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The effect of crystallinity of HDPE precursor film
on the properties of the resultant radiation-grafted
anion-exchange membranes

Siân A. Franklin, Carol Crean and John R. Varcoe *

An advantage of using pre-irradiation grafting for the synthesis of anion exchange membranes (AEMs) is it

allows the use of pre-made commercial substrates as the precursor film. To consider scaling-up radiation

grafted AEM (RG-AEM) production, it is vital to understand how variation in manufacturing of the precur-

sor film impacts the final RG-AEM properties. In this study, it is shown that commercially supplied 10 m

length rolls of high density polyethylene (HDPE) films vary in crystallinity both within and between rolls (to

a maximum of 17%). Consequently, the degree of grafting (DoG), ion exchange capacity (IEC), and con-

ductivity of the resultant RG-AEMs were impacted. A negative correlation between crystallinity and DoG

and conductivity was observed with Pearson R values of −0.5 and −0.6, respectively. A threshold effect

was observed around 82% crystallinity: above this crystallinity value, the variations in DoG and conductivity

decreased. A similar effect was also observed for IEC at a crystallinity threshold of approximately 81%.

These findings suggest that fabrication of consistent property RG-AEMs requires a precursor film crystalli-

nity of greater than 81%. Finally, a positive correlation was observed between crystallinity and water uptake

(WU, Pearson R = +0.7), with more crystalline precursor film resulting in increased WU being observed in

the resultant RG-AEMs. This counter intuitive correlation shows that alongside variations in bulk degrees

of crystallinity values (considered in this paper), investigations will be required to account for crystallite

size and distributions that can impact the hydration channel morphology within the RG-AEMs.

Background and context

Anion exchange membranes (AEMs) are electrically insulating
polymers that selectively transport anions through the mem-
brane via cationic head groups that are (typically) covalently
bound to the polymer chains. They are integral to a number of
emerging technologies including alkaline membrane fuel cells
(AEMFC), anion exchange membrane electrolysers (for both
H2 generation and CO2 electroreduction) and (reverse)
electrodialysis.1–3 Methods for preparing AEMs include classi-
cal polymerisations (with or without post functionalisation
such as chloromethylation and bromination), pore filling, and
grafting (commonly initiated using atom-transfer radical poly-
merisation, plasma, or radiation).4–7

Pre-irradiation grafting uses high-energy radiation, to form
active (initiation) sites on a base polymer via bond homolysis,
followed by radical chain-growth propagation of a monomer to
form grafted side chains. Scheme 1 shows the synthesis reac-
tion of a typical radiation-grafted (RG) AEM using high-density
polyethylene (HDPE) as the precursor film, vinylbenzyl chlor-

ide (VBC) monomer, and trimethylamine (TMA) as the post-
grafting amination/quaternisation agent.8 The grafting stage of
the reaction proceeds via the widely reported grafting front
mechanism, where the monomer initially reacts at the surfaces
of the film, after which the grafting moves inward into the film
core until a bulk uniform grafting is achieved.9

Pre-irradiation grafting is advantageous as it allows large
batches of less reactive polymers, fabricated to commercial tol-
erances and thicknesses, to be functionalised with a large
range of chemistries. This allows AEMs to be tailored to mul-
tiple applications; e.g., trimethylammonium-type AEMs made
from thin 10 µm HDPE films are tailored for high performance

Scheme 1 An outline of the synthesis of RG-AEMs using HDPE precur-
sor film that is subsequently grafted with VBC and aminated with TMA.
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AEMFCs,10 whilst N-methylpiperidinium-type AEMs made
from thicker (25 µm) poly(ethylene-tetrafluoroethylene) (ETFE)
films are better for CO2 electrolysis cells.

11

The microstructure, including the degree of crystallinity,
crystallite size, and orientation are important properties of the
precursor film that can dictate the structure, morphology, and
properties of the final grafted and functionalised
membranes.12–15 This has been shown for RG-proton exchange
membranes (RG-PEM). Walsby et al. showed a linear relation-
ship between the crystallinity of partially fluorinated precursor
films with the water uptake of the fabricated RG-PEMs;16 the
base films with a higher crystallinity were shown to be more
dimensionally stable, a result of crystalline regions restraining
swelling. In 2016, Sproll et al. examined the microstructure of
two commercial partially-fluorinated ETFE films, where
despite the levels of crystallinity being similar, small angle
scattering experiments revealed the crystallite size differed
between suppliers.12 The RG-AEM prepared from the ETFE
containing larger crystallites had higher H+ conductivity and
increased durability.

Few studies have focused on the impact of precursor film
microstructure on the properties of RG-AEMs. In
2019 however, Wang et al. reported an increase in fuel cell per-
formance from 2.0 mW cm−2 to 2.6 mW cm−2 at 80 °C in a H2/
O2 AEMFC, as a result of changing the base film used from
less-crystalline (more branched) low-density polyethylene
(LDPE) to higher crystallinity HDPE.10

During the synthesis of RG-membranes, the microstructure
of the polymer films is changed due to numerous processing
parameters. The significantly high energy from irradiation
(compared to the electron binding energy in the polymer)
results in bond scissions, creating polymer bound free radicals
(and small molecule by products); additional processes occur
including crosslinking, peroxidation (if the process is con-
ducted in air – Scheme 1), and chain-transfer/termination.19

The extent of these processes, and how they change the intrin-
sic nature of the polymers, will be influenced by dose, temp-
erature and reaction gas (inert or O2 containing).17–20

Subsequent grafting, i.e. polymerisation of monomers into the
amorphous base film domains, tends to disrupt the crystalline
phases, whilst the post-grafting introduction of ionic groups
results in microphase separation between the hydrophobic
and hydrophilic domains in the resulting RG-ion-exchange
membranes.7,21,22

Due to their proprietary nature, a drawback of using com-
mercial polymers as base films for the fabrication of RG-mem-
branes is the lack of detailed information available; apart from
the commonly declared density, information on processing
conditions, crystallinity, and the additives used are generally
not stated. The aim of this study is to measure the variation of
crystallinity within a commercial roll of HDPE and determine
if this variation affects a select range of properties of the resul-
tant RG-AEM. It is worth considering that the influences from
different processing parameters may mask the impact of
subtle variations in crystallinity. This study builds towards the
knowledge needed for the scale-up of RG-AEMs that is manda-

tory for larger batch production where the RG-AEM properties
are reproducible and consistent.

Experimental
Materials and chemicals

Two rolls of HDPE film (10 m × 0.6 m) with a thickness of
10 µm were purchased from Goodfellows (product code ET32-
FM-000110) and used to map variation in crystallinity. For
RG-AEM synthesis, VBC monomer (meta-/para-isomer mixture,
stabilised with 4-tert-butylcatechol inhibitor, ONP and o-nitro-
cresol) was purchased from TCI (product code C0767) and the
inhibitor was removed in a column using aluminium oxide
purchased from Merck. Toluene (≥99.5% purity), 1-octyl-2-pyr-
rolidone (98% purity), aqueous trimethylamine solution (TMA,
45 wt%), and NaCl (>99% purity), were purchased from Merck
and used as received. Deionised (DI, grade II) water was used
during the grafting and washing stages of the synthesis, whilst
ultra-pure water (UPW) with a resistivity of 18.2 MΩ cm was
used in the final ion-exchange and analytical experiments.

Sampling of the commercial rolls for property measurements

For the density measurements, three samples (15 cm length ×
10 cm width) were taken at 1 m horizontal intervals along both
commercial rolls (Fig. 1). Adjacent 15 cm × 10 cm samples
were then prepared for the irradiation and subsequent syn-
thesis of RG-AEMs.

Density measurements

The 15 cm × 10 cm samples were each pressed into 1
4 inch

pellet form at room temperature using a Specac manual
hydraulic press (3 tonnes for 4 min). Each pellet was then
placed in a 5 cm3 sample holder and the density was measured
using an Accupyc II 1345 pycnometer operating with He. For
each sample, 10 measurements were taken. Crystallinity (Xc)
was calculated using eqn (1):

Xc ¼ ρcðρ� ρaÞ
ρðρc � ρaÞ

ð1Þ

where ρ is the density of the measured sample, ρa is the theore-
tical density of a 100% amorphous polyethylene (PE) sample
(0.85 g cm−3) and ρc is the theoretical density of a 100% crys-
talline PE sample (1.00 g cm−3).23

Fig. 1 A cartoon depicting the sample locations within the 60 cm ×
10 m commercial rolls. The green rectangles denote the areas used to
calculate crystallinity (via density measurements), whilst the orange rec-
tangles show the area used for the synthesis of the RG-AEMs. These
samples were taken at every 1 m intervals along the roll.
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Synthesis of RG-AEMs24

Using a Rhodotron 80 kW, 10 MeV vertical electron beam
(Sterigenics, Denmark), the 15 cm × 10 cm samples (cut from
areas adjacent to the samples used for the above density
measurements, Fig. 1) were irradiated in air at room tempera-
ture via multiple 10 kGy passes until a total dose of 100 kGy
was applied (using 5 min rest periods between each pass to
prevent sample overheating). Once irradiated, the film samples
were returned to Surrey packed in dry ice (<2 days transit),
where they were then stored at −40 ± 2 °C until required.

For grafting, each weighed irradiated film sample was
placed in a N2-pre-purged grafting solution containing 94 vol%
DI water, 5 vol% VBC, and 1 vol% 1-octyl-2-pyrrolidone. The
mixture was N2-purged at 0 °C for 1 h and then placed in a pre-
heated water bath (50 °C) for a further 4 h. The inert-gas purge
was maintained throughout the grafting process. The grafted
membrane samples were then washed in toluene to remove
any homopolymer (poly(VBC) that was not covalently bound to
the HDPE) after which they were dried overnight in air at room
temperature. The degree of grafting (DoG) of each intermediate
grafted HDPE sample was calculated using eqn (2):

DoG ¼ mg �mi

mi

� �
� 100% ð2Þ

where mi is the mass of the initial sample (after e− beaming)
and mg is the mass of the grafted sample after drying.

To convert to the anion-conducting form (RG-AEM), each
grafted membrane sample was submerged in excess aqueous
trimethylamine (45 wt%, ca. 1 L) for 24 h, after which they
were thoroughly washed in DI water at room temperature and
then heated at 60 °C in DI water for 1 h. Ion exchange was
completed by immersing the as-fabricated RG-AEM samples in
aqueous NaCl (1.0 M) solution for 1 h (with replacement of the
solution at least 3 times during this 1 h period), after which
they were soaked in UPW for at least 1 h (with fresh replace-
ments of UPW until no excess Cl− ions remained). The pristine
Cl−-form RG-AEM samples were then stored in UPW in plastic
bottles until required for further characterisation.

Determination of the ion-exchange capacity (IEC)

For each RG-AEM sample, three replicate IEC measurements
were completed. For each determination of IEC, the sub-
sample was dried in a vacuum oven at 50 °C for 4 h before
being weighed (md) and placed in 20 mL aqueous NaNO3 solu-
tion (2.4 M) for 16 h. The solution (containing the sub-sample)
was acidified with 2 mL HNO3 (2 M) before being titrated with
aqueous AgNO3 titrant (0.02 M – NIST traceable volumetric
standard supplied by Fisher with concentration tolerance
factors between 0.997–1.003) using a Metrohm 848 Titrino
plus autotitrator equipped with an Ag-titrode (Cl−-ion-selective
electrode). Prior to each set of IEC determinations, the autoti-
trator calibration was checked by titrating blank solutions
(three repeats) containing standardised NaCl solution (0.1000
M) added to 20 mL of aqueous NaNO3 solution (2.4 M) and
2 mL of HNO3 (2 M); typical IEC errors for these blank solu-

tions were <1%. Each IEC value was calculated using eqn (3),
where the end point volume (Ep) was taken as the maxima in
the first differential plot of Ag electrode potential vs. titrant
volume.24

IEC ¼ Ep � ½AgNO3�
md

ð3Þ

The titrations of roll 1 occurred before those of roll 2 and
the group transitioned to an updated method for roll 2 (redu-
cing titration uncertainties). Table 1 provides the details of the
two methods used.

Conductivity

To measure the in-plane Cl− conductivities, strips of each
RG-AEM sample were cut (4 cm × 1 cm) and placed into a
BekkTech BT-112 4-probe conductivity test cell (supplied by
Alvatek UK). The cell was then submerged in UPW at 60 °C
and an alternating current (10 mV amplitude) was applied
between 1 Hz and 100 kHz using a Solartron 1260/1287 impe-
dance analyser. The low-frequency intercept along the real-axis
in the obtained Nyquist plot, was taken as the resistance value
(R/Ω). The conductivity (σ/S cm−1) was calculated using eqn
(4):

σ ¼ l
R � w � t ð4Þ

where l is the distance between the Pt sense electrodes
(0.425 cm), t and w are the thickness and width of the sample,
respectively.

Water uptake

Gravimetric water uptakes were determined for each Cl−-form
RG-AEM sample (5 × 5 cm) at room temperature as calculated
using eqn (5):

WU ¼ mh �md

md

� �
� 100% ð5Þ

where mh is the hydrated mass of the sample after excess
surface water was quickly removed with filter paper (within
1 min of being removed from the storage UPW), and md is the
dehydrated mass sample, where the sample was dried in a
vacuum oven at 50 °C for 4 h. Measurements were repeated 3
times for each sample.

Table 1 Difference in titration method between roll 1 and 2

Roll 1 Roll 2

Sub sample size 2 cm × 2 cm 5 cm × 5 cm
Equivalence point titration (ET)
method

Monotonic
(MET)

Dynamic
(DET)

Dispensing burette 20 mL 5 mL
NaCl volume added during blank
measurement

2.0000 mL 0.5000 mL

Approximate titration time 1 h 5 min
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Results and discussion
Crystallinity variation within commercially supplied HDPE

Three samples (15 cm × 10 cm) were taken at every 1 m hori-
zontal interval along two 10 m commercial rolls. The bulk crys-
tallinity for each sample was calculated using density measure-
ments (eqn (1)). Density is a bulk measurement which uses a
larger sample size (ca. 100 mg) compared to DSC (ca. 10 mg),
hence this method allowed a more averaged crystallinity to be
found at each location. This data was used to produce a low-
resolution map to show the inter- and intra-roll changes in

crystallinity (Fig. 2). A gradient of increasing crystallinity was
observed moving along roll 2 with meter 1 (M1) having lower
crystallinity values compared to M10. The observed gradient
could be attributed to a change in cooling rate during the pro-
duction process, which has been shown to impact
crystallinity.25,26 Conversely, roll 1 does not show a clear trend
throughout the roll. Despite the commercial rolls being from
the same supplier, using the same production method, the
data supports the expectation that there are unavoidable vari-
ations in the manufacturing process (within the fabrication of
a single roll and across different production dates). This leads
to natural variations in the properties of the HDPE at different
locations of a single roll and between different rolls, all of
which can affect the radiation-grafting levels achieved
(affecting grafting homogeneity and predictability).

When HDPE crystallinities were presented in a box plot
(Fig. 3a) it was observed that roll 1 had a much smaller spread
of crystallinity (74–81% range) compared to roll 2 (75–91%
range). A two-sample t-test with welch correction (95% confi-
dence level) was conducted, where roll 1 with a crystallinity of
78.4 ± 1.5% was shown to be significantly different from roll 2
(84.3 ± 3.7%): t (39) = −8.0 and p = 9.6 × 10−10. All crystallinity
values were above 70% as expected for HDPE, which is defined
as having a density greater than 0.944 g cm−3 (which translates
to a crystallinity of 66%).

Fig. 3b shows the measured variation in crystallinity across
both rolls and the standard deviation (narrow grey zone)
associated with each measurement (n = 10 repeat measure-
ments on each sample). The variation in the measured crystal-
linity is shown to be larger than the error associated with the
measurement technique. This confirms that the variations
observed both within and between the rolls is genuine. An
interesting inflection was observed where not many samples
were recorded with crystallinities in the range 83–86%.

Fig. 2 Low resolution maps showing the variation in crystallinity along
and between two commercial HDPE rolls supplied by Goodfellows. The
pink sample in roll 1 signifies a sample that was lost before analysis.

Fig. 3 Box plot showing the measured variation in crystallinity between rolls 1 and 2. The area shaded grey shows the degree of crystallinities
threshold for PE (defined high density > 0.944 g cm−3). (b) The mean crystallinities of the samples (across all rolls) arranged in order of increasing
crystallinity (left to right) with the sample standard deviations (n = 10 repeat measurements on each sample) given as the grey zone.
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Impact of crystallinity on VBC-grafting levels

The disadvantage of using density measurements to calculate
crystallinity is that the technique is destructive; consequently,
the specific sample used to determine crystallinity cannot then
be used for radiation-grafting and AEM synthesis. Therefore,
samples from directly adjacent areas (connected to the
samples used for crystallinity determinations) were irradiated
and grafted. This experiment required the assumption that the
crystallinities between adjacent sites were comparable. To
check the validity of this assumption, density measurements
were taken between adjacent squares at different locations
along roll 2 (selected as it showed the most intra-roll vari-
ation); the difference in crystallinity between adjacent squares
was then calculated. The average difference in crystallinity
between adjacent sample pairs was small at 1.9% (n = 8 pairs).

Fig. 4a shows a box plot with measured DoG values (eqn
(2)) for the grafted membranes produced from roll 1 and roll 2.
Interestingly, roll 1, with the smallest variations in HDPE
degrees of crystallinity, had a larger spread of DoG values: a
range of 156–235% (cf. roll 2 with a range of 169–225%). The
average DoG for roll 1 was 207 ± 20% and found to be statisti-
cally different (using a two-sample t-test with welch correction,
95% confidence level) from roll 2 with a DoG of 187 ± 14%,
where t (48) = 4.4 and p = 6.9 × 10−5.

Fig. 4b plots the HDPE crystallinity values of each sample
vs. the DoG values of the directly adjacent grafted samples. A
negative correlation is observed with higher DoG values being
produced in samples adjacent to areas of lower crystallinities
(Pearsons R value = −0.5). This is consistent with prior reports
that grafting predominantly occurs in the amorphous zones;
grafting initially occurs in the amorphous region of the base

Fig. 4 (a) Box plot showing the variation in the DoG between commercial roll 1 and 2. (b) Scatter plot showing the relationship between crystallinity
and DoG where the black squares indicate values from roll 1 and the red squares shows values obtained from roll 2. The dashed line at 82% marks
the threshold at which crystallinity appears to no longer have an impact on the DoG. (c) Box plot showing the variation in the IEC between commer-
cial roll 1 and 2. (d) Scatter plot showing the relationship between crystallinity and IEC. Similar to 4b, the dashed line at 81% crystallinity marks the
threshold at which crystallinity no longer impacts the IEC.
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films, whilst radicals trapped at the interface of the amor-
phous/crystalline region are slowly released, resulting in the
gradual grafting of the crystalline phase.27,28 However, there is
a perceptible threshold effect at ca. 82% crystallinity, where
higher crystallinities do not lead to any significant decrease in
DoG values (to the right of the dashed line in Fig. 4b).

Impact of crystallinity on RG-AEM properties

The grafted samples were subsequently aminated with tri-
methylamine to yield benzyltrimethylammonium-type
RG-AEM samples. After ion-exchange to the pure Cl− form, the
following properties were measured: IEC, WU, and in-plane
conductivity (σ). The high IECs, conductivities and swelling
values observed for the RG-AEMs are indicative of complete
grafting and amination through the AEM, as opposed to only a
surface reaction occurring. Raman microscopy confirmed this
assumption with cross section analysis demonstrating hom-
ogenous amination throughout the thickness of the mem-
brane (see SI Fig. S1). SEM and photography was subsequently
used to observed surface RG-AEM morphology, which showed
surface cracks and folds on the 10–100 nm level, but no signifi-
cant macro defects observed (see SI Fig. S2–S4).

Fig. 4c shows a box plot for the IEC values obtained for
each roll, with some similarities to the DoG data in Fig. 4a. A
larger variance in IEC along with a higher mean IEC was
observed for roll 1 (2.9 ± 0.3 mmol g−1) compared to roll 2 (2.6
± 0.1 mmol g−1). A two-sample t-test (with welch correction,
95% confidence level) showed a significant difference between
the mean IECs where t (33) = 6.0 and p = 8.9 × 10−7. When visu-
alised as a scatter plot (Fig. 4d), a well demarcated threshold
effect is observed at ca. 81% crystallinity (not too dissimilar to
the discussion vide supra of the potential threshold effect at
ca. 82% in the DoG vs. crystallinity data in Fig. 4b); above 81%
crystallinity, the IEC remains consistent around 2.6 ±
0.1 mmol g−1, whilst below this crystallinity threshold the IEC
varies significantly and trends to higher values. The variances
in IEC for sub-sample repeats with roll 1 were noticeably high
(due to the use of the older MET titration method with this
roll).

Fig. 5 shows the relationship observed between DoG and
IEC for all the samples taken, as compared to theoretical IEC
values (dashed blue line). A positive relationship is expected
between DoG and IEC, a result of more functional groups
being attached to the back bone and consequently more sites
available for exchange.29–31 This relationship plateaus at
higher DoG values as IEC approaches the limit of the value
that would be achieved with pure non-grafted poly(vinylbenzyl-
trimethyl-ammonium chloride) homopolymer, as shown in
eqn (6):

IECcalc ¼ 1
MVBC

DoG
100

� �þMVBC þMNðCH3Þ3þ þMCl�
ð6Þ

where M = molar mass per g per mol of the species indicated
by the subscript.

As the samples from both roll 1 and 2 had high DoG values
of >160% only a weak positive relationship (Pearsons R value =
+0.3) was observed between DoG and IEC. As seen on Fig. 5,
the majority of the measured IEC values were below the theore-
tical value; this is expected as side reactions such as minor
crosslinking between VBC grafted chains can occur, as pre-
viously discussed.24,32

AEM properties are interrelated, a good example of this was
shown by Zhao et al., where they demonstrated that simply
changing the DoG impacts the micro- and nano-phase of the
AEM which subsequently impacts IEC, hydration number and
conductivity.33 Hence, the in-plane conductivities and WUs
were measured for all the RG-AEM samples in this study.
Fig. 6a shows a moderate negative relationship (Pearsons R
value = −0.6) was observed between a samples base film crys-
tallinity and the resulting Cl− conductivity; as the base film
crystallinity increased, the DoG and IEC decreased and conse-
quently the number of ionic groups available to participate in
ionic conductivity decreased. Again, there was a reoccurrence
of a threshold effect above ca. 81% crystallinity (clearly match-
ing that seen in Fig. 4d when IEC is plotted against crystalli-
nity). This is the key finding of this study: if the crystallinity of
the HDPE films can be controlled to be above 81% (e.g. during
production) then this will yield RG-AEMs with much more
reliable properties (although there is a small conductivity
penalty in obtaining this consistency).

A strong positive relationship was observed between crystal-
linity and WU (Pearsons R value = +0.7), where increased crys-
tallinity resulted in increased water uptake (Fig. 6b). This
relationship was unexpected as increased crystallinity was
shown to decrease IEC and consequently reduce the number
of hydrophilic cationic head groups.34 The increase in WU may
indicate that increases in degree of crystallinity values are not
the whole picture, i.e. there could be concomitant changes to
the shape, size, and distributions of the crystallites, leading to

Fig. 5 The relationship between DoG and IEC with the dashed blue line
showing the theoretical values, the black data points showing values
from roll 1, and the red data points showing values from roll 2.
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more developed hydrated channels in the RG-AEM. Larger WU
values can lead to excessive swelling, which can contribute
towards reduced conductivities. This will need to be explored
in more detail in a planned future study where crystallinity
levels will be deliberately controlled.

Conclusions

The variation in crystallinity of a commercially supplied HDPE
film from Goodfellows was measured using density measure-
ments. Variations in the manufacturing process were shown to
cause both inter- and intra-roll changes to the crystallinity,
with degree of crystallinities ranging from 74–91%. This vari-
ation in degree of crystallinity of the precursor film was shown
to impact the subsequent grafting and amination stages of
RG-AEM production.

A negative correlation was demonstrated between HDPE
crystallinity and degree of grafting (DoG, R = −0.5); this aligns
with the literature, which shows that radiation grafting reac-
tions dominate in the amorphous regions.27,28 A negative cor-
relation between crystallinity and ion-exchange capacity (IEC)
and crystallinity and conductivity was also shown, with R =
−0.4 and −0.6, respectively. A threshold effect was noted for
DoG values, IECs, and conductivities at crystallinity values
>81%; above this value the variations in the AEM properties
were minimal with further increases in crystallinity. This
suggests that to improve consistency of the properties of
RG-AEMs, vital for scale-up, it is beneficial to direct the crystal-
linity of the base (precursor) film to values greater than such a
threshold; we acknowledge that this threshold may be
different with different HDPE suppliers, so this is something
that researchers should keep in mind.

Finally, the relationship between water uptakes (WU) and crys-
tallinity was examined. It was expected that increased crystalli-
nities (shown to have reduced IECs and conductivities) would
lead to lower WUs, due to the reduced number of hydrophilic cat-
ionic head groups. However, this was not the case and a positive
relationship between crystallinity and WU was observed. This
suggests that additional factors alongside raw degrees of crystalli-
nity, such as crystallite size and distribution, may be directing the
formation of the hydrophilic channel networks that are formed
during the synthesis process. Further work is needed to under-
stand this additional level of complexity.
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Fig. 6 (a) Scatter plot showing the relationship between crystallinity and conductivity where the black squares indicate values from roll 1 and the
red squares shows values obtained from roll 2. The dashed line at 82% marks the threshold at which crystallinity appears to no longer impact con-
ductivity. (b) Scatter plot showing the relationship between crystallinity and WU where the black squares indicate values from roll 1 and the red
squares shows values obtained from roll 2.
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