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Design, System, Application Statement

Controlling the crystallization of water through synthetic systems is a grand challenge with
implications from cryopreservation of biologics to the efficiency of wind turbines. Through
confinement, the phase behavior and dynamics of water can be altered to provide insights into
lengthscales and interactions that are important to manipulating and controlling ice formation.
Here, we describe a simple hydrogel system based on an amphiphilic statistical copolymer with
crystalline hydrophobic segments that act as effective crosslinks. Through control of the
crystallization of these hydrophobic crosslinks through a zone annealing approach, the
nanostructure of the hydrogel can be systematically controlled. Small, sub nm scale changes in
the nanostructure can dramatically alter the ability of water to crystallize within these hydrogels.
This process approach to manipulate the nanostructure in a readily controllable manner provides
new opportunities to locally control the crystallization of water with hydrogels.



Molecular Systems Design & Engineering Page 2 of 13

Kinetically Controlled Morphology in Copolymer-based Hydrogels
Crosslinked by Crystalline Nanodomains Determines Efficacy of
Ice Inhibition
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Nature uses protein structure to manipulate the properties of water by altering its local environment, but subtle changes in
these structures can dramatically influence function. Here, a simple synthetic analog is demonstrated, a statistical copolymer
of hydroxyethyl acrylate and n-octadecyl acrylate (HEA-ODA) with 21.3 mol% ODA, to generate hydrogels. The
crystallization of the ODA, whose nanodomains act as effective crosslinks, provides a simple route to manipulate the
structure through zone annealing without significantly altering the swelling ratio (1.38 to 1.22) for these hydrogels. Despite
the identical average composition, changes in the nanostructure induced by zone annealing leads to significant differences
in the inhibition of water crystallization within the hydrogels under supercooled conditions with the unfrozen water fraction
varying between nearly 60 and 99%. Decreasing the average spacing between crystalline nanodomains leads to increased
efficacy of the ice inhibition. However, the morphological details appear to be important as the average number of water
molecules confined in a hypothetical square lattice based on the average interdomain spacing and average ODA nanodomain
size does not appear to directly scale with the antifreeze capabilities. These results demonstrate control of water
crystallization at supercooled temperatures within hydrogels without fluorinated hydrophobic moieties through
manipulation of the nanostructure to confine the water.

growth of large ice crystals detrimental to cell viability.17-20
Much work has gone into the understanding the origins of these
antifreeze functions and development of synthetic analogs.21-24
These materials primarily function to limit the growth of ice
crystals by preferentially binding to the surface of nuclei.l®

Introduction

Water is ubiquitous and critical to life as we know it.»:2 However
despite its relatively simple chemistry,3 water has fascinated
scientists for decades with its complex phase diagram and
anomalous properties.*® Confinement of water within
nanoporous materials®!! can alter the phase diagram and
allows for new insights into how changes in the local structure
of water influences its properties. For example, sufficiently
small water clusters are unable to crystallize,’2 which provide a
route to fundamentally understand amorphous water at
supercooled temperatures in what is commonly referred to as
“no man’s land”.1® One aspect associated with water at such
small size scale is the prevalence of interfaces that alter the
structure of water and its properties.#-16 Nature has used these
subtle alterations in interactions to evolve proteins that allow
life to survive in cold environments through prevention of the

In biological settings, proteins can alter the local structure of
water through precise arrangement of residues to provide
functionality.?> Water locally in hydrophobic environments
exhibits stronger hydrogen bonding,?® which provides locally
more ice-like structure in water near a hydrophobic molecule or
protein residue. The role of the local environment
hydrophobicity has been examined for water confined in porous
materials with different framework chemistries to understand
the dynamics of supercooled water.2730 Water
hydrophilic interface exhibits reduced dynamics from the
interactions of water with this immobile (at time scales
associated with water dynamics) surface,3® but the
melting/freezing of water within the pores was independent of
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the surface chemistry.?? Much of the work on water in
confinement has focused on supercooled water and amorphous
ice as control of ice formation is critical to a wide variety of
applications from food3! to green energy3? to medicine.?*

Anti-ice materials have typically been designed around
antifreeze proteins!® 1% 33 to alter the crystal growth or
nanoporous inorganic materials3# 3° to limit nucleation. There
are possibilities for soft materials in the form of hydrogels36-38
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or concentrated polymer solutions3? 4% to potentially act in both
routes (reduce growth and limit nucleation) through the
selection of polymeric components. The expansion of water on
freezing has been used historically as a route to control
structuring within hydrogels,*-4> but some investigations have
noted different states of water within the hydrogels.*¢-¢ Bound
water to the polymer tends to be resistant to crystallization,*°
but this tends to be a minority of the water within the hydrogel
so these conventional covalently crosslinked hydrogels are not
particularly effective for supressing ice. Recent work has used
hydroxyl group density to modulate heterogeneous ice
nucleation of poly(vinyl alcohol) through thermally annealing to
alter the hydroxyl groups primarily through condensation-
based crosslinking.>® Decreasing the hydroxyl group density
increases the ice nucleation temperature.®® These nature
inspired, anti-icing materials have potential in a wide range of
applications.>?

Physical crosslinks that have been widely examined in hydrogels
to provide energy dissipation mechanisms to improve their
toughness®? 33 should act to decrease the overall density of
hydroxyl groups and adversely influence the bound interfacial
water. However, hydrophobically modified polymers that
include fluorinated segments tend to assemble into nanoscale
domains in hydrogels with sizes®® comparable to those in
porous inorganic materials that exhibit confinement based
changes in the properties of water.3* For hydrogels from
copolymers of dimethyl acrylamide (DMA) and 2-(N-
ethylperfluorooctane sulfonamido)ethyl acrylate (FOSA), there
is a suppression in ice formation as the spacing of the aqueous
phase between the FOSA aggregates decreases, but nearly 50%
of the water still crystallizes on cooling to cryogenic
temperatures.>> The DMA exhibits relatively weak hydrogen
bonding for a water soluble polymer and does not look like
polymers that have been shown to be effective for antifreeze
applications that tend to include hydroxyl groups.?® This
mechanism is distinct from interfacial bound water that has also
been used to influence ice nucleation.’® Changing the
hydrophilic monomer in these physically crosslinked hydrogels
to hydroxyethyl acrylate (HEA) provides a monomer chemically
more similar to poly(vinyl alcohol), which has been
demonstrated to be an effective synthetic analogue for
antifreeze proteins.?> These hydrogels exhibit a marked
improvement in their ability to inhibit ice crystallization with >
97% of the water remaining amorphous on cooling down to
128K and slow reheating®® when the number of water
molecules confined between the perfluorinated hydrophobic
aggregates was less than 300, which is consistent with
spectroscopic studies for the minimum cluster size to obtain
signatures of ice.'2 However, the swelling ratio decreases as the
concentration of non-freezing water increases, so there are
some questions if the antifreeze efficacy is associated with the
total water present.

Here we seek to decouple the water content and the structure

of the hydrogels through kinetically controlled assembly of the
hydrophobic crosslinks in the hydrogels. Additionally, prior
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work focused on perfluorinated physical crosslinks due to their
enhanced hydrophobicity that leads to more effective crosslinks
in the hydrogels, but there are concerns regarding cost as well
as the environmental and health impact of these fluorinated
polymers.®” To address both of these issues, an alternative
hydrophobic crosslinker, octadecyl acrylate (ODA), was
copolymerized with HEA to produce hydrogels that were
physically crosslinked by ODA crystalline domains. As the size of
the ODA crystals can be altered by the details of the
crystallization, this provides a simple route to change the
morphology without changes in composition or chemistry. To
produce a wide diversity in the structure, rotational zone
annealing®® was employed to produce well defined
crystallization conditions. These structural differences lead to
substantial differences in the efficacy of ice crystallization
within these hydrogels at low temperatures. These results
demonstrate that (1) perfluorinated hydrophobic crosslinks are
not required to inhibit ice crystallization and (2) the size of the
water domains within the hydrogel is the controlling factor for
high efficacy in preventing water from crystallizing within
hydrogels. These concepts may find applications for improved
materials as sealants or adhesives for buildings or equipment
that are exposed to environmental conditions where the seal
could break or fatigue due to the sorption of water and its
subsequent crystallization within the material.

Experimental section
Materials.

Hydroxyethyl acrylate (HEA) and n-octadecyl acrylate (ODA)
were purchased from Scientific Polymer Products, Inc. (Ontario,
NY). Alumina (10% slurry), 2,2’-Azobis(2-methylpropionitrile)
(AIBN), 1,4-dioxane (> 99.0%), Methanol (> 99.8%), N,N-
Dimethylformamide (DMF) (> 99.8%) and diethyl ether (>
99.7%) were obtained from Sigma Aldrich. Deuterated
chloroform (CDCls) was purchased from Cambridge Isotope, Inc.
The inhibitors in the HEA were removed using an aluminium
oxide column. The ODA and AIBN were recrystallized in
methanol.

An amphiphilic copolymer of HEA and ODA was synthesized by
free radical polymerization at 333 K under N, atmosphere. The
HEA (5.88 g) and ODA (4.11 g) monomers were first dissolved at
15 wt% in 1,4-dioxane (56.6 g). This solution was sparged with
N, for 30 min under continuous stirring with a Teflon magnetic
stir bar. The sparged solution was placed on a pre-heated
hotplate at 333K and 8.28 mg AIBN dissolved in 56.66 g 1,4-
dioxane was added to the flask to initiate the polymerization.
The reaction was terminated after 24 h by cooling to room
temperature and exposure to air. The copolymer was
precipitated in cold diethyl ether, collected by vacuum
filtration, and dried under vacuum at 333 K for 48 h. The
chemical structure of the copolymer is shown in Figure 1A. The
composition of the copolymer was determined to be 21.3 mol%
ODA by 'H NMR (Varian Mercury-300 NMR) using CDCl; as the
solvent as shown in Figure S1. Information about the molecular

This journal is © The Royal Society of Chemistry 20xx
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weight was determined by size exclusion chromatography (SEC,
HLC-8320GPC EcoSec) by dissolution of the HEA-ODA
copolymer at 7mg/ml in DMF. In order to dissolve the
copolymer, the solution was heated at 323 K for 5h to disrupt
the ODA crystals. The solution was filtered (0.2 um PVDF) prior
to injection in the column. Figure S1 shows the SEC trace
obtained from this solution in DMF. It should be noted that the
SEC operates at ambient temperature and uses an Rl detector
and TSKgel G4000 Hhr X2 polystyrene column. The molecular
mass is reported relative to polystyrene.

The copolymer was compression molded into sheets
approximately 0.5mm thick using a vacuum molding machine
(Technical Machine Products). The molding conditions were
either 333 K or 388K for 30 min to melt the copolymer, followed
by pressing at 35 tons for 30 min under a pressure of 100 kPa.
The sample was removed from the press and then allowed to
cool to ambient temperature.

" A
Rotate sample
O
N P

Cold blocks Fot Wi
Figure 1. (A) Chemlcal formula for HEA and ODA that comprises the copolymer.
The copolymer contains 21.3 mol% ODA and 78.7 mol% HEA. (B) Schematic of zone
annealing setup used to control the nanostructure of the hydrogel.

Zone annealing.

Further control of the nanostructure of the HEA-ODA copolymer
was afforded through rotational zone annealing (RZA)*® >° to
provide a library of different crystallization rates for the ODA.
This methodology is a high throughput analogue of traditional
zone refinement for metallurgy.®® The same setup as previously
described for RZA was used to produce a sharp temperature
gradient using a hot wire between two cooling blocks as
illustrated schematically in Figure 1B.>® >° The compression
molded (at 388K) copolymer sheet (0.25 mm thick) was
sandwiched between PTFE sheets to minimize water adsorption
into the copolymer film The temperature gradient was
measured using an IR camera (FLIR TG165) as shown in Figure
S2. The maximum surface temperature during RZA was 384 K
with cold blocks held at 304 K. The copolymer sheet on the
quartz slide was translated through the temperature gradient
using a T-Cube DC Servo Controller with a CR1-Z7 rotating stage.
The center of the axis of rotation was 15 mm from one end of
the quartz substrate and the quartz slide was rotated 180° from
an initial perpendicular orientation relative to the hot wire. The
cooled copolymer was then separated from the PTFE to obtain
a free standing sheet.

Characterization.

The processed copolymer sheets were swollen in an excess of
Milli-Q water to equilibrium to obtain the hydrogels. The
copolymer sheets were allowed to swell for more than 96 h for

This journal is © The Royal Society of Chemistry 20xx

equilibration. These equilibrium swollen hydrogels were then
characterized as a function of temperature.

The thermal properties of the hydrogels were assessed using
differential scanning calorimetry (DSC, Perkin Elmer DSC 8500
and TA DSC Q 200). A small piece of the hydrogel (0.8-6.2 mg)
was hermetically sealed in an aluminium pan and then
thermograms on cooling and heating at 2K/min were obtained
from 298.5 K to 203 K. To understand any irreversible changes
that occurred due to ice, the same heating and cooling cycle was
repeated 2-3 times. The unfrozen water fraction in the
hydrogels was determined from the heating thermogram.
Based on the enthalpy associated with the melting of ice from
the thermogram and the known enthalpy of fusion for
hexagonal ice, I,, (334 J/g), the mass of ice that melted was
determined and compared to the known mass of water in the
hydrogel to calculate the unfrozen water fraction.

To better understand the structure of these hydrogels and to
confirm crystallization of the water, a combination of small
angle X-Ray scattering (SAXS) and wide-angle X-Ray scattering
(WAXS) were measured at the 11-BM CMS beamline (National
Synchrotron Light Source |l, Brookhaven National Laboratory,
Upton NY). The 2D SAXS and WAXS patterns were obtained
simultaneously using an energy of 13.5keV (A =0.0918 nm) with
exposures of 10 s on area detectors, Dectris Pilatus 2M (pixel
size = 172 um x 172 um) and Photonic Science ImageStar (pixel
size = 101.7 um x 101.7 pum) for SAXS and WAXS, respectively.
The sample-to-detector distance was 2 m for SAXS and 0.231 m
for WAXS. These data were corrected for background and
masked to eliminate hot spots on the detector. The corrected
data were then circularly averaged to obtain 1-D
scattering/diffraction patterns using the Nika package in Igor
Pro 6.37.51 A Linkam TST350 tensile stage with ~0.10 mm thick
Kapton film (DuPont) windows was used to control the
temperature between 298 K and 128 K for the scattering
experiments. To minimize ice formation on the outside of the
Kapton windows, dry nitrogen was blown across the windows.

To complement the SAXS measurements, small angle neutron
scattering (SANS) was also performed with contrast variation to
better understand the nanostructure of the hydrogels. The SAN
measurements were performed on the NGB 30m beam line, at
the Center for Neutron Research (NCNR), National Institute and
Standards of Technology (NIST), Gaithersburg, MD. For SANS
measurements, two different mixtures of H,O and D,0 (73:27,
87:13, and pure D,0 were used to equilibrate the copolymer to
provide different contrasts to selectively probe different parts
of the hydrogel structure. Excess solvent (H,0:D,0) was placed
on top of the sample to prevent deswelling during the
measurements. A neutron wavelength of A = 0.6 nm with a
wavelength spread AM/A of 14% and a beam diameter of 1.91
cm was used for all measurements. To obtain a broad g range,
three sample to detector distances were used: 1.33 m (with 7
neutron guides), 4.00 m (with 5 neutron guides), and 13.2 m
(with 1 neutron guide).
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Both the SAXS and SANS data were fit using the unified model
developed by Beaucage®? due to its ability to describe a wide
variety of correlated systems and prior success in fitting the
scattering of other amphiphilic copolymer hydrogels.®® The
general form of this model is:

2p2
—q Rgri —P;
N (Giexp() +Biq7) ™

3
=)

i=1

+ bk
1+pibi(q) g

where Fp is the optional flat background, n is the number of
structural levels where G; is the exponential prefactor for level
i, Ry is the radius of gyration, B; is the prorod constant that is
related to the specific surface area of the scatters of that level,
P; is the Porod exponent, and p; is the packing factor. The
characteristic momentum transfer vector, g*, is:

. q
Q=

kqR
[erf ( 61/29)

The constant k is associated with the low-q power law limit and
assumed to be unity in this case.t2

sin g¢ — ggcos q¢
! CN

where ( is the correlation length between structure units.

The Beaucage model was used to fit the Guinier and Porod
regions of the SAXS and SANS profiles of the hydrogels. Shape
information about the ODA aggerate was included in a size
distribution model that includes information from the
intermediate and low g region of the scattering profile. These
models were implemented within the Irena macro.®* The size
distribution model, 6> which uses the Maximum Entropy method
for SAS analysis, ®® has the general form of:

1Q) = Y. |8, *$(@) Y FiD.Qul Vi) f(Da) Ak
k ik

where Ay is the contrast in the system, Sk(Q) is the structure
factor, F(D,Q) is the form factor, V(D) is the volume of the
particle, (D) is the volume size distribution and N (D) is the total
number size distribution, i is the number of bins of the size
distribution, AD is the width of the bins, and k is the different
populations; where each population has its own i.62 N(D) is
related to f(D):
f(D) =V(D)N(D) =V(D)Ng¥(D)

where V(D) is the volume of the particle, Ng is the total number
of scattered particles, and ¥ (D) is the probability of a scatter of
size D.62 The distribution of the particles, which correspond to
the ODA aggregates was assumed to be Gaussian. These ODA
aggregates can be described as hard spheres to fit the peak in
the scattering with the structure factor, which describes the
interdomain spacing between ODA aggregates in the network.
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Results and discussion

To demonstrate that the crystallization of the ODA can
influence the ice inhibition properties in this hydrogel, HEA-ODA
copolymer (21.3 mol% ODA) films were compression molded
under two conditions (333K or 388K), passively cooled to
ambient temperature, and subsequently swollen to equilibrium
in H,0. The swelling ratio, S, for these two processing conditions
were 1.38 and 1.39, respectively; (where S is defined as mass of
the swollen hydrogel divided by the mass of the hydrogel in its
dry state). Figure 2 illustrates that although S is statistically the
same for both samples, the nanostructure and low temperature
thermal properties of the two hydrogels were very different.
Figure 2A compares the DSC cooling thermograms for multiple
cooling cycles for the hydrogels prepared from copolymer sheet
compression molded at different temperatures conditions for
multiple cooling cycles. In both cases, there are exothermic
peaks near 270K, 249 K and 220K that are attributed to the
crystallization of water within the hydrogels. The presence of
two distinct peaks in the thermograms is consistent with
multiple states of water within the hydrogel as has been
previously been reported.*® The crystallization exotherm near
249K is much larger for the hydrogel that was originally
compression molded at the higher temperature, which
indicates more ice was formed for this hydrogel even though
the water content and the copolymer composition used to form
these two hydrogels were identical.

(A) |_Exothermal up (B) Exothermal up
— | Cooling -_\\ ‘;‘ — 80.69 J/g 0
3 L P, A I B s
© 06 (ng)t_'-—."-.. =N . g

B - S
L HO P, 4 o0 z 32(W/g)H20
% - 270280 | & 110.70 J/g 1,0
- L —— v —
T T — v [T

L4 (Wig) Hy0 ™ egeen L
'g' t v v t‘ ‘:-~ ‘g’ Healing 112,52 J/g 0
T L 1 1 1 1 TE 1 1 1 1

220 240 260 280
Temperature (K)

220 240 260 280
Temperature (K)

—
-2

I(a) (a.u) ©

q (A’

Figure 2. DSC thermograms at 2K/min for HEA-ODA hydrogel on (A) cooling and (B)
heating when copolymer was compression molded at 333K (1°t cycle red, 2" cycle
yellow) and 383K (1°t cycle black, 2" cycle blue). The exotherms associated with the
crystallization of water are denoted by ¥ in (A), while the integrated enthalpy associated
with melting ice is provided in (B) on the basis of mass of water in the hydrogel. (C) 1D
SAXS profile (red) for hydrogels when copolymer was compression molded at 333K and
1D SANS profile in D,0 (blue) for hydrogels when copolymer was compression molded
at 383K prior to freeze-thaw cycling.

Figure 2A also shows that upon re-heating the hydrogel
prepared from the film molded at 333K to 298.15 K and then re-
cooling to 203K, whereas there was a large crystallization
exotherm that appeared near 252K that appears on the second

This journal is © The Royal Society of Chemistry 20xx
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cooling thermogram for the hydrogel molded at 388K. This
difference suggests that the water freezing in the hydrogel
processed at the higher temperature may have damaged the

sample due to water expansion upon freezing, allowing
additional water to crystallize.
Figure 2B shows that for each hydrogel, the heating

thermogram shows only a single melting endotherm near 273K.
Integration of this endotherm provides the heat of fusion
required to melt the ice that had formed within the hydrogels.
When the copolymer is processed into a sheet at 333K, 21.8
wt% of the water within the hydrogel was frozen on the second
heating cycle, assuming hexagonal ice that is consistent with the
melting temperature. For the hydrogel formed from the
copolymer molded at the higher temperature, 33.7 wt% of the
water within the hydrogel froze in the second heating cycle.
Although annealing has been shown to alter freezing of
poly(vinyl alcohol) hydrogels through irreversible chemical
changes,® re-molding of the copolymer does not change the
antifreeze performance (as long as the same
temperature/cooling is employed) or its equilibrium hydration,
which indicates a different mechanism at work where the
hydroxyl groups are not reacted during the annealing.

These results of a limited frozen water fraction for the hydrogels
from the HEA-ODA copolymer is consistent with a previous
report of HEA-fluoroacrylate (HEA-FOSM) hydrogels,”® but
changes in the unfrozen water fraction were realized by
changing the FOSM concentration in the copolymer previously,
while in the present study, changes in the non-freezing water
concentration were achieved by changing the microstructure of
the copolymer film. The data shown here indicate that ice
inhibition in hydrophobically modified hydrogels does not
require a fluorine-containing hydrophobic monomer. Ice
inhibition can also be accomplished with a hydrocarbon
hydrophobic group. Further, in addition to controlling the
amount of non-freezing water in the hydrogel by varying the
concentration of the hydrophobic species in the copolymer,
varying the processing of the copolymer film precursor to the
hydrogel provides another degree of freedom for tailoring the
amount of non-freezing water achieved in the hydrogel. For the
latter approach, the changes in the microstructure appear to
provide the means to change the fraction of non-freezing water.

To understand the origins of these differences in non-freezing
water content, the structure of these hydrogels prior to cooling
were examined with small angle scattering. Figure 2C illustrates
that there are indeed differences at the nanoscale in the
structure of these hydrogels. The scattering patterns for both
hydrogels exhibit an upturn at low g, which is typically observed
for hydrogels associated with large scale density fluctuations
and a peak at higher g that is attributed to the nanostructure
associated with the hydrophobic aggregates that comprise the
physical crosslinks in these hydrogels. Due to the large
hydrogen content of the ODA, it is not possible to uniquely
identify the nanostructure of the hydrophobic crosslinks in the
hydrogels through contrast variation SANS as a result of the

This journal is © The Royal Society of Chemistry 20xx

large incoherent scattering when the aqueous phase is matched
to ODA (Figure S3). Hydrogels from copolymers with
perfluorinated comonomers exhibit a core-shell structure for
the hydrophobic aggregates.>* ¢’ The scattering data obtained
from SAXS and SANS using D,0 in these hydrogels generally
provide the same information about the structure due to the
origins of the x-ray and neutron contrasts, so we interpret the
shift in the peak to lower g when the copolymer was
compression molded at a higher temperature to an increase in
the spacing between the ODA domains. This larger interdomain
spacing effectively decreases the degree of water confinement
within the hydrogel if the size of the ODA nanodomains are
constant. This change in water confinement is consistent with
the high fraction of the water in this hydrogel freezing. The
difference in the nanostructure with processing is attributed to
the sensitivity of the crystallization of the ODA to the
temperature and cooling rates used to form the copolymer
films.

Log I(q) (a.u.) @
o
$L\

Figure 3. 1D (A) SAXS and (B) WAXS profiles for a single hydrogel that was subjected to a
gradient in zone annealing velocities where the scattering was measured at locations
corresponding to zone annealing velocities of (red) 46.5 um/s, (blue) 94.9 um/s, and
(green) 162.1 um/s. The measurements were performed at 290.6 K. Zone annealing
provides a simple route to systematically change the morphology of these hydrogels.
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To more precisely control the nanostructure in these hydrogels
and to determine how this structure is related to the antifreeze
properties, a high throughput zone annealing approach®® was
used to manipulate the crystallization conditions in a controlled
manner as illustrated in Figure 1B. Figure 3 illustrates the SAXS
and WAXS profiles obtained from locations on the same
hydrogel that were subjected to different zone annealing
velocities. At the lowest velocity measured, the correlation peak
associated with the self-assembled nanostructure of the
copolymer (Figure 3A) occurs at higher g than either of the
hydrogels in Figure 2. As the zone annealing velocity increased
from 46 to 162 um/s, the scattering peak first shifted to lower
g indicating that the average interdomain spacing of the
nanostructure increased, but then moved to higher g, indicating
a decrease in the nanodomain spacing. Scattering profiles for
additional zone annealing conditions are shown in Figure S4. A
maximum in the nanostructure spacing occurs when processing
at a velocity of 94.9 um/s. The interdomain spacing obtained at
the lowest and highest zone annealing velocities examined was
similar.

Figure 3B illustrates the WAXS profiles for these hydrogels at
ambient temperature. The broad diffraction peak around q =
1.5 A1 is typical of the crystal structure of octadecyl acrylate in
a random copolymer.8 At the slowest zone annealing velocity
(46.5 um/s), the diffraction peak is broad and asymmetric with
the scattered intensity broadened more towards lower g. This
suggests that that the lamellae thickness is larger under this
slow zone annealing. As the zone annealing velocity is
increased, the diffraction peak associated with the ODA in the
hydrogel sharpens. This sharper peak could either be associated
with more uniform crystal dimensions or larger crystal size (as
described by the Scherrer equation). The 2D diffraction patterns
are all isotropic rings and thus there is no evidence of alignment
of the crystals at the molecular level with zone annealing in
these copolymers. However, the combination of SAXS and
WAXS illustrates that the nanostructure of the ODA can be
readily manipulated using zone annealing.

In order to understand how these differences in the
nanostructure influence the efficacy of these hydrogels in
inhibiting  water  crystallization down to cryogenic
temperatures, select slices were removed from the hydrogel to
perform DSC and in-situ SAXS/WAXS on cooling/heating. Figure
4 illustrates the DSC thermograms on heating and cooling for 3
different zone annealing velocities that range the gamut
examined. Additional thermograms for these hydrogels are
shown in Figure S5. At the slowest velocity (Figure 4A), no clear
exotherm peaks on cooling nor an endotherm peak associated
with melting near 273K on heating are observed in the
thermograms. This indicates that this morphology can
effectively prevent ice from crystallizing.
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Figure 4. Thermograms on 2" heating (red) / cooling (blue) for HEA-ODA hydrogels that
were zone annealed at (A) 46.5 um/s, (B) 94.9 um/s, and (C) 162.1 pum/s. All
measurements were performed at 2 K/min. Insets in plots show the region between
270K and 275K on heating to better illustrate the absence of endotherms associated with
melting.

The swelling ratio associated with this section of the hydrogel (S
= 1.36), which is similar to that for the compression molded
samples without zone annealing, so the only difference is the
arrangement of the hydrophobic ODA within the hydrogel. Even
when considering the noise in the DSC data, > 99 % of the water
within the hydrogel remains unfrozen on cooling to 200K. When
the hydrogel was fabricated with an intermediate velocity (94.9
um/s, Figure 4B, S = 1.33), the melting of ice can be readily
observed in the thermogram on heating. Integration of this
endotherm leads to the conclusion that 31% of the water within
this hydrogel crystallized on cooling and melted on heating. As
shown in Figure 4C (S = 1.28), the ice inhibition in the hydrogel
improves again when a higher zone annealing rate is used
(162.1 um/s) with> 99 % of the water within the hydrogel
remaining unfrozen on cooling to 200K. These observations are
consistent with the expectation that smaller spaces between
the hydrophobic crosslinks will lead to improved antifreeze
performance®® as the confinement size approaches the critical
size for ice to form in water clusters.1?

To confirm the differences in ice inhibition for these hydrogels
as well as understand how the structure changes at low
temperatures, simultaneous SAXS and WAXS measurements
were performance on these three hydrogels as the temperature
was decreased down to 133K. To quantify the changes in the
nanostructure, the SAXS profiles were fit using the unified
model as shown in Figure 5. This model can describe the data
for all three hydrogels well through all temperatures examined.
Fits at additional temperatures are shown in Figures S6 (46.5
um/s), S7 (94.9 um/s) and S8 (162.1 um/s). Despite the
directionality of zone annealing, the scattering profiles
remained relatively isotropic (insets in Figure 5). Subtle
differences in the nanostructure that can influence the
antifreeze capabilities of these hydrogels can be thus identified
by SAXS.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Azimuthally averaged 1D SAXS profiles at 298 K for the HEA-ODA hydrogels that
were zone annealed at (A) 46.5 um/s, (B) 94.9 um/s, and (C) 162.1 pm/s. The 2D SAXS
patterns are shown in the insets. The grey line is the fit of the scattering data

ARTICLE

appears Gaussian. On cooling to 270K, there is a decrease in the
size of the domains, but limited changes in the size distribution
are found for temperatures below 243K. This limited change in
dimensions is consistent with limited crystallization of water
within these hydrogels.

Conversely for the hydrogel where significantly more water
crystallizes, a bimodal distribution of sizes was obtained from
the fits of the SAXS data (Figure 6B) at low temperatures. The
smaller size exhibits a larger change on cooling than for the
previously described hydrogel. A small fraction of the domains
in this case are much larger (inset in Figure 6B). The fraction of
this larger size grows as the hydrogel is cooled, which we
attribute to the phase separation of the copolymer from the ice
with these sizes being the copolymer free of water. As the
contrast between water and the copolymer is much greater
than that between HEA and ODA, regions that are copolymer
rich versus water rich are consistent with this larger size.

At the fast zone annealing rate (Figure 6C), the distribution of
nanodomain sizes is initially unimodal with a broad peak
centered at 19 A. On cooling, there is a shift in this broad peak
to smaller average size, but the distribution appears to become
bimodal with a narrow size distribution arising that is generally
within the original size distribution. Although the change in
structure is greater than observed for the other hydrogel with
high efficacy for ice inhibition (Figure 6A), the size of the
nanodomains remain relatively small (<3 nm) unlike the larger
size scales that arise for the hydrogel with lower ice inhibition
properties (Figure 6B).

From the unified model, both the spacing between
nanodomains and the size of the nanodomains can be
determined from the scattering data. As we hypothesize that
the zone annealing process alters the crystalline structure of the
ODA, itis instructive to examine the distribution in sizes of these
nanodomains that can be extracted from the scattering data.
Figure 6 illustrates how the size of the ODA nanodomains evolve
on cooling as determined from the SAXS measurements. For the
hydrogel fabricated by zone annealing at 46.5 um/s (Figure 6A),
there is a relatively narrow distribution of ODA sizes that

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Temperature dependence of the size distribution of the radii of the ODA
domains determined from the unified model fits for the HEA-ODA hydrogels processed
by zone annealing at (A) 46.5 um/s, (B) 94.9 um/s, and (C) 162.1 um/s. Inset in (B)
illustrates the larger scale structures obtained under these conditions.

The crystallization of water within these hydrogels can also be
assessed by examination of the temperature dependent WAXS
profiles as shown in Figure 7. There is a broad peak in the
diffraction profiles at all temperatures examined, which is
associated with the crystals of the ODA in the hydrogel. As
shown in Figure 7A, additional sharp peaks arise in the WAXS
profile for the hydrogel processed by zone annealing at 46.5
pum/s on cooling to low temperatures. To prevent beam
damage, the sample is rastered. The measurements at different
locations provide insights into heterogeneities in the hydrogels
(low g upturn in intensity in Figure 5) that lead to difference in
the ice inhibition. However in this case, the large spike in the
diffraction at 165.15K is attributed to ice forming on the surface
of the window. Nitrogen gas is blown over the surface to
minimize surface icing during the measurement, but near the
edges ice still forms on the outer edges of the surface from the
ambient humidity (as shown in the photograph in Figure S9). In
general, the diffraction peaks associated with ice remain small
as expected from DSC (Figure 4A) for this hydrogel with its
excellent ice inhibition properties.
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Figure 7. Waterfall plots illustrating the WAXS profiles on cooling from 270.15 K to 128.15

K for the HEA-ODA hydrogels that were zone annealed at (A) 46.5 um/s, (B) 94.9 um/s,
and (C) 162.1 um/s.
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Conversely, the WAXS profiles show clear evidence of ice within
the hydrogel processed by zone annealing at 94.9 um/s on
cooling below 239 K (Figure 4B). The intensity of the diffraction
peak of ice grows on further cooling to 209 K and then remains
invariant on further cooling. This behavior is consistent with
significant water crystallization in this hydrogel. Increasing the
zone annealing to 162.1 um/s leads to only small diffraction
peaks associated with the crystallization of water (Figure 4C),
is similar to the WAXS profiles obtained from
measurements of the hydrogel at the slowest zone annealing
velocity (Figure 4A). These results are consistent with DSC and
demonstrates that ice is readily formed when the hydrogels are
processed at an intermediate zone annealing velocity. Thus,
details of the nanostructure in these hydrogels appear to
control the ability of water to crystallize.

which
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To better understand how the nanostructure influences the
ability of water to crystalize within these hydrogels, the
interdomain spacing, swelling ratio, and the mean size of the
ODA domains were used to estimate the number of water
molecules (N,,) confined between the domains at 298K (see
Table 1) assuming a cubic lattice following the work of Wang et
al.>® The temperature dependence of the interdomain spacing
and size of the ODA nanodomains are shown in Figure S10.
Figure 8 illustrates how the fraction of non-freezing water in the
hydrogel depends on N,,. Qualitatively similar to prior results for
HEA-FOSM hydrogels,>® the non-freezing water fraction tends
to increase as the calculated N, decreases for these zone
annealed hydrogels. There is, however, a quantitative
difference in the dependence of N, on the non-freezing water
fraction between these two hydrogel systems. For the HEA-ODA
based hydrogels, the number of water molecules confined
between the ODA nanodomains is, in all cases, smaller than the
reported cluster sizes where spectral features of ice are not
observed under supercooled conditions.1? This is counter to the
HEA-FOSM hydrogel where the cluster size corresponded well
with the calculated N,,. This difference may be associated with
the nature of the physical crosslinks as the ODA is crystalline.
The calculation associated with N,, assumes an isotropic
distribution of the physical crosslinks with a single average
spacing between these ODA nanodomains that have a single
average size. These parameters are determined from the best
fit of the SAXS data. However as shown in Figure 6, there is a
distribution of sizes for the ODA nanodomains that depends on
the processing condition. For a broad size distribution, the
number of water molecules confined between the
nanodomains will be variable. The smaller nanodomain sizes
will increase N,, and this variation may be responsible for the
higher fractions of frozen water despite the average size leading
to dimensions that would be expected to inhibit water
crystallization based on spectroscopic measurements of water
clusters.?
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Figure 8. Relationship between N,, and the non-freezing water fraction for HEA-ODA

w

hydrogels that were processed by zone annealing at (®) 46.5 um/s, (®) 68.0 um/s, (®)
94.9 um/s, () 121.8 um/s, and (®) 162.1 um/s, and melt processed at (®) 333.15 K and

This journal is © The Royal Society of Chemistry 20xx

(™) 388.15 K. For comparison, (l) HEA-FOSM hydrogels previously reported where the
morphology was manipulated by changing the composition of the copolymer.5® The
calculation assumes an isotropic nanostructure with a simple cubic arrangement for the
nanodomains.

Based on our prior zone annealing of
semicrystalline polymers,>8 there is a potential for anisotropy in
the structure from the zone annealing. Examination of the 2D
scattering patterns shows that the correlation peak is a circular
ring, not an ellipse, so the nanostructure does not appear to be
anisotropic. However, examination of scattering at multiple
incidence angles shows some modest azimuthal dependence on
the scattered intensity associated with the correlation peak
(Figure S10). This suggests that there is some difference in the
contrast or number density of the nanodomains through the
thickness of the zone annealed hydrogels. The zone annealing
conditions that lead to the greatest anisotropy in the scattered
intensity as shown in Figure S10 appears to be correlated with
decreased efficacy in inhibiting ice. This anisotropy in the
scattering is suggestive of differences in the local water rich
dimensions between in-plane and out-of-plane (relative to the
zone annealing process). It is these differences that lead to the
differences in antifreeze efficacy based on zone annealing
conditions for this hydrogel. This work demonstrates that small
subtle differences in the nanostructure can tremendously
influence the ability of water to crystallize within these
hydrophobically crosslinked hydrogels.

experience in

Table 1. Properties of the HEA-ODA hydrogels at 298 K.

Velocity S d.(nm) dc..(nm) ds, (nm) N,,
(nm/s)
46.5 1.36 3.58 5.23 1.65 32.88
68.0 1.34 3.51 5.63 2.12 122.56
94.9 1.33 3.42 5.60 2.18 67.83
121.8 1.22 3.36 5.59 2.23 160.25
162.1 1.28 3.74 5.36 1.62 26.65

S = swelling ratio. d. = average nanodomain diameter. d.. = average spacing
between neighboring nanodomain. dg, = average interdomain spacing; dg, = dc.c —
dc. Ny, = number of water molecules in the confined volume.

Conclusions

Hydrogels obtained from hydration of a single copolymer of
HEA and ODA exhibit process dependent antifreeze properties.
This sensitivity arises from the kinetic control of the
nanostructure through the crystallization of the ODA segments
that act as physical crosslinks for the hydrogel. Zone annealing
was applied to provide systematic control of the crystallization.
Interestingly, the largest spacing between ODA domains
occurred at intermediate zone annealing velocity. The fraction
of water that does not crystallize in these hydrogels as
determined from DSC is not correlated with the swelling ratio
(water content) that modestly depends on the zone annealing
velocity. These conclusions are confirmed by in-situ WAXS
measurements that corroborate the DSC conclusions on
antifreeze performance. The fraction of water that does not
freeze within these hydrogels can be controlled from >99% to

J. Name., 2013, 00, 1-3 | 9
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<20% based on the processing conditions. Both anisotropy in
the scattered intensity associated with the correlations from
the ODA nanodomains and the size distribution of the
nanodomains appear to be directly related to the anti-ice
efficacy with greater efficacy for more uniform and isotropic
hydrogels. These results illustrate the ability to dramatically
influence the ability of water to crystallize within a
hydrophobically-crosslinked hydrogel based on subtle changes
to its nanostructure.
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