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Abstract

Polymer crystal hydrates (PCHs) are crystalline solids that form between a polymer
and water. To date, only four distinct PCHs have been discovered — one of polyoxa-
cyclobutane (POCB) and water, and three different polymorphs of polyethyleneimine
(PEI) and water. These PCHs were first reported decades ago andhave fascinating
structures and peculiar properties that make them potentially useful for a wide range
of applications including refrigeration, proton conduction membranes, and desalination.
This perspective revisits what is known about these compounds, categorizes their sim-
ilarities and differences with other known compounds, and offers a perspective into

future efforts to discover new PCHs to address technological needs for society.

Introduction

In 1967, Tadokoro and coworkers reported that a crystal hydrate formed when high molecu-
lar weight polyoxacyclobutane (POCB) and water were combined,! while several crystal hy-
drates were reported between polyethyleneimine (PEI) and water in the early 1980s.%3 Apart

from a relatively small number of studies,* ¥ polymer crystalline hydrates have received little



attention in subsequent decades. We propose that these compounds be classified as “poly-
mer crystal hydrates” (PCHs), which exhibit some similarities and some differences from
traditional gas clathrate hydrates. This perspective aims to rekindle interest in PCHs that
possess fascinating properties that would be potentially useful in a variety of applications.

We will first distinguish PCHs from other highly studied materials such as gas clathrate
hydrates, polymer clathrates, and hydrogels. Gas clathrate hydrates consist of ice-like cages
formed from water molecules that encapsulate guest molecules such as methane. These struc-
tures are naturally found in low temperature permafrost environments (e.g. temperatures
below 2°C) and high pressure marine environments (at 500 to 2000 meters underwater).
Interest in their potential applications in refrigeration,!! desalination,'? and as organic sol-
vents for pharmaceuticals'® has made them the subject of extensive research for several
decades.'* 1% Gas clathrate hydrates are classified as Type-1, Type-11, or Type-H clathrates
depending on their water-cage structures. "8

Polymers can also form clathrate structures with solvents besides water. For example,
the o-form of syndiotactic polystyrene (s-PS) forms a crystalline lattice that contains spaces
in which a second, guest species can occupy.'® This type of polymer clathrate has been
found to form between s-PS and toluene or iodine.?® Poly(ethylene oxide) (PEO) can also
form a clathrate in the presence of urea.?!?? In this case, urea forms a crystalline complex
whereby linear PEO molecules occupy channels in the urea adduct. These complexes can
have two modifications: a) a trigonal crystal structure and b) a hexagonal crystal structure
formed upon melting and re-crystallization.?® Numerous examples of such polymer-solvent
molecular compounds have been reported.?*

Lastly, hydrogels, like PCHs, are formed from a polymer and water. However, a dis-
tinguishing characteristic is that hydrogels are networks formed between one or more hy-
drophilic polymers and water. They are often categorized as either a) chemical hydrogels
(permanent hydrogels) or b) physical hydrogels (reversible hydrogels). In chemical hydro-

gels, the crosslinking between polymers occurs through covalent bonds, resulting in strong,



permanent junctions within the network. On the other hand, physical hydrogels crosslink via
non-covalent interactions such as hydrogen bonding, hydrophobic interactions, crystalliza-

t.2° These polymer networks can be amorphous,

tion of the polymer, and chain entanglemen
semi-crystalline, crystalline, or hydrocolloid aggregates. Regardless of their structure, hy-
drogels can absorb solvating water molecules that reside in the amorphous regions of the
network, and this uptake is not restricted to a well-defined ratio. Under equilibrium swelling
conditions, the mass fraction of water may far exceed that of the polymer.?® Depending on
the components of the hydrogel, the absorbed solvent can be released into the environment
via changes in factors such as temperature?” and pH.?®

All four of these systems: PCHs, gas hydrates, polymer clathrates, and hydrogels share
the characteristic that they combine a polymeric species and a small-molecule species. But
PCHs are distinct from these other substances. They are a subset of polymer-solvent molec-
ular compounds where the solvent is water. Unlike gas hydrates, the water is not in the
form of a cage structure that accommodates a guest. Also, the water fraction is usually
much lower in a gas hydrate. Furthermore, unlike hydrogels, the structures of PCHs involve
water molecules co-crystallizing with the polymer chains. While the nano-confined water
community may find PCHs intriguing, this perspective focuses on the unique properties and

structures of PCHs themselves. 2930

POCB

POCB as a Polymer

POCB was first discovered in 1958 by Bunn and Holmes?®! and later characterized in 1967 by
Tadokoro. The POCB homopolymer has the lowest melting point, the lowest heat of fusion,
and the most compact chain dimensions amongst all the polyalkylene oxides having a repeat
unit of [(CHy),,—O].! Its monomer unit is shown in Figure 1.

Tadokoro et al. first discovered that POCB exhibits three crystal modifications with
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Figure 1: Chemical structure of a linear POCB monomer unit

distinct characteristics.3? These modifications are achieved through various thermochemical

treatments (see Figure 2). In 1981, a fourth modification of POCB was discovered.
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Figure 2: Methods of treatment of the polymer to form the three different mod-
ifications of POCB. Adapted from Tadokoro, H. Structure of crystalline polyethers.
Journal of Polymer Science: Macromolecular Reviews 1967, 1, 119-172, eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/pol.1967.230010105.

Modification I exhibits a planar zigzag conformation over a fiber identity period of 4.80 A.
Each unit cell modification contains four monomers and four water molecules and forms a
PCH structure. The crystal structure of Modification I is depicted in Figure 3 A and will
be further discussed in the following subsection.

Apart from Modification I, none of the remaining crystal structures are hydrates; they
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Figure 3: A) Crystal structure of Modification I of the POCB-water hydrate, B) Crystal
structure of Modification II of the POCB crystal, C) Crystal structure of Modification III of
the POCB crystal.®?

are crystals of pure POCB. In contrast to Modification I, Modification II features a trigonal
lattice with a space group of Rgc—C3V6, a unit cell of a=14.13 A and ¢=8.41 A, and a fiber
identity period of 8.41 A. It consists of nine molecular chains that adopt a more helical

conformation, with some chains forming a screw to the right and others to the left.3? Figure



3 B shows the crystal structure of Modification II.

Modification III features an orthorhombic unit cell with dimensions of a=9.23 A, b=4.82 A,
and ¢=7.21 A. Tt adopts a helical conformation, and four monomers are present within the
cell. This modification is the most stable of the four under dry conditions due to the strong
dipole moments of the COC groups, which are arranged anti-parallel to each other. The
Cyn;—D,” space group permits two unit cell orientations, one of which is displayed in Fig-
ure 3 C. The second orientation features the same molecular axis, but the helical axis is
rotated by ~ 90° from the first orientation, making it unclear which unit cell is more chem-
ically accurate.3?

Modification IV features a planar zigzag conformation similar to Modification I. However,
Modification IV could only be synthesized in the presence of a large amount of Modification
I11.33 Additionally, Modification IV is a disordered structure, with methyl groups and oxygen

atoms randomly substituted for each other.

POCB as a PCH

As mentioned earlier, Modification I is a POCB hydrate. The melting point is 37—41°C,
depending on the molecular weight.?* For low molecular weight, the POCB hydrate melts
at a temperature that is higher than that of either the polyer and water. Its structure was
analyzed using infrared adsorption spectroscopy and x-ray diffraction measurements with Ni-
filtered Cu Ko radiation.® The x-ray diffraction results revealed that the distances between
oxygen atoms (water-water: 2.68 A, water-polymer: 2.70 A) were shorter than twice the van
der Waals radius of an oxygen atom (2.80 A), indicating hydrogen bonding between water
molecules and POCB chains. The infrared analysis showed a dichroism in the OH stretching
at 3480-3200, and HOH bending vibrations at around 1660cm !, similar to other species with
hydrogen-bonded water molecules, such as ice VII and oxalic acid dihydrate. Additionally,
the presence of translational or vibrational modes of water was detected, indicating that the

water was bound in a crystal.?®



Water molecules play a crucial role by forming a hydrogen bonding network that involves
both the water molecules and POCB chains in a zigzag conformation.? In the absence of
water, the zigzag conformation is unfavorable, and instead, modifications II and III both
form helices.

The hydrate of POCB was subjected to isothermal dissociation pressure measurements at
temperatures ranging from —25°C to 20°C. The results confirmed that the water molecules
were present in the crystal in the same molar ratio as the monomer. Additionally, the
dissociation heat was determined to be 3.25 - 10?3

The process of crystallization was found to be slow at room temperature and low water
content, as reported in Banerjee et al.” As with most crystallization processes, crystallization
slowed as the melting temperature was approached. Further, crystallization was also slowed
as the POCB:water ratio of the crystallizing mixture increased far above the 1:1 molar ra-
tio needed for the hydrate. At high water content and/or high molecular weight, POCB
is immiscible with water, indicating that it is intrinsically hydrophobic. Accordingly, crys-
tallization occurs from a two-phase LLE state, and it is significantly influenced by mixing
conditions.? Incidentally, while co-crystallization of water is already unusual, it is especially
remarkable considering that POCB is a hydrophobic polymer. This appears to be the only

example of a polymer co-crystallizing with a small molecule with which it is immiscible.

Polyethyleneimine (PEI)

PEI as a Polymer

PEI has a long history of industrial use, dating back to 1938, when it was primarily used for
water-repellent finishing of paper and textiles, manufacturing reactive dyes, and enhancing
the dyeability of said materials.®” PEI is a highly branched polymer that exhibits an in-
crease in branching as the temperature and concentration of the acid catalyst increase. The

branched form of PEI is synthesized via the ring-opening polymerization of the aziridine



monomer.>® In contrast, linear PEI is obtained through the ring-opening of polymerization

3940 and ring-opening polmerization of 2-phenyl-2-oxazoline,*! and

of N-substituted aziridine,
2-ethyl-2-oxazoline are followed by hydrolysis.“? The linear PEI crystals have a melting point
of approximately 60°C and can achieve a maximum molecular weight of 10%g/mol*}43 with

a monomer unit, as shown in Figure 4.

AN

Figure 4: Chemical structure of a linear PEI monomer unit

The PEI crystal consists of double-stranded helical polymer chains. Each chain is a 5/1
helix with an identity period of 0.958nm. Two chains form a double strand with a relative
rotation of 180° about the helical axis. The closest inter-chain atomic distances in the double
strand are 0.396 and 0.417nm for C-C pairs and 0.310 and 0.316nm for N-N pairs.4* These
are comparable to twice the van der Waals radius, and thus the double strand is considered
to be very tight. This crystallization is strongly correlated with hydrogen bonding between
NH groups on each chain. All of the NH hydrogen atoms are able to participate in hydrogen
bonding, making PEI an example of a double-stranded helical polymer that is stabilized by
interchain hydrogen bonds** as seen in Figure 5a. These strands are packed into a large
Fddd unit cell. In the structure, a right-handed strand is surrounded by two right-handed

strands and four left-handed strands, and vice-versa as seen in Figure 5b.44

PEI as PCHs

Compared to POCB, PEI and its hydrates have a much larger body of work exploring their
chemistry and possible applications.* It would be outside the scope of this article to

discuss all of these studies, but we have collected many of them here for further reading.



Figure 5: A) Double stranded helical chain of PEI. Broken lines indicate N—H- - - N hydrogen
bonds, B) Packing of double strands viewed along the chain axis. R and L indicate right /left
handed strands, and numbers indicate the fractional height of strands.

Hemihydrate

PEI, like POCB, forms a crystalline hydrate in the presence of water molecules. However,
in contrast to POCB, PEI can form three different hydrates, depending on the molar ratio
of water to PEIL. The first of these hydrates is the hemihydrate, which contains PEI and
water in a 1:0.5 molar ratio, with a unit cell with dimensions of a=1.089 nm, b=0.952 nm,
¢=0.731nm, $=127.6 °, and a density of 1.140%3.3

The chains in the hemihydrate are planar zigzag and parallel to the bec plane, while the
water molecules are on a two-fold rotation axis parallel to the b axis. The water molecules
are tetrahedrally coordinated by their oxygen atoms and the nitrogen atoms of the PEI.
There are two types of hydrogen bonds in the hydrate, N—H--- O and N---H—O. The first
type has a bond length of 0.287 nm, while the second has a bond length of 0.305 nm. Unlike
all other hydrate forms discussed in this article, the water molecules do not form hydrogen
bonds with other water molecules. The full crystal structure of the hemihydrate is shown in

Figure 6a.?

Sesquihydrate

The second hydrate formed by PEI is the sesquihydrate, which has a molar ratio of PEI

monomer to water of 2:3. Similar to the hemihydrate, the PEI chains adopt a planar zigzag

9



Figure 6: Crystal structures of the a) the PEI hemihydrate; b) PEI sesquihydrate; and c)
PEI dihydrate. Broken lines indicate hydrogen bonds, but hydrogen atoms of NH groups
and of water molecules are omitted.?

conformation and are parallel to the bc plane (Figure 6b). In this case, however, the eight
monomer units of PEI are accompanied by twelve water molecules, which form a more
complex network in the crystal. The monoclinic unit cell for this structure is a=11.55 A,
b=9.93 A, ¢c=7.36 A, and 3=104.5°, with a space group of C2/c, as shown in Figure 6b.

In the water network, each water molecule’s oxygen atom is bonded to four hydrogen
atoms, two of which are covalent bonds, and two are hydrogen bonds from other water
molecules, or NH groups. The water molecules form staggered pentagonal rings, which are
similar to water cages found in clathrate and semiclathrate hydrates. The key difference
between the water structure in the PEI hydrate and gas clathrates is that the five oxygen

atoms are coplanar or nearly coplanar, as shown in Figure 7. In this structure, all possible
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hydrogen bonds that are able to participate do participate.?

Dihydrate

The final hydrate structure is the dihydrate, which has a molar ratio of PEI monomer to water
of 1:2. Similar to the previous hydrates, the PEI chains adopt a planar zigzag conformation.
However, only four monomer units of PEI are present, along with eight water molecules.
The monoclinic unit cell of this structure is shown in Figure 6¢, with dimensions a=13.26 A,
b=4.61 A, ¢c=7.36 A, and 3=101.0°, and a space group of C2/c.

Like in the previous hydrates, each water molecule’s oxygen atom is bonded to four
hydrogen atoms, forming a water network that is very similar to ice I,,. The water network
consists of hexagonal stacks of water molecules alternating with polymer chains arranged in
parallel to the bc plane, as depicted in Figure 7. This water network only experiences slight
distortion compared to I, which is expected given the different environment in which the

water molecules are located.?

Thermodynamic Properties

The thermal behaviors of PEI and its hydrates in a water vapor atmosphere were also
investigated in order to develop a phase diagram. Dried PEI polymer (anhydrate) was found
to melt at about 60 °C during heating. Once a small amount of water was introduced,
the anhydrate began to transition to a mixture of the hemihydrate and sesquihydrate at
approximately 40 °C. The hemihydrate transitioned fully into the sesquihydrate at 60 °C,
which melted at 80 °C. For a system with substantially more water forming a dihydrate, the
system transferred to a sesquihydrate at about 65 °C, with the dihydrate melting at about
110 °C.%° Differing initial water content did seem to affect the melting points of each hydrate
slightly, creating a range of melting points over a phase diagram, which can be seen in Figure

8.
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Figure 7: Water networks of ice Ih, the sesquihydrate, and the dihydrate.?
Computational Paths for Investigations of PCHs

Many computational algorithms presently exist for further study of these materials. Devel-
oping chemical descriptors by explicitly investigating intramolecular chemical bond energies
via methods such as BEBOP®! or non-chemical bonding intermolecular interactions via en-
ergy decomposition analysis (EDA) methods such as local energy decomposition (LED)%%63
or symmetry adapted perturbation theory (SAPT)% methods would likely be an essential
start to better understand the underlying atomic scale interactions that govern these mate-
rials. Theoretically, uncovering the specific chemical and physical interactions for why these
compounds form may be transferable to develop new and presently undiscovered PCHs.
Efficient computational methods for high-throughput screening have already been de-

65-67

veloped for polymers and hydrates® ™ but to our knowledge they have not yet been

used for polymer hydrates or PCHs. This screening has helped develop different design
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Figure 8: A phase diagram of PEI hydrates as a function of water content and tempera-
ture, where the water content is indicated by the relative intensity of the infrared water
band reduced by an internal standard band.® Reprinted with permission from Hashida,
T.; Tashiro, K.; Inaki, Y. Structural investigation of water-induced phase transitions of
poly(ethylene imine). III. The thermal behavior of hydrates and the construction of a phase
diagram. Journal of Polymer Science Part B: Polymer Physics 2003, 41, 29372948, eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002 /polb.10611.

principles based on the desired application of the screened material. For example, poly-
mers designed specifically for interaction with the cyanobacterial toxin microcystin-LR is
discussed in detail by Chianella et al. In the article, the authors discuss the design process,
which included screening 20 commonly used monomers to test interactions with a molecular
model of the toxin, and were scored according to binding.” Similar processes may be used
for the screening of PCHs, including testing common polymers for possible interactions with
water complexes.

Further methods for exploring the dynamics of configurations that dictate nucleation
events include WESTPA, " a computational approach to efficiently sample large simulation

data sets for rare events. The study of nucleation is an active field of study,”™ and it
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plays a fundamental role of the formation of traditional clathrate hydrates.™" Therefore,
computational efforts that to date have focused on exploring nucleation™ could be extended
into PCHs to bring useful insights into how and why nanoconfined water structures are
formed. For example, microsecond simulations of the formation of PCHs, similar to that
done by Walsh et al. for methane hydrates”” might be useful to elucidate design principles

for environmental conditions that enable PCH crystals growth.

Future Applications

While the formation of PCH from PEI or POCB has been known for decades, no practical
applications have yet been brought forth to exploit this remarkable behavior. We conclude
by listing some potential applications.

First, atomic scale structural analysis reveals that at least some of the PCH structures
have water molecules in the form anisotropic water structures (e.g. 1-dimensional water
chains in the POCB hydrate), and one might envision that such chains may enable high
proton transport rates. Indeed, it was proposed that the 1-D chains of water molecules in
the POCB hydrate align in such a way that it allows for trapping and shuttling of charge
under applied gate bias by proton migration.® However, for such hydrates to function as a
proton exchange membrane, these chains would require more macroscopic alignment than
are grown naturally during crystallite formation.

A second opportunity with PCH formation is based on the observed liquid-to-solid tran-
sition. For instance, POCB of relatively low molecular weight is miscible with water, and
simply cooling it changes it into a waxy solid. Similarly, there have been numerous studies
on the gelation of PEI-water mixtures induced by simply cooling the initially-liquid mixture
to below 80°C. As expected from a phase change, these changes are fully reversible. More-
over, POCB can form hydrates by absorbing water directly from humid air.” This offers

the potential for smart materials to be used, for example, as humidity sensors, or materials
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that stiffen in response to humidity but soften upon drying. Furthermore, like most polymer
crystallization, PEI or POCB hydrates crystallize via lamellar growth processes, resulting
in spherulitic or dendritic morphologies. Such structures have been used for templating the
deposition of inorganic materials, e.g. silica.?7883

A final aspect peculiar to POCB (but not PEI) is that it is an intrinsically hydrophobic
polymer. Upon melting the hydrate, demixing occurs into a POCB-rich and water-rich state.
It is possible that this behavior may be exploited for thermal desalination, i.e. by binding
water at low temperature (while rejecting salt), and then recovering the water by melting the
hydrate to induce demixing of water and POCB. Similar desalination approaches have been
considered using gas hydrates®-® or other small molecules, %87 but POCB has the advantage
of forming hydrates at atmospheric pressure and room temperature and then further releasing
the water upon modest heating. If desalination approaches based on POCB hydrates are
successful, this would constitute a large scale and potentially high impact application for
PCHs.

As a last example of a large scale potential application, we postulate that PCHs may be
used to stabilize gas hydrates. Large amounts of methane trapped in clathrate hydrates has
sparked many studies, and some researchers suggest studying the possible impact of these
clathrates on global climate change. For instance, in 2017 Ruppel et al.®® suggested that if
0.1% of the estimated methane was released due to the clathrates melting, it would raise the
amount of methane in the atmosphere by up to 60 %, a catastrophic amount according to
MacDonald,®® Bohannon, and Whiteman.®' To prevent this, some have suggested reinforc-
ing methane sediments by injecting them with chemical promoters to prevent the hydrates
from melting as temperatures increase. 2% We postulate that due to the similarities between
clathrates and PCHs, PCHs may have a similar damping effect on the melting temperature
of these large clusters of clathrates, whilst also being benign since they cannot evaporate,
they are nontoxic, and they have no global warming potential.

In sum, PCHs are fascinating materials and present a promising avenue for future re-
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search in materials science. Computational modeling and screening, as well as exploration
through methods previously discussed, can help advance understanding of the underlying
chemistry of these materials and develop design principles for future use. While PCHs share
some similarities with clathrates, their formation under ambient conditions and potential for
numerous practical applications, such as proton transport, thermally-driven water desalina-
tion, and methane hydrate stabilization make them an exciting field of study. Additionally,
while clathrates have been the focus of substantial research, their expense and technical lim-
itations have limited their actual applications to date, and PCHs may provide an alternative
route for similar applications with the added benefit of hydrates capable of forming under

far less extreme conditions.
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