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Abstract

We have studied the morphology of a novel series of benzimidazole-based ionenes,

methylated poly(hexamethyl-p-terphenyl benzimidazolium) (HMT-PMBI), in halide

form. Materials with anion-exchange capacities ranging from 0 � 2.5 mequiv/g were

studied. X-ray scattering reveals three length scales in the materials: ion-polymer spac-

ing (4 Å), polymer-polymer interchain spacing (6 Å), and an intrachain repeat distance

(20 Å). No long-range structure is apparent above the monomer length, which is rare in

ion-conducting polymer membranes. In preliminary molecular dynamics simulations,

water molecules were observed forming chains between ions, even at a modest level of

hydration, providing an inter-penetrating network where conductivity can occur.

Introduction

Anion-exchange membranes (AEMs), formed from synthetic macromolecules containing �xed

cationic sites and dissociated anions, are currently of considerable interest because of their

importance in electrochemical technologies such as fuel cells, electrolysis,1 wastewater treat-

ment,2 redox-�ow batteries,3 biofuel cells,4 and desalination.5 In particular, hydroxide-ion

AEM fuel cells (AEMFC) and electrolyzers are energy converters of emerging interest be-

cause the use of non-precious metal catalysts in alkaline media o�ers an advantage over

devices based on proton-exchange membranes.6 However, challenges to widespread adoption

of AEMs for these technologies include poor stability of polymeric materials in basic media7

and comparatively poor ion conductivity due to the low di�usion coe�cient of the hydroxide

ion and its carbonation when exposed to air. The past �ve years have shown signi�cant

increases in reported AEMFC peak power and current densities; however, membrane stabil-

ity remains a signi�cant concern.8 To address this concern, numerous cationic moieties have

been investigated for hydroxide stability, including guanidinium,9 DABCO,10 imidazolium,11

pyrrolidinium,12 sulfonium,13 phosphonium,14 and ruthenium-based cations.15

This work focuses on a material that is based on a sterically-protected benzimidazolium-
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based cation, methylated poly(hexamethyl-p-terphenyl benzimidazolium) (HMT-PMBI). This

material has a tunable ion-exchange capacity and has been proven to possess ion conductiv-

ity and exceptional hydroxide stability.16,17 HMT-PMBI has been demonstrated in both fuel

cells and water electrolyzers.17 In fuel-cell testing, HMT-PMBI cells exhibited exceptional

stability leading to longer lifetimes. HMT-PMBI falls under a class of polymers known as

ionenes for which the cation is an integral feature of the polymer backbone. In the case of

HMT-PMBI, the stability of the cation is provided via steric protection by methyl groups;18

however no investigations of the morphology or conduction mechanisms for HMT-PMBI or

similar polymers have been reported to date.

An understanding of polymer morphology is an important component in the design of im-

proved materials for polymer-electrolyte membranes.19 Ion conduction involves the di�usion

of ions through water-rich domains and depends both on charge content of the hydrophilic

domains and on their interconnectivity. The morphology also impacts chemical and mechan-

ical stabilities.

In this paper, we report a detailed analysis of the morphology of HMT-PMBI. We per-

formed small- and wide-angle X-ray scattering (SAXS and WAXS) on two halide forms of

HMT-PMBI, HMT-PMBI(I� ) and HMT-PMBI(Cl� ), in various conditions: in vacuum, in

ambient conditions, after soaking in water, and after stretching. We also performed den-

sity functional theory calculations and preliminary molecular dynamics calculations to aid

interpretation of our results.

Materials and methods

HMT-PMBI is a polymer composed of up to three submolecular units, x, y, and z, with each

unit contributing either +0, +1, or +2 to the total charge of the backbone; the chemical

structures are shown in Figs. 1 (a), (b), and (c), respectively. The cationic benzimidazolium

units are separated by a series of neutral aromatic rings to reduce the material's solubility.
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The ion-exchange capacity (charge content along the backbone) is determined by the relative

ratio of x, y, and z units, which in turn is determined by the degree of methylation (dm).16

x

z

(a)

(b)

(c)

Figure 1: Chemical structure of HMT-PMBI, a polymer composed of three submolecular
units: x, y, and z as shown in parts (a), (b), and (c) of this �gure, respectively. The anion,
X� , is iodide immediately following synthesis.

The samples consisted of polymer �lms that were cast from dimethyl sulfoxide (DMSO)

solutions formed by dissolving 0.20 g of polymer in 12 mL of hot DMSO. The resulting

solutions were �ltered into clean, �at Petri dishes and allowed to dry at 86 ◦C for 48 hr

in air. The resulting transparent, brown �lms were removed by addition of water, which

allowed �lms to be peeled o� of the glass. They were then transferred into deionized water

for at least 48 hours. The �nal �lms were approximately 50 µm thick. The �lms were cast in

4



iodide form. Some of the �lms were treated with potassium chloride or potassium hydroxide

to exchange the iodide for chloride or hydroxide.

Samples resulting from casting of HMT-PMBI with four di�erent degrees of methylation

(dm) of the N sites of the submolecular units were investigated in this study. Samples were

measured in the original iodide form, or after exchanging the iodide for chloride. The degree

of methylation of the polymers ranged from 65.9 to 97.5% dm; a sample with a degree of

methylation of 50%, is entirely uncharged and contains only (a) units. Table 1 reports values

for: the degree of methylation, ion exchange capacity (IEC) for the dry membrane, water

uptake, and ion conductivity.16,17 The OH� form of the polymer was air-equilibrated with

the result that the anion was in mixed hydroxide-carbonate form. 1H NMR spectroscopy was

used to determine the degree of methylation, from which the IEC was calculated. For 97.5%

and 80.7% dm HMT-PMBI in chloride and iodide form, hydrated weight was measured after

soaking in de-ionized water for 16 hours at ambient temperature. Dry weight was measured

after drying the samples for 24 hours at 353K in vacuum. The remaining material properties

are reprinted from previous publications.16,17

Table 1: Properties of HMT-PMBI at varying degrees of methylation (dm)

dm aniona IEC water uptake σb

(%) (mequiv/g) (wt%) (mS/cm)
65.9 HCO �

3 /CO 2�
3 1.1 29 ± 4 0.10 ± 0.03

80.2 HCO �
3 /CO 2�

3 2.0 42 ± 3 1.4 ± 0.2
89.7 HCO �

3 /CO 2�
3 2.5 54 ± 2 10.0 ± 1.2

97.5 HCO �
3 /CO 2�

3 3.1 NAc NAc

80.2 Cl� 1.8 24 ± 8 NAd

89.7 Cl� 2.5 37 ± 2 7.5 ± 0.4
97.5 Cl� 3.0 90 ± 50 NAd

80.2 I� 1.6 12 ± 4 NAd

89.7 I� 2.5 16.0 ± 1.0 0.87 ± 0.01
97.7 I� 2.3 17.3 ± 1.4 NAd

a The HCO �

3
/CO 2�

3
form was obtained from exposure of the OH� form to ambient atmosphere

b Ion conductivity
c Water-soluble material
d Not measured
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X-ray scattering was performed using a SAXSLab Ganesha 300XL instrument located

in 4D LABS at Simon Fraser University. The instrument includes a copper anode source

operating at 50 kV and 0.6 mA, producing Kα radiation with a wavelength λ = 1.54 Å,

and a mobile PILATUS3 R 300K photon counting detector. The entire instrument is housed

in a 2 m vacuum chamber. Three scattering con�gurations � small-angle, medium-angle,

and wide-angle X-ray scattering (SAXS, MAXS, and WAXS) � were achieved by moving

the detector within the chamber, providing a usable q-range of 0.01 to 2.7 Å−1, where

q = 4 π
λ

sin(θ/2) is the scattering wave vector and θ is the scattering angle.

Samples were measured in vacuum, in ambient conditions, and after hydration. Samples

measured in vacuum were a�xed to a sample holder with double-sided tape and allowed to

equilibrate within the evacuated instrument chamber for one hour. Samples measured in

ambient conditions were placed inside a paste cell consisting of an O-ring spacer and mica

windows, which isolated the sample from vacuum. Hydrated samples were submerged in

water for one hour, following which excess water was removed from the �lms by dabbing

with tissue paper before they were placed in a paste cell. The stretched sample was prepared

by drawing a �lm at room temperature and ambient humidity until it broke at an extension

ratio of approximately 2. Portions of the stretched sample from near the tear point were

measured in vacuum.

A �tting function (Eq. S1) consisting of up to three pseudo-Voigt functions, a power law,

and a q-independent background was �t to the data. The pseudo-Voigt function provides

a �exible peak shape suitable for both crystalline and non-crystalline structure. The power

law accounts for larger scale inhomogeneities in the sample. The measurement of wet 97.5%

dm HMT-PMBI(Cl−) showed a mid-q feature. This was �t to the Correlation Length Model

(Eq. S2). Further details of analysis methods can be found in the Supporting Information.

We assume that each visible peak corresponds to a single length scale in the material given

by

di = 2.44× π

qi
, (1)
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where qi is the peak position, as recommended for scattering from amorphous polymers.20

Density functional theory (DFT) calculations were used to provide insight into the shape

and electronic structure of the molecules. DFT calculations were performed using the Gaus-

sian21 quantum chemistry program, the B3LYP functional22 and the def2-TZVP basis set.23

Figure 2 shows the results of a geometry optimization of a cationic 100% dm HMT-PMBI

tetramer at the B3LYP/def2-TZVP level of theory. Figure 2a shows the optimal nuclei po-

sitions; the molecule is highly extended, as it carries a net charge of +8 and is in vacuum.

The methylated, neutral aromatic rings are rotated approximately 80◦ out-of-plane relative

to their corresponding cationic benzimidazolium units. This orientation sterically protects

the most vulnerable carbon atom, the C2 carbon, which is located at the apex of the benz-

imidazole unit. This is in general agreement with calculations and measurements performed

on small molecule analogues18 and is believed to greatly contribute to the stability of the

hydroxide form of HMT-PMBI. In analysis of methylated m-PBI and ether-linked PBI, the

C2 carbon was found to be vulnerable to hydroxide attack.24 Figure 2c shows the molecular

electrostatic potential along an electron density isosurface of 0.002 electrons/a03, where a0 is

the Bohr radius. The highest potential is concentrated along the nitrogen-carbon-nitrogen

�triangle� of the benzimidazole rings. The mesitylene-phenylene-mesitylene group maintains

a low and approximately constant potential. This con�rms that this section of the molecule

is hydrophobic. As this oligomer has a net electric charge of +8, the potential of the entire

surface is positive.

Molecular dynamics (MD) simulations were designed to aid interpretation of the WAXS

results.25,26 Preliminary MD simulations were performed using the GPU-accelerated distri-

bution of NAMD 2.1127,28 with OPLS-AA-based parameters;29 details can be found in the

Supporting Information. Parameters are listed in Tables S1, S2 and S3; OPLS-AA param-

eters as implemented in NAMD were used when available. CHarMM36 parameters30 where

used for dihedral angles involving nitrogen methyl groups as no OPLS-AA parameters were

available. The DFT results provided the atomic partial charges and initial geometries for
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22 Å

(c)

(b)

(a)

Figure 2: The results of the density functional theory calculation for fully methylated HMT-
PMBI: (a) the optimized nuclei positions in a tetramer showing steric protection of the
cationic region, (b) an expanded view of a single molecular unit, and (c) the electron density
isosurface illustrating the relative hydrophilicity (blue) and hydrophobicity (green) of the
molecule. The red areas are end e�ects due to the net positive charge of the molecule.

the tetramers in the MD simulations.

Results

X-ray scattering results for (a) HMT-PMBI(I� ) and (b) HMT-PMBI(Cl� ) samples of various

dm in vacuum are shown in Fig. 3, plotted as a function of the magnitude of the scattering

wave vector, q. Three peaks are visible in each measurement: a small, broad peak at

approximately 0.4 Å−1, and two WAXS peaks, at approximately 1.35 Å−1 and 2.00 Å−1. We

refer to these peaks as Peak 0, Peak 1, and Peak 2, respectively; they correspond to length

scales of approximately 20 Å, 6.4 Å, and 4 Å. Peak 2 increases in intensity with degree of

methylation, while Peak 0 and Peak 1 show similar shape and intensity for di�erent dm.

Peak 2 is also much more clearly de�ned in the iodide form as compared to the chloride form

of the polymer. The solid curves are �ts of the model function to the data.

Figure 4 compares vacuum, ambient, and hydrated (wet) measurements for 80.2% and

97.5% dm HMT-PMBI in iodide and chloride form. All peaks shift to lower q with increased

hydration, consistent with moderate swelling occurring during hydration. Peak 0 shrinks

with increased hydration; it is no longer visible in the data for the wet chloride-form sam-
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(b)

2
7

(a)

Figure 3: X-ray scattering pro�les of �lms of (a) HMT-PMBI(I� ) and (b) HMT-PMBI(Cl� )
at degrees of methylation (dm) ranging from 65.9% to 97.5%, measured in vacuum. The
solid curves are �ts of Eq. S1 to the data.

ples. Except for the 80.2% dm HMT-PMBI(I� ) sample, which uptakes little water, Peak

2 increases in intensity with hydration. The measurement of hydrated 97.5% dm HMT-

PMBI(Cl−), which uptakes a very large amount of water, shows a mid-q shoulder.

Figure 5 compares scattering from a stretched and an unstretched sample. Figure 5 (a)

shows the 2-D image of scattering from stretched 89.7% dm HMT-PMBI(I� ) as captured

by the detector. The stretched sample produced an anisotropic scattering pattern. For

this image, the sample was mounted with the stretching axis along the vertical axis. The

larger diameter complete ring, which corresponds to Peak 1, shows stronger scattering in the

direction perpendicular to the stretching axis, the equatorial direction. The smaller diameter

partial ring, which corresponds to Peak 0, shows stronger scattering in the direction parallel

to the stretching axis, the meridional direction. To achieve a good coverage of q-space, it

was necessary to repeat the measurements after rotating the sample by 90◦.
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(a)

(d)

(b)

(c)

Figure 4: X-ray scattering pro�les of �lms of (a) 80.2 and (b) 97.5% dm HMT-PMBI(I� ) and
(c) 80.2% and (d) 97.5% dm HMT-PMBI(Cl� ) at various levels of hydration: in vacuum (pur-
ple), in ambient conditions (mustard), and fully hydrated (orange). In HMT-PMBI(Cl� ),
Peak 2 signi�cantly increases in intensity at ambient humidity and when hydrated. A vertical
o�set has been added to the data to reduce overlap.

The results of the two measurements were combined into the pro�les shown in Figure 5 (b)

by integrating 30◦ sections along the equatorial and meridional directions. In the stretched

sample, Peak 0 is signi�cantly stronger and narrower in the meridional as compared to

equatorial sections while the intensity of Peak 1 is stronger in the equatorial as compared

to the meridional sections. All peaks in the stretched sample are shifted to lower q than

observed in the unstretched sample.
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(a)

Unstretched      
Stretched - Meridional Section
Stretched - Equatorial Section

(b)

Figure 5: (a) Image from the 2-D detector and (b) integrated X-ray scattering from stretched
and unstretched 89.7% dm HMT-PMBI(I� ). Data for the unstretched sample is shown in
yellow. Data for the stretched sample from meridional and equatorial sections are shown in
orange and green, respectively.
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Discussion

In all of the results shown in Figures 3-5, the small-angle behavior is dominated by a low-q

upturn; no structural features are visible in this q-range in any material, indicating that no

phase separation is occurring on length scales longer than a couple of nanometers. Small-

angle neutron scattering results (described in the Supporting Information) con�rm this ob-

servation.

All of the ionenes show two prominent WAXS peaks. Peak 1 corresponds to a length

scale of approximately 6 Å while Peak 2 corresponds to length scale of approximately 4 Å.

Because Peak 1 becomes stronger in the equatorial direction after stretching, we associate it

with a backbone-backbone correlation length. As the �lm is stretched, the molecules become

straighter and more parallel, enhancing the scattering in the direction perpendicular to the

stretching direction.20 Furthermore, there is a change in peak position; the peak in the data

from the equatorial section appears at approximately 1.2 Å−1, 10% below the position of

Peak 1 in the unstretched material. This is consistent with the di�erence in peak position

between randomly oriented and parallel polymer chains with similar stacking lengths.31

We associate Peak 2 with the ion-backbone and water-backbone spacings because the

intensity of Peak 2 is strongly correlated with both the degree of methylation and the water

content of the material. Peak 2 dramatically increases in intensity and shifts to lower q

when samples with greater degrees of methylation are hydrated, re�ecting their large water

uptake.

In the stretched material, the MAXS peak, Peak 0, is not visible in the equatorial sec-

tion, and becomes more intense and shifts to lower q by approximately 25% (from 0.43

to 0.33 Å−1) in the meridional section relative to the unstretched material. As the �lm

is stretched and the polymer chains become more parallel, correlation between monomers

should increase.20 This suggests that Peak 0 corresponds to a length scale along the poly-

mer backbone, presumably a monomer-monomer correlation length with some contribution

from the associated anions. The length scale associated with Peak 0, approximately 20 Å,
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is slightly lower than the observed, fully-extended monomer length in our DFT calculation,

approximately 22 Å, highlighted in Fig. 2. In previous work, we observed a similar peak

in an uncharged benzimidazole-based material, again at a length scale corresponding to the

expected monomer length.32 We expect that the shift in peak position to lower q is caused

by some combination of orientation and straightening of the polymer chains. A shift of up to

22% could be explained by a length scale shifting from isotropic to fully ordered; this is the

di�erence between the Debye and the Bragg lengths for amorphous and crystalline material,

respectively.31

Fitting Eq. S1 to the data results in estimates for the length scales d0, d1, and d2 asso-

ciated with Peaks 0, 1 and 2. The results are shown in Figure 6. Parts (a) and (b) show

the length scale associated with Peak 0, d0, which we attribute to the monomer-monomer

correlation length along the backbone. Parts (c) and (d) show the length scales associated

with Peak 1, d1, which we attribute to the inter-backbone spacing, and Peak 2, d2, which

we attribute to the ion-backbone spacing. Parts (a) and (c) compare I� samples at various

levels of hydration: in vacuum, in ambient conditions, and fully hydrated for samples of

di�erent charge content while Parts (b) and (d) compare results for the I� and Cl� forms in

vacuum.

Methylation of the polymer impacts two of the three length scales. The monomer-

monomer correlation length and backbone-backbone correlation length decrease with in-

creasing methylation, with the e�ect being more noticeable in the case of d0. Increased

methylation results in the molecule becoming more charged, with accompanying counter

ions. The additional methyl groups also place constraints on the molecular con�gurations.

We postulate that the e�ect of increased constraints results in a decreased monomer-monomer

length and the decreased �exibility and additional charge allows for slightly better packing.

While the amplitude of Peak 2 (attributed to ion/water-backbone scattering) increases sig-

ni�cantly with methylation, d2 is independent of methylation.

Figures 6 (a) and (c) show that all three length scales are 10-12% larger in ambient
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(a)

(c) (d)

(b)

Figure 6: The length scales d0, d1, and d2 associated with Peaks 0, 1 and 2 obtained by �tting
Eq. SI 1 to the data. (a) Comparison of d0 for I� form at various levels of hydration: in
vacuum (purple triangles), in ambient conditions (gold triangles), and fully hydrated (orange
triangles). (b) Comparison of d0 for I� (closed triangles) and Cl� (open triangles) forms.
(c) Comparison of d1 (circles)and d2 (squares) for I� form at various levels of hydration: in
vacuum (purple symbols), in ambient conditions (gold symbols), and fully hydrated (orange
symbols). (d) Comparison of d1 (circles) and d2 (squares) for I� (closed symbols) and Cl�

(open symbols) forms. The error bars are the uncertainties in the �t parameters.
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conditions relative to vacuum, however the di�erence between these length scales in ambient

and fully-hydrated samples are negligible. This is consistent with swelling occurring in

the presence of water. Hydration leads to larger monomer-monomer distances, backbone-

backbone distances, and ion-backbone distances. The change in morphology at the nanoscale

is consistent with dimensional measurements of 89.7% HMT-PMBI(I� ) which demonstrate

a 30% increase in volume and a 10% increase in directional swelling.17

The monomer-monomer and backbone-backbone lengths depend on the anion, as shown

in Figures 6 (b) and (d). The monomer-monomer length d0 is 5% larger in Cl� than I�

form while d1 is 10% larger in Cl� than I� form. The smaller anion may allow the polymer

backbone more freedom to elongate. These observations suggest that the anion-backbone

distance is independent of charge content, and roughly the same in Cl� and I� forms.

The measurement of wet 97.5% dm HMT-PMBI(Cl� ) shows a mid-q shoulder (Fig. 4d).

To associate a length scale with this feature, we �t the Correlation Length Model, Eq. S2

to this region of the data resulting in a correlation length of 4.3 ± 0.3 Å. This feature is

not present in any of the other samples, or this sample at lower levels of hydration. This

sample contains substantially more water than the others (Table 1); this appears to be the

�rst indication of larger water-rich regions.

To con�rm our interpretation of the scattering results, we performed molecular dynam-

ics simulations using the NAnonscale Molecular Dynamics (NAMD) package for a fully-

methylated sample consisting of 25 tetramers. We compared results for 6 and 18 water

molecules per monomer. Three water molecules per iodide ion (λ = 3) was chosen to repre-

sent material in ambient conditions, while 9 water molecules per iodide (λ = 9) was selected

to represent the fully hydrated membrane. The equilibrated cell for λ = 3 had a density of

1.37 g/ml, while the cell for λ = 9 had a density of 1.35 g/ml, similar to the approximately

1.3 g/ml density of pristine PBI.

The results of our molecular dynamics simulation are shown in Figure 7. Figures 7(a)

and (b) show the cell at the conclusion of the simulation; Fig. 7(a) shows results for a cell
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46 Å 
(a)

(c) (d)

(b)

Figure 7: The results of the molecular dynamics simulation for a cell containing 25 100% dm
tetramers for (a) 600 water molecules, corresponding to λ=3, and (b) 1800 water molecules,
corresponding to λ=9. The colours represent carbon (black), nitrogen (blue), hydrogen
(grey), oxygen (red), and iodide (pink). The structures correspond to surfaces of constant
electron density. Parts (c) and (d) compare the structure factor calculated from the simu-
lation data (orange) to the observed X-ray scattering pro�le for 97.5% dm HMT-PMBI(I� )
under (c) ambient conditions, λ=3, (yellow) and (d) hydrated, λ=9, (blue). The λ=9 cell is
approximately 46 Å tall, as indicated by the white arrow in part (b).
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at λ = 3, and Fig. 7(b) shows results for a cell at λ = 9. The �gures are estimated elec-

tron density isosurfaces produced by the VMD QuickSurf representation:33 (black), nitrogen

(blue), hydrogen (grey), oxygen (red), and iodide (pink). The polymer chains, shown as

blue, black and grey isosurfaces, appear to be randomly oriented, and as in the scattering

data, no long-range order is visible. The water molecules, shown as red and grey isosurfaces,

appear to form a network connecting the anions, shown in pink, and the cationic sites to each

other. Remarkably, the distance between the backbones is similar in the two cells; the water

forms strands in the λ = 3 cell, while it �lls all of the empty space in the λ = 9 cell but, in

either case, a network is formed. The percolating network, and lack of discrete ion clusters,

is similar to what was observed by Frischknecht et al. in coarse-grained simulations of model

ionenes.34,35 In that research, ionenes were found to readily form percolating networks while

pendant ionomers tended to be characterized by the presence of ionic aggregates.

Figures 7(c) and (d) compare the structure factor of the (c) λ = 3 and (d) λ = 9

simulation cells to the experimentally observed X-ray scattering pro�les of 97.5% dm HMT-

PMBI(I� ) under ambient and wet conditions, where it has similar water contents. The three

peaks observed in the scattering pro�les are reproduced by the simulation. While the relative

intensities of the peaks are di�erent, this is an expected consequence of neglecting the form

factors of the atoms. Several individual correlation functions were also calculated from the

data; these are included in the Supplemental Information as Fig. S3. Examination of the

correlation functions con�rms our interpretation of Peaks 0, 1 and 2.

The ability of the polymer to form a network of hydrophilic pores is an important feature

of the conductivity of these materials, which is higher than expected for a truly random

polymer system. A polymer such as HMT-PMBI that becomes glassy during solution casting

will not necessarily collapse to the optimal packing, and some space will be left behind, as is

reported in polyimide materials.36 This a�ect may be enhanced by casting in iodide form, as

iodide is a particularly bulky ion. In fact, �lms cast from polymer in the iodide form uptake

signi�cantly less water than they do after exchange with other ions.17
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Conclusions

We have investigated the morphology of a novel series of anion-conducting polymers, HMT-

PMBI, with degrees of methylation ranging from 65.9% to 97.5%. Our studies included

X-ray and neutron scattering, supplemented by gas-phase density functional theory calcula-

tions for the series and molecular dynamics simulations of a twenty-�ve tetramer cell for the

fully-methylated form. Length scales associated with the intramolecular monomer-monomer

spacing, backbone-backbone, and ion-backbone spacings were identi�ed in the scattering

data, and were consistent with simulation results. This represents the �rst structural inves-

tigation of these promising materials.

The small peak at mid-scattering angles, labeled Peak 0, has been assigned to an in-

tramolecular monomer-monomer spacing. In HMT-PMBI(I� ) samples, the peak corresponds

to a length scale of 17.6 Å to 20.4 Å, and slightly higher for chloride-form materials. The

value for 97.5% dm in the iodide form is similar to the result calculated for the length of

the central monomer in the gas-phase DFT calculation, 22 Å. These calculations, where

the monomers are in vacuum, are performed on fully methylated HMT-PMBI, shown in

Figure 2. This interpretation is strengthened by the e�ect of stretching on the 89.7% dm

HMT-PMBI(I� ) sample, as this peak is suppressed in the equatorial direction and both

sharpened and shifted from 0.43 Å−1 to approximately 0.33 Å−1 in the meridional direction.

The e�ect of stretching the polymer is analogous to combing: it is expected that the chains

would be straightened and preferably oriented in the direction parallel to the stretching.

We have assigned the WAXS peaks to angstrom-scale correlations between adjacent poly-

mer chains, ions, and water molecules. We conclude that the highest-q peak (Peak 2) cor-

responds to correlation between the backbones, halogens, and water. This is supported by

a number of factors, the most obvious being that it increases in strength with IEC, and

both increases in strength and shifts to lower q when the material is hydrated. A similar

length scale is shown in the molecular dynamics simulation, where the iodide-oxygen and

oxygen-oxygen spacings are shown to be shorter than the iodide-carbon length scale. We
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have assigned the �rst WAXS peak (Peak 1) to both packing between backbone atoms in

adjacent chains, and correlation between ion-water channels. These features are visible at

the ∼ 6 Å length scale in the simulation, and it is common in the literature to assign the �rst

clear WAXS peak to interchain stacking in polymers.31 Furthermore, it strengthens relative

to the higher-q peak as the degree of methylation is lowered. This interpretation is also

strengthened by the e�ect of stretching on the WAXS pro�le; the peak shifted to lower q in

the stretched material and sharpened in the equatorial direction.

Samples containing a moderate amount of water (<40%) showed no other features in their

scattering pro�les. When fully hydrated, the 97.5% dm HMT-PMBI(Cl� ) showed structure

corresponding to a correlation length of 4.3 Å. These results show that, even when hydrated,

these materials contain no phase separation or water clustering on length scales greater than

six angstroms and no characteristic length scales at all above the monomer length. This is

uncommon among high-performance fuel cell membranes. MD simulations indicate that the

water and ions in the membrane form an inter-penetrating network where conductivity can

occur.
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