(kt™)) (2.1.17)

While the original theory required integer values for n, diffusion-controlled growth can give rise
to half-integer values. As well-summarized by Lorenzo et al.*®, deviations from eq. 2.1.17 can
arise for several reasons, e.g., a change in the rate of primary nucleation during the crystallization
process, or an induction time for crystallization. Avrami exponents often decrease as time
increases. It is also possible for a combination of diffusion-controlled nucleation and non-linear
primary nucleation to yield the same exponents with differing mechanisms3-3’,
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2.2 Overview

Previously® members of the Velankar group reported on the phase behavior of mixtures of
650 Da polyoxacyclobutane (POCB) and water. POCB, also known as polytrimethylene oxide (or
glycol), polyoxetane, or poly(1,3-propanediol) has the rare ability to cocrystallize with water to
form a crystalline hydrate. There are several polymers that can cocrystallize with small molecule
compounds®t 47 byt cocrystallization with water is known only in POCB’, linear
polyethyleneimine®, and possibly poly(1,3-dioxolane)®*!. Exclusive to POCB is its ability to
cocrystallize with water near body temperature (37°C), making POCB of potential interest for
medical applications. POCB also exhibits several other unusual and fascinating properties
including that pure POCB has an unusually low melting temperature compared to other
polyoxyalkylenes, that the melting temperature of the hydrate exceeds that of both of the individual
components, and that POCB separates from water upon melting the hydrate®. This project moves
beyond phase behavior and examines the kinetics of hydrate cocrystallization by dilatometry and
by microscopic observations of spherulite growth. The central issues explored here are the

dependence of cocrystallization kinetics on mixture composition and temperature.
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Figure 2.7: Reprinted with permission from ACS Appl. Polym. Mater. 2022, 4, 1, 703-713.
Copyright 2023 American Chemical Society. Phase diagram for 650 Da POCB and water.
Vertical black line labeled S indicates the composition of the cocrystal hydrate. The solid red
indicates liquid-liquid coexistence between L and Lw phases. Dotted red line indicates a
metastable portion of the liquid-liquid coexistence curve. Blue arrows illustrate cooling samples
in three different composition regions. A: Cooling from a homogenous solution of water and
polymer to form POCB/water co-crystals; B: Cooling from a phase-separated mixture through a
homogeneous solution to a mixture of cocrystals in equilibrium with a solution of POCB in
water; C: Cooling from a phase-separated mixture directly to a mixture of cocrystals in
equilibrium with a solution of POCB in water. The left boundary of the Lp-Sc region is drawn
approximately; the full phase diagram is shown in Banerjee et al®.

While the structural and thermodynamic aspects of polymer-small molecule
cocrystallization are well-studied®%, there is little information about the kinetics of such
cocrystallization** ¢, As compared to the vast knowledge of crystallization kinetics of
homopolymers, polymer blends, or polymer solutions'? 3% 4% even basic questions about
cocrystallization have not been tackled. For example, there is little knowledge of how
cocrystallization kinetics depend on temperature, how cocrystallization proceeds with time, or how
cocrystallization depends on mixture composition. In polymer crystallization from mixtures, it is
well-recognized that diffusion limitations of one or both species may affect crystallization

kinetics®® %953, Since cocrystallization must occur from a mixture of two species, similar diffusion
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limitations may be a necessary complexity of cocrystallization. We focus on the kinetics of
cooling-induced batch crystallization of POCB/water mixtures with relatively low water content
(m,, <24 wt%) where m,, is the mass percentage of water in the mixture. Low water contents are
chosen for this research because, as we will discuss, it is then possible to maintain a single-phase
liquid before and during the entire hydrate crystallization process.

Previously, we studied the phase behavior of POCB-water mixtures at a POCB number
average molecular weight of 650 Da. Examining the corresponding phase diagram (Fig. 2.7) in
detail, POCB hydrate has an isostochiometric crystal (1:1 molar ratio of repeat unit to water),
corresponding to a composition of m,, = 23.6 wt% water’. For the 650 Da polymer, the melting
temperature of the hydrate is T,, = 37°C, which is higher than both the melting temperature of
pure water and pure POCB. Below 37°C, the solid crystal (Sc) coexists with either the liquid
polymer-rich phase (Lp) in the region marked Lp-Sc or the liquid water-rich phase (Lw) in the region
marked Sc-Lw. Above 37°C, the mixture shows either a single homogeneous liquid (Lp) or a
coexistence of polymer-rich and water-rich phases (Lp-Lw). Due to the complex phase behavior,
the mixture composition has important implications for batch crystallization induced by cooling
and three key composition regions can be distinguished. In region A, with m,, < 23.6 wt%, a
single homogeneous L, phase exists above the melting temperature of the POCB hydrate. Cooling
below T, produces hydrate, while the coexisting L, phase concomitantly becomes enriched in
polymer as the crystallization proceeds. In region B, where the water content slightly exceeds
m,, = 23.6 wt%, it is possible, depending on the initial temperature, to start crystallizing from the
homogeneous Ly phase. However, as crystallization proceeds, the Lw phase becomes further
enriched in water, and phase separation of the liquid phase may occur. In region C, corresponding

to high m,, values, the phase-separated Lp-Lw region appears above T = T,,. As the hydrate
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crystallizes upon cooling below T,,, both phases change in composition, until the final Sc¢-Lw
equilibrium is reached. Regions B and C both present significant experimental challenges as phase
separation requires the sample to be well-mixed to avoid density-based separation of the liquid
phases due to gravity. For this reason, this first study focuses on region A only.

Even homopolymer crystallization is a complex phenomenon. A variety of factors
contribute to the rate of crystallization, crystal size and shape, thermodynamic stability, and the
degree of crystallinity. Two prevalent theoretical frameworks that are widely applied to the
crystallization of polymers are the Johnson-Mehl-Avrami-Kolmogorov (JMAK)*? model, which
models the bulk rate of crystallization, and the Hoffman-Lauritzen (HL)** model for lamellar
growth. It should be noted that these models each have known limitations. The IMAK model does
not take into account all of the mechanics of nucleation and growth of lamellar crystals®®-¢, and
the HL theory does not capture all molecular aspects of polymer crystallization®* 561, Despite
these limitations, these models have been shown to provide significant insight into the
crystallization of polymers. One of our aims is to understand whether the cocrystallization of
POCB and water can be described using these established theories.

Although the literature on the kinetics of cocrystallization of polymers with small
molecules is sparse, there are some studies on these systems and other related ones that we consider
relevant precedent to our current work. In particular there are several investigations that highlight
potential applications for these systems, including the melting-induced delivery of encapsulated
drugs®?%” and the sequestration of impurities in water®®. In related, but not fully analogous
systems, studies on polymer clathrates and inclusion compounds3-3% 43.66.71-72 and on the kinetics
of vapor sorption of already crystallized polymers " are also relevant. Also important are studies

on polymer-polymer cocrystallization, many of which include detailed kinetic analyses. These
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investigations focus on mixtures of the same polymer but with different molecular weights’*>,

mixtures of stereoisomers*® 8 or structurally-similar polymers /.

2.3 Experimental

2.3.1 Materials

Polyoxacyclobutane with hydroxyl end-groups was obtained from DuPont under the trade
name of Cerenol® and used without purification. The molecular weight of 650 Da was reported by
the manufacturer. Our own gel permeation chromatography, using THF as solvent and polystyrene
standards, gave a molecular weight of 567 Da and a dispersity of 1.8.

The glassware used to measure specific volume change was made in the glass shop at the
University of Pittsburgh.

The hydrophilic fumed silica was obtained from Wacker Chemical Corporation (USA)

(HDK N20) and talc (~200 mesh) was obtained from ACROS Organic.

2.3.2 Methods

Volumetric analysis of co-crystallization rates

Apparatus
Custom-made volume dilatometers (Fig. S1) were used for all measurements. The

dilatometers consisted of a round-bottom flask with an approximate volume of 4 mL attached via
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ground glass joint to glass tubes with an approximate length of 12 cm, an inner diameter of 1.11

mm, and an outer diameter of 7.28 mm.

Sample preparation.

Mixture compositions are be designated by m,,, the mass percentage of water in the
mixture. POCB and deionized water were combined to form mixtures ranging from m,, = 8—-
23.6 wt% water. Prior to loading samples into the dilatometers, the mixtures were heated above
the melting temperature of the hydrate to achieve a homogenous liquid. An aliquot (1-2 mL) of
this mixture was transferred to the custom dilatometers. The amount of material added was
quantified by weight. The dilatometer was assembled and mineral oil (~ 2 mL) was added to the
flask and glass tubing such that the oil meniscus at room temperature sat a few centimeters below

the top of the tubing.

Volume change measurements

Using a custom sample holder (Figure 2.8), up to 5 samples were monitored
simultaneously. Samples were first equilibrated for at least 15 min at 48°C to ensure that all
crystals were melted. To record volume changes due to crystallization, samples were rapidly
transferred from a hot bath to a cold bath maintained at a chosen crystallization temperature, Tc, in
the range of 8-22°C under quiescent conditions. The experiment was photographed at 3.5 s
intervals and the images were analyzed using motion tracking software to determine the position
of the meniscus in the glass tubing as a function of time. The volume changes were calculated and
normalized for sample weight. At the end of the experiment, the temperature was again raised to
48°C provide an accurate meniscus height corresponding to the fully molten sample. Experiments

were carried out by Sudesna Banjeree.
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Figure 2.8: Reprinted with permission from ACS Appl. Polym. Mater. 2022, 4, 1, 703-713.
Copyright 2023 American Chemical Society. Custom dilatometers were designed to fit 4 mL of
liquid (POCB and water) with a capilary place thereon and filled with mineral oil to measure the
volume change.
Spherulite growth rate measurements.

Each sample was first melted above 37°C and held at that temperature until the sample was
a homogeneous liquid with no crystallites present. A drop of the melted liquid was placed between
two glass coverslips, wi