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Design, System, Application Statement

In this perspective, we discuss the design of polymers to achieve layered nanostructures advantageous for
charge transport. Recent studies have revealed that precisely periodic placement of functional groups
along a linear methylene backbone can lead to hairpin chain folding at the position of each functional
group when the polymer crystallizes. This, in turn, produces well-controlled layers of the functional
groups. This layered structure is robust across a wide array of groups that include acids, ions, and
oligomeric side chains immiscible with the methylene backbone. There is a large design space within this
paradigm to engineer layered structures with desired properties, by adjusting the functional group

chemistry and periodicity as well as the backbone chemistry.



Molecular Systems Design & Engineering Page 2 of 29

Nanoscale Layers in Polymers to Promote Ion Transport

Edward B. Trigg" and Karen 1. Winey*

Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia PA 19104,
United States

fPresent Address: Air Force Research Laboratory RXCC, Wright-Patterson Air Force Base, Dayton, Ohio
45433-7750, United States

*Email: winey(@seas.upenn.edu



mailto:winey@seas.upenn.edu

Page 3 of 29

Molecular Systems Design & Engineering

Abstract

Polymer membranes with enhanced charge transport properties would enable solid-state batteries
with improved safety, increased lifetime, and decreased cost. However, the ion conductivity of polymers
remains low after decades of research. Here, we advocate for an alternative design strategy for ion-
conducting polymers, wherein a precisely periodic chemical microstructure leads to backbone
crystallization, controlled hairpin chain folding at the position of each functional group, and ordered
layers of sub-nanometer thickness that function as pathways for charge transport. This chain-folded
layered structure is observed in a linear polyethylene with sulfonic acid groups pendant to precisely every
21%t carbon atom, and the membrane exhibits high proton conductivity at high humidity, matching the
benchmark membrane Nafion 117. We discuss related instances of ion and proton transport through thin
layers in polymers, as well as other examples of controlled polymer folding leading to ordered nanoscale
layers. We also propose design rules for achieving the chain-folded layered structure in new polymers.
This layered structure has the potential for improved charge transport relative to amorphous polymers,

representing a significant advance in ion-conducting polymer membranes.
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1. Introduction

The development of low-cost, high-performance solid state batteries would have enormous
societal benefits, including improved safety and efficiency for electric vehicles and increased viability for
intermittent renewable energy sources such as solar and wind. To enable this, the liquid electrolytes found
in traditional batteries would need to be replaced by solid electrolytes with high ion conductivity, near-
zero electron conductivity, high mechanical integrity, and the ability to form ion-transferring interfaces
with the electrodes. Various polymer systems are often proposed for this application, including polymer-
salt complexes, gel polymers, and single ion conducting polymers.' The latter contain only one mobile ion
species, e.g., lithium, and thereby prevent polarization of the anions during battery operation, another
benefit. A lack of viable polymer electrolyte materials has prevented commercialization of solid state
batteries. In particular, the ion conductivity of solid polymers needs to be increased.

Traditionally, ion-conducting polymeric membranes rely upon amorphous polymer for ion
transport. A typical example is poly(ethylene oxide) (PEO) (either at T > T, or crosslinked to suppress
crystallization) with a dissolved salt such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The
ether oxygens in the PEO associate with lithium ions, enabling charge separation. The resulting ion
conductivity scales with the polymer’s segmental dynamics (or structural relaxation). Because PEO is too
soft to provide adequate mechanical separation between the electrodes, block copolymers such as
poly(styrene-b-ethylene oxide) (PS-PEO) are often used.? With similar block molecular weights, these
block copolymers exhibit lamellar microphase separation, and the PEO-salt domains provide lithium ion
conductivity while the polystyrene (PS) domains provide mechanical rigidity. Although these contain
conductive lamellar domains ~ 10 nm thick, the ion conductivity mechanisms in these systems do not
differ qualitatively from the PEO homopolymer.

In addition to polymers, some crystalline ceramic materials are also candidates for solid
electrolytes.? While polymers possess many benefits over ceramics including good contact with the
electrodes, high toughness, and processability, most polymers have insufficient conductivity. The highest
known solid state lithium ion conductivity is found not in polymers but in ceramics, which are typically
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single ion conductors. In fact, several crystalline ceramic materials exhibit lithium ion conductivities two
orders of magnitude higher than the highest-performing polymers.*> Since the discovery that ion
conductivity occurs primarily in the amorphous phase of PEO, researchers have often disregarded
polymers with crystal-like ordering, focusing instead on amorphous polymers, and improvements in
conductivity have been incremental. Here we make the case that specially-designed crystalline polymers
could achieve conductivities approaching or surpassing those of the high-performing crystalline ceramics

and advocate for additional research along this direction.

2. Ion and Proton Conductivity in Nanoscale Layers in Polymers

Precise sulfonic acid polyethylene. Recently, it was found that a linear polyethylene with
precisely spaced pendant sulfonic acid groups’ (termed “p21SA”) exhibits a layered structure with high
proton conductivity when hydrated.® The polymer chains executed hairpin folds at the position of each
sulfonic acid group, such that the alkyl segments crystallize and the acid groups assemble into layers
(Figure 1a). Upon exposure to humid air, water molecules enter the hygroscopic sulfonic acid layers
causing a reversible increase in layer period as seen via X-ray scattering. As the water content increases
progressively with relative humidity (RH), the proton conductivity also increases. At RH of 60% or
greater, the conductivity of p21SA is on par with Nafion 117 (Figure 1b), a benchmark proton conducting
membrane. Both polymers reach conductivities of 10! S/cm at 95% RH.

Atomistic molecular dynamics (a-MD) simulations were performed at a range of hydration levels
to confirm and further investigate the structure and dynamics of p21SA. The layer periods from the
simulations match those from experimental X-ray scattering at the same hydration number to within 1 A.
(The hydration number is the number of water molecules per sulfonic group.) This confirms the hairpin
layer structure. The simulations showed that the thickness of the water layer sandwiched between the
sulfonic groups approaches 10 A at high RH. The proton conductivity occurs within these water layers
and depends on a complex interplay between the percent acid dissociation, the hydrated proton
concentration and distribution, the degree of confinement of water, the ordering and mobility of the acid

4
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groups, and other factors. Water diffusion coefficients were quantified in the simulations and compared
with amorphous structures of the same polymer at the same hydration levels. Water diffused several times
faster in the crystalline simulations due to lower tortuosity and fewer bottlenecks in the hydrated layers,
suggesting that the crystalline structure improves transport compared with the amorphous structure. This
work demonstrates that a polymer with crystal-like ordering can give rise to efficient proton transport

within highly confined hydrated layers.
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Figure 1. Chemical structures, morphologies, and conductivities of polymers that form 2D conductive
layers. (a) A precisely sequenced sulfonic acid polyethylene forms a layered structure with controlled
hairpin folding, leading to (b) proton conductivity on par with Nafion 117. Adapted from Trigg et al.? (c)
Films of solution-grown single crystals of PEO are subsequently infused with LiClO,, giving rise to (d)

highly anisotropic ion conductivity. Adapted with permission from Cheng et al.® Copyright 2014
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American Chemical Society. (e), (f) Random acid-containing copolymers forming layered structures with
high proton conductivity. Adapted with permission from Sato et al. '° and Matsui et al.!' Copyright 2015

and 2011, American Chemical Society.

PEO single crystal films. Semicrystallinity is often believed to impede ion conductivity in
polymer electrolytes, not only because the crystalline domains act as barriers to ion transport, but also
because the amorphous polymer segments are tethered to crystalline segments, reducing segmental
dynamics. To investigate the relationship between crystallinity and conductivity in PEO-salt complexes,
Cheng et al. produced films of solution-grown single crystals of PEO (Figure 1c).° The single-crystal
lamellae (~10 nm thick) were oriented in the plane of the films, and the films were 10-20 um thick,
corresponding to ~ 103 crystals in thickness. Lithium salt was added to these films by soaking them in
LiCIO4 pentyl acetate solution, followed by drying.

At low to moderate salt concentrations, the salt ions resided near the surfaces of the crystals, near
the chain folds. These two-dimensional surface regions were 2-3 nm thick, several times thicker than the
hydrated layers in p21SA. The conductivity of the films was highly anisotropic,'> with the in-plane
conductivity up to 2000x higher than the through-plane, indicating that the crystals do indeed block or
significantly impede ion transport (Figure 1d). Interestingly, at moderate salt concentrations, the
dynamics in the crystal surface regions are not significantly slowed by chain tethering, and the mobility is
comparable to that of crosslinked PEO-salt complexes, which are fully amorphous at the same
temperature. These findings support the idea that efficient ion transport can occur through thin, two-
dimensional layers bordered by hairpin-folded, crystalline polymer.

Proton-conducting polymer thin films. Recent work by Matsui and coworkers has shown high
proton conductivity in polymer thin films that form layered structures.!%!-13.14 These polymers are not
precisely sequenced and the layers do not consist of hairpin folding of polymer backbones. Instead, they
are random copolymers composed of two monomers: one with a long, hydrophobic side chain, and the
other with a short, acid- or amine-terminated side chain (Figures le, 1f). By casting on a water surface

7
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from chloroform solution,!! a stable nanosheet forms wherein hydrated sulfonic acid groups form highly
ordered layers in the plane of the film, as observed via X-ray diffraction. With various chemistries and

processing techniques, these thin films showed high conductivities, in the range of 102 — 10-' S/cm.

3. Controlled Hairpin Folding in Polymers

Considering the high conductivity of the controlled hairpin-folding polymer p21SA, here we
review polymers with similar hairpin-folding structures. The many examples in the literature show that
there is ample opportunity to design new hairpin-folding polymers for electrolyte applications. Note that
block copolymers that form microphase separated lamellar morphologies do not possess hairpin folds and
thus are excluded from this discussion.

Precise ionenes. The link between precisely periodic placement of interacting functional groups
along a polymer backbone and control over chain folding was first proposed decades ago. Aliphatic
ionenes (polymers with charged groups in the backbone) with precisely periodic dimethylammonium
groups were originally produced in 1968.15 In the early 1980s, Kunitake ef al. observed that these precise
ionenes form vesicles in water.!%!7 The vesicle walls were composed of chain-folded ionenes that gave
rise to lipid bilayer like structures (Figure 2b). The authors also synthesized small-molecule analogues to
the ionenes, consisting of one ionic group and two alkyl chains (similar to Figure 2a) or two ionic groups
and three alkyl chains. Like the ionenes, these also fold at the positions of the ionic groups to form
bilayers. In the polymers and the small molecules, a minimum alkyl chain length is required for the layer
structure to occur: with at least 18 methylene units, the layers form, but with 16 or fewer they generally
do not. Presumably, the hydrophobic interactions between alkyl segments must reach a critical point to
overcome the entropic and conformational free energy penalties of forming the layers. Another ionene
was produced that was a random copolymer containing both C,y and C,4 methylene segment lengths, and
this did not form layers.!” The effect of imprecision in polymer microstructure on layer formation will be

discussed later in this article.
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Figure 2. (a) Classical lipid bilayer (phosphatidylethanolamine), and (b) a precise ionene folding to form
a similar structure in water, drawn based on results from Kunitake et a/.'® (¢) Chain folding in an aliphatic
polyester is controlled by precisely spaced propyl side groups, drawn based on results from de Ten Hove
et al.'® (d) Chain folding in another aliphatic polyester is controlled by oligomeric PEG side chains,
drawn based on results from Chanda et al.'® The functional groups that induce folding are circled in red

and represented by the red circles or lines.
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The effect of chemically modifying the hydrophobic segments on layer formation was also
investigated. Two more ionenes were made where, at the center of each methylene segment, one and two
phenol groups were incorporated into the backbone.!” Interestingly, the authors concluded that
incorporation of one or two phenol units did not prevent formation of the chain-folded layers, and actually
increased the melting temperature (T,,) of the layered structures from 53°C to 63°C and 62°C,
respectively (see Figure 4), as seen via differential scanning calorimetry (DSC). In 2000, Hong et al.
found that a similar incorporation of oxyazobenzyl groups into the ionene backbones still permitted the
ordered, chain-folded layered structures to form.?’ In Hong’s case, the layers were observed in thin films
produced via layer-by-layer electrostatic deposition.

A recurring issue with these ionenes is the difficulty in directly detecting the chain-folded layered
structure. The evidence presented by Kunitake consists of (i) vesicles and/or disks observed via TEM
after staining with uranyl acetate, where the vesicle wall or disk thickness was comparable to the all-trans
length of the repeating unit, and (ii) a sharp endothermic transition within the expected temperature range
via DSC. Hong et al. presented spectroscopic evidence of backbone ordering as well as atomic force
microscopy (AFM) data showing regular steps in height. While the evidence is convincing, these studies
also demonstrate the inherent difficulty of unambiguously showing the presence of hairpin folding in an
imperfectly ordered polymer.

Precise polymers with short side chains. An alternative route to inducing a hairpin fold is to
introduce a short side chain that is incompatible with the crystalline structure of the polymer backbone.
De Ten Hove and coworkers synthesized polymers with precisely spaced alkyl groups (Figure 2¢) that
exhibit controlled chain folding when crystallized from the melt.'® These polyesters were synthesized
from long aliphatic diols (C,, or Cy44) and glutaric acid or 3-n-propylglutaryl dichloride, and the latter
incorporates a propyl side group near the ester groups along the chain. Without the propyl group, the
polymers behave similarly to HDPE or a standard aliphatic polyester, forming the typical lamellar semi-
crystalline morphologies. However, the addition of the propyl group dictates the lamellar thickness
because it is too large to be incorporated into the crystal as a defect. This has been confirmed by Rojas et
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al.®' The crystalline lamella thickness (as measured by AFM, TEM, and SAXS) of the polymer made
from Cy4 diol and 3-n-propylglutaryl dichloride monomers was independent of crystallization temperature
over a range of more than 60°C. Patterson function analysis of SAXS data revealed a higher electron
density at the lamellar surfaces, indicating a high concentration of branch points (propyl groups). The
authors conclude that a significant portion of the chains must form tight folds at the lamellar surfaces due
to density considerations.

In addition to the copolymerization techniques that produced the precise polymers described
above, precise polymers can be synthesized via acyclic diene metathesis (ADMET) polymerization.??
With ADMET, symmetric diene monomers that contain functional groups at their centers are
homopolymerized to yield linear polyethylene with precisely spaced functional groups.?*> Wagener’s
group has pioneered this versatile technique, producing polyethylenes with tens of different functional
groups,?* including alkyl,? halide,?® acid,”?”-*® and oxidized sulfur?*3° functionalities. These functional
groups are typically bonded to every 9%, 15%, or 21 carbon along the backbone.

ADMET polyethylenes were synthesized by Wagener’s group containing short poly(ethylene
glycol) (PEG) side chains on every 15% or 215 carbon.?'32 For the methylene length of 20, DSC revealed
two endothermic transitions upon heating, which were attributed to methylene crystallinity and PEG
crystallinity. The PEG segments, four and five repeat units in length, were excluded from the methylene
crystalline regions, as found by extensive DSC analysis. On this basis, tight chain folds were presumed to
dominate the surfaces of the methylene crystals, with the PEG branch points at the folds.

Building on this initial work, Ramakrishnan’s group produced aliphatic polyesters with precisely
spaced short side chains composed of PEG!?3334 (Figure 2d) or poly(tetrafluoroethylene) (PTFE).35 These
polymers also form chain-folded layers from the melt state upon cooling. For the polyesters with side
chains containing between 3 and 16 PEG units, SAXS on bulk samples revealed a layered structure with
well-defined periodicity of order 5 nm, consistent with a chain folding motif.3? This periodicity was
tunable by changing the PEG length, and by random co-grafting with two PEG lengths.! In contrast with
the polyesters containing propyl side chains, this morphology consists of multilayers of hairpin folding.

11
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AFM was also performed on spin-coated and thermally annealed thin films, and structures were observed
with well-defined step heights consistent with the SAXS periodicity.

For the PTFE-grafted polyesters, TEM was employed to observe the long-range ordering of the
alternating methylene and PTFE layers.?> Remarkably, the layers persist for hundreds of nanometers
without significant changes in orientation, both laterally and along the layer normal. This suggests an
absence of domains composed of amorphous (disordered) polymer backbones, in sharp contrast with
classical semicrystalline polymers. By combining SAXS, AFM, and TEM, as well as DSC and FTIR
spectroscopy, these studies provide ample convincing evidence for well-controlled chain folding in this
family of polyesters.

Precise polymers with polar pendant groups. Intermediate between the ionenes with a charged
group in the backbone that chain fold to satisfy coulombic interactions and the precise polymers with
short side chains that chain fold primarily to maximize backbone crystallization are precise polymers with
polar pendant groups. In this class of polymers, chain folding is driven by both secondary bonding
between pendant groups and crystallization of the backbone. Over the last decade, acid-containing
polymers and ionomers have been produced by ADMET polymerization. Linear polyethylenes with
precisely periodic carboxylic acid,?” phosphonic acid,?® imidazolium bromide,® sulfonic acid,” and
sodium sulfonate’ were made by Wagener’s group (see Figure 3a,b). Recently, our group investigated the
structure of a polyethylene with carboxylic acid groups pendant to every 21% carbon (termed p214A4).%"
While layers are clearly evident in bulk crystallized p21 AA via X-ray scattering, with small side groups
the possibility of extended-chain layers must also be considered. Extended-chain layers refer to a crystal
structure like those of nylons, where the chains are nearly all-trans and the functional groups form layers
due to secondary bonding and/or steric effects.

Using atomistic molecular dynamics (a-MD) simulations, X-ray scattering, and Raman
spectroscopy, it was found that hairpin chain folding takes place at the position of each acid group, giving
rise to multiple consecutive layers of folded polymer (Figure 3c). The presence of multiple consecutive
layers is related to the PEG-grafted polyesters (Figure 2d); however, it differs in important ways. The side

12
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group interactions are quite distinct: in the PEG-grafted polyesters, the long, flexible PEG side groups
(M,, = 252 Da)* will have significantly different enthalpic and entropic interactions compared with single
carboxylic acid groups (M,, = 45 Da). Also, p21AA contains amorphous domains as well as crystalline,
chain-folded domains, and these two phases exist in alternating layers or lamellae. Interestingly, the acid
layer planes are approximately perpendicular to the crystalline-amorphous layer planes (Figure 3d).3® This
structure has not been reported in any other hairpin folding polymers to date.

Using different crystallization methods, Ortmann et al. found that p21AA can also form
structures resembling the precise ionenes of Kunitake et al.3® They prepared single crystals of p21AA
from a dilute tetrahydrofuran (THF) solution that also contained CsOH. Presumably, some of the
carboxyl groups were neutralized with Cs*. TEM showed that these single crystals had a thickness of =~ 3
nm, roughly corresponding to one all-trans repeat unit. The methylene segment length between carboxyl
groups was increased to 45 and the single crystal thickness increased to ~ 6 nm. This suggests that the
single crystals consist of one layer of hairpin-folded chains with the crystal surfaces containing the
carboxyl groups.

Chain-folded layers are also formed by polyethylene with imidazolium bromide groups pendant
to every 215t or 15™ carbon atom (termed p21ImBr and p15ImBr, respectively, Figure 3h). Single crystals
of p21ImBr were grown from dimethyl sulfoxide (DMSQO) solution, and abnormally large crystal
thicknesses were observed: up to 850 nm. These crystals are more than an order of magnitude thicker than
typical solution-grown crystals of polyethylene (Figure 3g).4° These thick crystals contained at least 150
chain-folded layers, and the thickness was several times larger than the extended chain length, based on
the molecular weight. This is in sharp contrast with Kunitake’s ionenes, which also contained precisely
periodic ionic groups but in water formed thin vesicles or disks consisting of only about 2 layers. This
difference in assembly, although not yet sufficiently explored, could be related to polymer flexibility,
thermal treatment, or choice of solvent.

The morphology of p21ImBr when crystallized from the melt appears to resemble the solution-
grown crystals. X-ray scattering of bulk, melt-crystallized p21ImBr showed a layer periodicity of 33 A.4!

13
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This is larger than the all-trans length of the repeating unit, demonstrating that these are hairpin layers,
not extended chain layers. The layer peaks were very narrow, indicating well-ordered layers, and the large
grain size of p21ImBr more closely resembles the PEG-grafted polyesters than p21AA.

Finally, when sulfonic acid groups are used in place of carboxyl or imidazolium bromide (p21SA,
Figure 1a), there is ample evidence for chain-folded layers (Figure 3f).® When exposed to a humid
environment, X-ray scattering shows expansion of the layer periodicity by more than 10%, well beyond
the all-trans length of the repeating unit. This reversible expansion would not be possible with extended
chain layers. Also, a-MD simulations of p21SA in the hairpin layer structure were performed at various
hydration levels (Figure 3e), and the layer periodicity as a function of hydration matched experiments to
within 1 A. Similar to p21ImBr, and in contrast with p21AA, the grain size of the layers in p21SA was

very large, at least 70 nm.
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Figure 3. (a) General structure of acid- and ion-containing ADMET polyethylenes, and (b) specific
ADMET polyethylenes discussed in this work. (c) A 2D slice of a snapshot from an atomistic molecular
dynamics simulation of p21AA,3” and (d) a schematic of the (idealized) semicrystalline structure of that
polymer.3® (e) A 2D slice of a snapshot from an atomistic molecular dynamics simulation of hydrated
p21SA, and (f) a schematic of its crystalline structure.? (g) Atomic force microscope image of a solution-
grown single crystal of p21ImBr,* and (h) a schematic of its crystalline structure.*> Adapted with
permission from (c) Trigg et al.,* (d) Trigg et al.,’® (e)-(f) Trigg et al..® (g) Yan et al.,** and (h) Trigg et
al.* Copyright 2017 American Chemical Society, 2017 American Chemical Society, 2018 Nature

Publishing Group, 2017 Elsevier, and 2018 American Chemical Society.

Figure 4 shows the melting temperatures (T,,) of various hairpin layer forming polymers, as well

as n-alkanes and phospholipids (sketched in Figure 2a) for comparison. Ty, is plotted as a function of the
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number of methylene units per repeating unit (ncyp). With the exception of the imidazolium bromide
polymers, all the hairpin folding polymers have T,;s relatively close to the alkane with the same number
of methylene units. Polymers containing associating groups such as ions or strongly hydrogen-bonding
acids tend to have higher T,;s than those with alkyl or PEG side groups. Given the same ncyp,
phospholipids have higher T ;s than any of the polymers expect for those containing imidazolium
bromide. The high melting points of the imidazolium bromide polyethylenes (open green triangles in
Figure 4) might be explained by the geometry of the functional group: (i) the size and shape of the
functional group allows for efficient packing, and (ii) the extra methylene unit linking the imidazolium

group to the backbone provides added flexibility to improve packing.
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Figure 4. Melting temperatures of various hairpin layer forming polymers and some small
molecules for comparison, as a function of the number of backbone methylene units per repeating unit.
Plotted are selected n-alkanes of lengths 9 to 50;* the phospholipid family phosphatidylethanolamine,
having two identical saturated alkyl tails, which forms lipid bilayer membranes;*+*¢ dimethylammonium
ionenes with and without phenol (Ph) groups;'” polyesters with propyl side groups;'® polyesters with PEG
side groups;* and ADMET polyethylenes with PEG side groups,’! carboxylic acid pendant groups,?’-*
sulfonic acid pendant groups,’# and imidazolium bromide pendant groups.3®4” Open symbols are ion-
containing materials, half-filled symbols are acid-containing, and filled symbols contain neither ions nor
acids. Triangles are ADMET functionalized polyethylenes. For the phospholipids, ncy, corresponds to the

length of each tail.

4. Alternative Strategies for Achieving Ordered Nanoscale Layers

Telechelic association. Hairpin folding of precise polymers is not the only way to achieve
functional group layers with crystal-like order. Ordered layers can also be produced by end-
functionalizing crystallizable polymers or oligomers with strongly associating groups. German et al.

functionalized polyethylene chains (M, = 1.3 and 2.2 kDa) with thymine (Thy) or 2,6-diaminotriazine

17
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(DAT) groups.*® The Thy and DAT groups associate with one another with three hydrogen bonds,
providing strong but temporary linkages. When cooled from the melt, these short telechelic polymers self-
assembled into layers upon crystallization, with a layer period between 91 and 200 A depending on M,
and other factors. More recent work by the same group reported layers with very long range order,
achieved via thermal treatment,* and extended the concept to PEO chains.’® Given an appropriate choice

of functional group, these telechelic associators may be useful for proton or ion transport.

5. Design Rules for Controlled Chain Folding

Given the promise of controlled chain folding for enhanced charge transport in polymer systems,
we present here a list of conjectural design rules for achieving the layered, chain-folded structures, based
on available data.

Backbone segment length. Using crystallizable backbone segments appears to be a good
strategy for achieving chain-folded layers, because the driving force for crystallization compels the chains
to fold. Methylene segments have primarily been used to date, due to chemical stability and synthetic
versatility, but other crystallizable backbones such as PEO or PTFE may also give rise to the layers.
Regardless, the backbone segments must be sufficiently long (x sufficiently large in Figure 5) that the
crystallization temperature is greater than the T, of the polymer; otherwise, the layered structure will not
be accessible. The observed melting temperature in the layer-forming polymers with methylene
backbones is usually equal to or slightly greater than that of an alkane with the same number of methylene
segments (Figure 4). Based on the available data, a minimum of 15-20 methylene units is typically

sufficient for layer formation. The minimum length depends upon the choice of functional group.

18



Molecular Systems Design & Engineering

X
Figure 5. A linear polymer with R groups at intervals of x along the backbone. The main factors affecting
whether the polymer will form the hairpin layer structure are as follows: backbone chemistry, length of x,

uniformity of x, size of R, and miscibility between R and the backbone.

Microstructure precision. One would expect that polymers with randomly placed functional
groups (i.e., random x in Figure 5) will not form the hairpin layer structure. Indeed, this has been found
experimentally: Baughman et al. produced polyethylene with pseudo-randomly placed carboxylic acid
groups as a comparison with the precise version, and no layers were visible in the X-ray scattering
patterns.?’ Likewise, Kunitake et al. copolymerized the monomers from the C,, and C ¢ precise ionenes (x
either 16 or 20), and this copolymer formed no structures from solution.!” However, it is not yet known
whether small deviations in x (Figure 5) will prevent the layered structure from forming. These nearly
precise polymers might be more straightforward to synthesize and thus more commercially feasible.
Recently, a polyester was synthesized that contained carboxylic acid groups with nearly precise
periodicity along the chain; x was either 11 or 12.5! No layers formed because x was too small. However,
the X-ray scattering peaks of the amorphous polymer bore a strong resemblance to truly precise
amorphous polymers, in both their positions and widths. This resemblance persisted in the ionomer forms,
after neutralization with sodium. These results necessitate the synthesis of nearly precise polymers with
larger x, to see if the chain-folded layers can be achieved.

Functional group size. The size of the functional group R (Figure 5) plays an important role in
the hairpin layer-forming ability of the polymer. On the one hand, a very small R group can be
incorporated into a polyethylene-like crystal structure, such as amide groups (nylons), methyl groups,?-2
halide groups,?¢-* and sulfone groups.? The resulting structures resemble classical semicrystalline

polyethylene, not hairpin layers. On the other hand, consider a rigid, bulky R group with a cross-sectional
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area much greater than two crystalline alkyl segments. (The cross-sectional area of two crystalline alkyl
segments is roughly equal to the a-b area of the orthorhombic polyethylene unit cell, 36 A2.) For the
hairpin layers to form, steric constraints would require a very large tilt angle between the crystalline stems
and the functional group layers, and this may prevent layer formation altogether. An example of this is an
ADMET polyethylene where R = (PO3;H,), and x = 20. Ordinarily, the 20 methylene units should be
sufficient for layer formation, but instead this polymer is amorphous with phosphonic acid clusters
occupying a face-centered cubic lattice.’* The two phosphonic groups have a large molecular volume of
approximately 100 A3 55 and furthermore the rigidity of the groups frustrate packing, preventing layer
formation.

Functional group miscibility. The available data to date suggests that the multilayer hairpin
layer structure forms when the functional group has low miscibility with the backbone. With methylene
backbones, consecutive layers form when the R group is PEG, PTFE, carboxylic acid,
dimethyammonium, etc., but not when the R group is an alkyl group. This may be related to the melt-state
morphology, where less miscible groups would be expected to associate or aggregate, while alkyl groups
may not. More research is required to fully understand the relationship between backbone-R group
miscibility and consecutive layer formation.

Using peptide-inspired structures. It may be possible to encourage controlled hairpin chain
folding for a wider range of side groups or backbone structures. Under particular conditions, peptides
such as MAX1 reliably execute a single fold with a defined set of molecular conformations, known as [3-
hairpin folding.’¢*” MAX1 contains two backbone pyrrolidine rings, each bonded to the backbone at
positions 1 and 2. By incorporating cyclic groups into a polymer backbone in this way, this peptide-
inspired strategy could be adapted to boost the chain folding proclivity of precise or nearly precise

polymers.
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6. Conclusion

In the development of new electrolytes for solid state devices, self-assembled nanoscale layers
may prove a useful strategy for increasing proton or ion conductivity without sacrificing mechanical
stability. In this Perspective, we have discussed many examples of polymers with precisely spaced
functional groups that execute hairpin folds at the position of each functional group to produce nanoscale
layers. These hairpin layers appear to be a robust and reliable consequence of precise sequencing, with
certain constraints laid out in Section 5. We have also shown several examples of high conductivity in
polymers with layers. This work beckons the synthesis of new precisely (or nearly precisely) sequenced
polymers with functional groups specially designed for charge transport, e.g., LiTFSI groups. Such
polymers will most likely form hairpin layer structures and may give rise to transport mechanisms that are
distinct from those found in amorphous polymers, which dominate the literature to date. Considering the
high lithium ion conductivity found in some crystalline ceramic materials, this strategy may lead to
polymers with sufficient ion conductivity to enable the widespread commercialization of solid state

batteries.
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