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A B S T R A C T

Hydrophilic-hydrophobic blocky copolymers of poly(ether ether ketone) (PEEK) were prepared using a two-step
post-polymerization technique. First, PEEK was brominated in the semicrystalline gel state to create a blocky
BrPEEK template, which was subsequently functionalized by sulfonating the remaining runs of unfunctionalized
PEEK units. The resultant degree of sulfonation of the blocky brominated, sulfonated PEEK (BrSPEEK) copoly-
mers was inversely related to the degree of bromination, and degrees of sulfonation ranging from 26 to 71mol%
were obtained for degrees of bromination between 27 and 144mol%. Thermal analysis using DSC and DMA
revealed distinct multi-phase behavior for blocky BrSPEEK copolymers at degrees of sulfonation up to 40mol%,
suggesting phase separation between the densely brominated blocks and the sulfonated blocks into hydrophobic
and hydrophilic domains, respectively. This phase separation contributed to improved dimensional stability
upon swelling and enhanced proton transport at lower water content for blocky BrSPEEK membranes compared
to random SPEEK membranes. Finally, morphological analysis using SAXS demonstrated that ionic aggregate
size remained relatively unchanged for blocky BrSPEEK at all degrees of sulfonation, and the ionic aggregates
became more closely spaced with increasing degree of sulfonation. Overall, this work demonstrates a facile, post-
polymerization technique to prepare hydrophilic, hydrophobic blocky copolymers with excellent dimensional
swelling and transport properties that rival those of directly polymerized block copolymers.

1. Introduction

Aromatic hydrocarbon-based polymers have been widely explored
as potential proton exchange (PEM) membranes due to their low cost,
great mechanical properties, and high thermal and chemical stability
[1,2]. Primarily, these membranes are prepared by post-polymerization
sulfonation of high performance aromatic polymers such as poly(ar-
ylene ether ketones) [3–6], poly(sulfones) [7–9], and poly(ether sul-
fones) [10–12] or by direct polymerization using sulfonated monomers
[1,13–15]. Membrane performance is dictated by the degree of sulfo-
nation, and high proton conductivity is achieved at high ion exchange
capacities (IEC) [16]. At high degrees of functionalization, however,
excessive swelling in hydrated conditions is commonly observed in the
randomly sulfonated membranes, leading to dilution of the charge
carriers (i.e. a reduction in proton conductivity) and a loss of me-
chanical strength [17]. The incorporation of hydrophobic domains,
such as halogenated repeat units, into these random copolymer systems
has been found to enhance membrane mechanical properties, improve
dimensional stability during swelling and deswelling, and provide sui-
table proton conductivity [18–21].

Further efforts to improve hydrocarbon membrane properties and to
develop proton exchange membranes with controlled water uptake,
mechanical stability, and excellent proton transport at high IEC have
focused on the synthesis of multiblock copolymers comprised of hy-
drophobic blocks and hydrophilic blocks [19,22–27]. Most commonly,
these block copolymers are prepared by step-growth polymerization
from oligomers of each desired block, utilizing a densely sulfonated
block to provide acidic sites for proton transport and a hydrophobic
block to impart mechanical integrity. Enhanced phase-separation be-
tween the hydrophilic and hydrophobic domains results in continuous
hydrophilic domains, leading to improved proton transport relative to
random analogs. The water uptake, proton conductivity, and mechan-
ical properties of multiblock copolymer membranes is readily tuned by
varying the lengths of the hydrophilic and hydrophobic components
[28]. The wide-spread application of these multiblock systems is lim-
ited, however, due to the generally arduous synthetic procedures,
limited commercial availability of sulfonated monomers, and de-
creasing reactivity of the sulfonated oligomers at mild reaction condi-
tions, which limits the resultant molecular weight of the copolymers
[20,29].
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Our recent results show that it is now possible to synthesize blocky
copolymers by functionalizing in the semicrystalline gel state [30–32].
During this gel-state process, the functionalization reagent is sterically
excluded from the tightly-packed crystalline domains, and thus, func-
tionalization is restricted to the solvent-swollen amorphous segments
within the semicrystalline network. This results in a blocky copolymer
with highly functionalized ‘blocks’ and unfunctionalized, crystallizable
‘blocks’. Blocky copolymers of sulfonated poly(ether ether ketone)
(SPEEK) prepared in this manner exhibited enhanced crystallizability
and more rapid crystallization kinetics than random copolymers at si-
milar degrees of sulfonation, suggesting long ‘blocks’ of un-
functionalized PEEK remained due to the gel-state functionalization
process. The blocky architecture also facilitated enhanced proton
transport for blocky SPEEK compared to random SPEEK at similar de-
grees of sulfonation [31]. By establishing a blocky architecture during
the gel-state functionalization process, it is now possible to perform
secondary reactions in the homogeneous solution state while preserving
the blocky architecture. For example, hydrophilic-hydrophobic block
copolymers may be prepared by first brominating in the gel-state to
establish the blocky architecture and then sulfonating the remaining
unfunctionalized blocks. In this work, the secondary sulfonation of
blocky BrPEEK prepared by gel-state bromination is examined. Blocky
BrPEEK was chosen as the starting material because a high degree of
functionalization is achievable (over 150mol%) [33] with high degrees
of crystallinity (i.e., attributed to long runs of unfunctionalized repeat
units), thereby providing densely brominated hydrophobic “blocks”
and polar functional “blocks.” It is anticipated that the sulfonation of
blocky BrPEEK will yield copolymers capable of undergoing hydro-
philic-hydrophobic phase separation [34], and the effect of this phase
behavior will be investigated with respect to membrane properties such
as water uptake, dimensional stability upon swelling, and proton con-
ductivity.

2. Experimental

2.1. Materials

Poly(ether ether ketone) (PEEK) pellets (Victrex 150G) were ac-
quired from Victrex. Dichloroacetic acid (DCA) was purchased from
Sigma-Aldrich and was dried using magnesium sulfate (Fisher
Scientific) then filtered through a 0.45 μm PTFE syringe filter prior to
use. N-bromosuccinimide (NBS) was purchased from Sigma-Aldrich and
was purified by recrystallization from water. Concentrated sulfuric acid
(98%), sodium chloride, and cesium chloride were purchased from
Fisher Scientific and used as received. Dimethylacetamide (DMAc) was
purchased from Sigma-Aldrich and used as received.

2.2. Synthesis of blocky brominated, sulfonated PEEK

Blocky BrPEEK was first prepared by brominating PEEK in the
semicrystalline gel state. PEEK gels were prepared by dissolving PEEK
(5 g) in dichloroacetic acid (DCA) to a final concentration of 20 w/v%
at 185 °C. Once dissolved, the PEEK solution was removed from heat
and left at room temperature for at least 24 h, during which PEEK
crystallizes from solution to form a thermoreversible gel network (with
a degree of crystallinity of about 40–50%, based on the mass of PEEK)
[35,36]. The gel was then broken up into small pieces and dispersed in
DCA to a final concentration of 10 w/v%. The gel suspension was
equilibrated at 80 °C under argon for 1 h, and then a solution of N-
bromosuccinimide (NBS) in DCA (20mL) was added dropwise. Degrees
of bromination of 25, 50, 75, 100, and 150mol% were targeted by
varying the molar ratio of NBS to PEEK repeat units used. The reaction
proceeded at 80 °C for 24 h and was terminated by precipitation into DI
H2O. The product was filtered, washed with H2O, and then washed by
Soxhlet extraction over methanol for 24 h. The resulting blocky BrPEEK
polymer was dried at 100 °C for 12 h to produce a white product that

was used for subsequent sulfonation. The degree of bromination was
determined using 1H NMR [33].

For the secondary sulfonation, blocky BrPEEK (5.0 g) was dissolved
in dichloroacetic acid (DCA) at 150 °C to a final concentration of 10 w/v
%. Once fully dissolved, the solution temperature was lowered to 80 °C
and 140mL of concentrated sulfuric acid (excess) was added to the
reaction flask. The reaction was allowed to stir at 80 °C under argon for
24 h, and then the reaction was terminated by precipitation into cold DI
H2O. The product was filtered, washed with DI H2O, and then washed
by Soxhlet extraction over water for 24 h. The resulting polymer was
dried at 100 °C for 12 h.

2.3. Membrane preparation

BrSPEEK samples (H+-form) were dissolved in dimethylacetamide
(DMAc) at 100 °C to a final concentration of 12 w/v%. Once dissolved,
the casting solution was cooled to room temperature and was filtered
through a 0.45 μm PTFE syringe filter. The solutions were cast onto
glass at 80 °C using a doctor blade set to 7.5mils. The films were left at
80 °C for 30min to dry, resulting in a membrane thickness of 25 μm.
Membranes were removed from the glass by swelling in water and were
subsequently dried at 100 °C for 12 h. To convert BrSPEEK membranes
to the sodium form (Na+-form), membranes were stirred in 2M NaCl
(aq) for 24 h. To convert to the cesium form (Cs+-form), BrSPEEK
membranes were stirred in 1M CsCl (aq) for 24 h. Following ion ex-
change, samples were removed from the salt solution, washed with DI
H2O to remove residual salt, and dried at 100 °C for 12 h.

2.4. Spectroscopic methods

1H NMR spectra of the blocky BrPEEK were measured using a
Bruker Avance III 600MHz. BrPEEK samples were dissolved in DCA/
CDCl3 solvent mixture and a solvent suppression method was utilized to
resolve the spectra, as described previously [31]. 1H NMR spectra of
blocky BrSPEEK were measured using an Agilent U4-DD2 400MHz
NMR. BrSPEEK samples were dissolved in DMSO‑d6 for analysis. FTIR
was performed using a Varian 670-IR spectrometer with a deuterated
triglycine sulfate (DTGS) detector using the Pike Technologies Gla-
diATR™ attachment (diamond crystal). Spectra were collected as the
average of 32 scans at 4 cm−1 resolution. FTIR spectra were ATR cor-
rected, baseline corrected, and normalized to the peak at 1590 cm−1

(C]C skeletal ring vibration) [37] prior to analysis.

2.5. Thermal analysis

A TA Instruments Q2000 DSC was used to determine the thermal
properties of blocky BrPEEK and BrSPEEK. BrSPEEK was ion-exchanged
to Na+-form or Cs+-form prior to DSC measurements to ensure thermal
stability [31,38,39]. Samples were pre-dried at 150 °C for 5min before
several heating and cooling cycles. Dried samples (~5–8mg) were he-
ated from room temperature to 380 °C at 20 °C/min, quench cooled to
0 °C, and then heated to 380 °C at a rate of 20 °C/min. A TA Instruments
Q800 DMA in oscillatory tension mode was used to determine the
thermo-mechanical properties of quenched BrPEEK samples as a func-
tion of temperature. Samples were ramped at 2 °C/min to 400 °C at a
frequency of 1 Hz, an oscillatory amplitude of 10 μm, and a static force
of 0.01 N. DMA was performed on Na+-form samples.

2.6. SAXS analysis

Small angle x-ray scattering (SAXS) data were collected at Argonne
National Laboratory beamline 9ID-C using a photon energy of 24 keV
[40]. Scattering profiles are plotted as absolute intensity vs. q, where
= ( )q θsin( )π

λ
4 , θ is one half of the scattering angle, and λ is the X-ray

wavelength (0.5895 Å). SAXS measurements utilized the Pilatus 100 k
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camera, and data reduction was performed using the Irena [41] and
Nika [42] software packages provided by Argonne.

2.7. Water uptake and dimensional swelling

The water uptake and swelling ratios of the BrSPEEK (H+-form)
membranes were determined by first drying membranes in a vacuum
oven at 120 °C for 3 h. The mass (Wdry) and dimensions (Lx, dry× Ly, dry)
of the dry membranes were recorded. Then, the samples were equili-
brated in room temperature deionized water for 12 h. Membranes were
blotted to remove excess surface water and the mass (Wwet) and di-
mensions (Lx, wet × Ly, wet) of the wet membranes were recorded. The
water uptake and areal swelling ratio were calculated as:

=

−

×

W W
W

Water uptake
( )

100%wet dry

dry (1)

=

× − ×

×

×

L L L L
L L

Areal Swelling ratio
( ) ( )

( )
100%x,wet y,wet x,dry y,dry

x,dry y,dry (2)

The reported values are the average of four samples.

2.8. Proton conductivity

Prior to analysis, BrSPEEK membranes were equilibrated in DI H2O
at room temperature for at least 12 h. In-plane proton conductivity was
conducted using a 4-point conductivity cell from Bekktech, which was
immersed in DI H2O at room temperature. Measurements were taken
from 1Hz to 1.5MHz at a voltage amplitude of 50mV using a 1255 HF
frequency analyzer coupled to a 1286 electrochemical interface, both
from Solartron Analytical. Data analysis was performed using the
Zplot® and Zview® software from Scribner and Associates, Inc. The
proton conductivity was calculated as:

= =

×

σ
ρ

l
R A

1
(3)

where σ (Scm−1) is the conductivity, ρ (Ω cm) is the resistivity, l (cm) is
the distance between the contacting electrodes, R (Ω) is the resistance
determined from the real value of the complex impedance plot that
corresponds to the minimum imaginary response, and A is the cross-
sectional area of the membrane calculated from the width and thickness
of the membrane. Measurements were performed on three separate
membranes for each sample to ensure the reproducibility of results.

3. Results and discussion

3.1. Synthesis of blocky BrSPEEK

To synthesize blocky brominated-sulfonated PEEK (BrSPEEK),
blocky BrPEEK was first prepared by brominating PEEK in the semi-
crystalline gel state using N-bromosuccinimide (NBS) in dichloroacetic
acid (DCA). Blocky BrPEEK was chosen as a template for further sul-
fonation due to the high stability of the semicrystalline gel-state during
bromination, which yields blocky copolymers with a wide range of
functionality, a high degree of crystallizability, and thereby a large
content of unfunctionalized chain segments of sufficient length of
crystallize. The unfunctionalized, crystallizable ‘blocks’ are readily
sulfonated using conventional procedures, and thus blocky BrPEEK
provides a suitable template for hydrophobic-hydrophilic blocky co-
polymers consisting of densely brominated and sulfonated segments
along a given chain. It is also important to note that the initial gel-state
reactions generate the blocky template, and this allows for secondary
reactions in a homogeneous solution state while preserving the blocky
architecture. Overall, this process allows for the development of hy-
drophilic-hydrophobic blocky copolymers using a simple post-poly-
merization functionalization procedure.

Blocky BrPEEK was prepared with target degrees of bromination at

25, 50, 75, 100, and 150mol%, and the resultant degree of bromination
for each sample was found to be 27, 56, 78, 101, and 144mol%. Thus,
near quantitative bromination was achieved due to the highly electro-
philic character of NBS in strong acid, consistent with literature pre-
cedence for small molecules and for PEEK brominated in methane-
sulfonic acid [33,43,44]. It is important to note that these high degrees
of bromination (> 100mol%) are achievable because multiple sites on
a single PEEK repeat unit are capable of being functionalized. A com-
plete analysis of the spectroscopic, thermal, and morphological char-
acteristics of blocky BrPEEK compared to random BrPEEK will be de-
scribed in a subsequent publication.

Following the gel-state bromination, secondary sulfonation of the
blocky BrPEEK was performed by dissolving the BrPEEK in DCA and
then adding concentrated sulfuric acid (H2SO4), as shown in Scheme 1.
Sulfonation using H2SO4 proceeds via an electrophilic aromatic sub-
stitution reaction and occurs exclusively within the hydroquinone ring
of the PEEK repeat unit due to the increased electron density from the
electron-donating ether linkages [6]. The previously brominated rings
are deactivated towards sulfonation due to the electron-withdrawing
effect of the halogen. Likewise, only one sulfonation event per repeat
unit is expected due to the electron-withdrawing effect of the sulfonic
acid group. Thus, sulfonation occurs exclusively on the un-
functionalized repeat units of the blocky BrPEEK copolymers, and al-
though this procedure is identical to that typically used to prepare
random SPEEK from PEEK, the previously established blocky bromi-
nated architecture templates the sulfonation into distinct “blocks.”

The 1H NMR spectra of blocky BrPEEK and the resultant blocky
BrSPEEK is shown in Fig. 1. Prior to sulfonation, blocky BrPEEK shows
distinct doublets at 7.85 ppm and 7.10 ppm and a singlet at 7.15 ppm
that are attributed to unfuntionalized PEEK repeat units within the
blocky copolymers [31], and peaks at 8.10 ppm, 7.75 ppm, 7.45 ppm,
7.03 ppm, and 6.75 ppm are attributed to the brominated repeat units
[33]. Due to the large number of unfunctionalized repeat units, blocky
BrPEEK is highly crystallizable and its solubility is limited to known
solvents for PEEK, such as DCA. Upon sulfonation, the blocky BrSPEEK
copolymers are no longer crystallizable and become readily soluble in
polar aprotic solvents such as dimethyl sulfoxide (DMSO), dimethyla-
cetamide (DMAc), and N-methyl-2-pyrrolidone (NMP). The 1H NMR
spectra of blocky BrSPEEK in DMSO‑d6 reveals new peaks that arise at
7.47 ppm, 7.23 ppm, and 7.07 ppm. These peak positions are in close
agreement with those of sulfonated PEEK (SPEEK) and arise due to
shifts in the protons of the hydroquinone ring upon sulfonation, as as-
signed in Fig. 1 [4,6,45]. With decreasing degree of bromination, the
peaks at 7.47 ppm, 7.23 ppm, and 7.07 ppm increase in intensity, con-
sistent with an increase in the degree of sulfonation. The actual degree
of sulfonation was quantified by integration of the peak at 7.47 ppm
(a3*), and the results are displayed in Table 1.

Integration of the BrSPEEK 1H NMR spectra revealed degrees of
sulfonation ranging between 26mol% and 71mol%, for BrPEEK

Scheme 1. Reaction scheme for the sulfonation of blocky BrPEEK to prepare
blocky BrSPEEK.
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Fig. 1. 1H NMR spectra of blocky BrPEEK (top) at 25 (A), 50 (B), 75 (C), 100 (D), and 150 (E) mol% bromination and the 1H NMR spectra of the resultant blocky
BrSPEEK (bottom) following sulfonation. Blocky BrPEEK samples were analyzed using solvent suppression 1H NMR using DCA/CDCl3 mixed solvent. CDCl3 is
represented by an asterisk. BrSPEEK samples were run in DMSO‑d6.
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templates containing degrees of bromination ranging from 144mol% to
27mol%, respectively. The degree of sulfonation was clearly limited by
the degree of bromination, and as expected, the resultant degree of
sulfonation decreased with increasing degree of bromination due to
deactivation of brominated hydroquinone rings towards sulfonation.
Because these reactions were run for long periods of time, it is likely
that the BrSPEEK products are sulfonated to near their maximum ex-
tent, and this further confirms that the previously established bromi-
nated architecture not only templates the distribution of repeat units
available for sulfonation, but also dictates the quantity of reactive units.
Henceforth, the blocky BrSPEEK samples will be named as BrSPEEKx-y
where x is the degree of bromination and y is the degree of sulfonation.
It should be noted that x+ y≠ 100 because it is possible to brominate
multiple sites on a single PEEK repeat unit.

The blocky BrSPEEK copolymers were also analyzed using FTIR
spectroscopy, as shown in Fig. 2. Prior to sulfonation, blocky BrPEEK
copolymers exhibited several defining peaks. Peaks at 1490 cm−1 and
1470 cm−1 were assigned to the skeletal ring vibrations of 1,4-dis-
ubstituted aromatic rings and 1,2,4-trisubstituted aromatic rings, re-
spectively [46]. The peak at 1470 cm−1 was larger for blocky
BrPEEK150 than blocky BrPEEK25 due to the increased functionality of
BrPEEK150 yielding an increased number of trisubstituted aromatic
rings. Furthermore, a peak is present at 1040 cm−1 that is attributed to
aryl CeBr stretching [47,48]. Upon sulfonation of both BrPEEK27 and
BrPEEK150, the peak at 1490 cm−1 drastically decreases in intensity
and the peak at 1470 cm−1 increases in intensity, signifying the sulfo-
nation of previously unfunctionalized hydroquinone rings of blocky
BrPEEK copolymer. Little difference is observed between the normal-
ized intensities of the BrSPEEK27-71 and BrSPEEK144-26 at 1490 cm−1

and 1470 cm−1, suggesting that nearly all available reactive sites (on
the hydroquinone ring) have been brominated or sulfonated in the re-
sultant blocky BrSPEEK copolymers. Furthermore, new peaks arise at
705 cm−1 (SeO stretching), 1020 cm−1 (S]O stretching), 1075 cm−1

(O]S]O symmetric stretching), and 1250 cm−1 (O]S]O asymmetric
stretching) due to introduction of the sulfonic acid sites to the polymer

backbone [47]. These peaks are more intense for BrSPEEK27-71 than
BrSPEEK144-26 because of its higher degree of sulfonation [49].

3.2. Thermal properties of blocky BrSPEEK membranes

Due to the high solubility of BrSPEEK in polar aprotic solvents,
BrSPEEK solutions were readily cast from DMAc to form tough, crease-
able membranes. The thermal properties of the resultant membranes
were analyzed using DSC, as shown in Fig. 3. All blocky BrSPEEK
membranes are completely amorphous, indicating that all (or most) of
the crystalline domains within the initial blocky BrPEEK have been
functionalized. At high degrees of bromination, the BrSPEEK78-40,
BrSPEEK101-30, and BrSPEEK144-26 samples all show two distinct
glass transitions in the DSC thermograms. This dual Tg behavior,
commonly observed in conventional block copolymers, is clear evi-
dence that the gel-state functionalization process creates a well-defined
blocky microstructure such that bromine-dense “blocks” phase separate
from the ion-dense “blocks”, resulting in a low Tg and a high Tg for the
brominated and sulfonated “blocks,” respectively. The Tg's determined
from the DSC thermograms are shown in Table 2. As the degree of
bromination decreases (and degree of sulfonation increases), the low
temperature glass transition decreases in magnitude and the high
temperature glass transition increases in magnitude, consistent with the
change in functionalization. At high degrees of sulfonation (i.e.
BrSPEEK56-52, BrSPEEK27-71), only one glass transition temperature
is observed at high temperatures, associated with the Tg of the sulfo-
nated blocks. It is likely that at these lower degrees of bromination, the
electrostatic network dominates the mobility of the polymer chains, and
thus it is difficult to observe a Tg from the brominated blocks [50].
Overall, the DSC results suggest that the blocky BrSPEEK copolymers
are forming phase-separated microstructures, attributed to a distinct
blocky character, that results in multiple glass transitions.

To further elucidate the multi-phase behavior of the blocky
BrSPEEK copolymers, dynamic mechanical analysis (DMA) was per-
formed. Fig. 4 compares the tanδ profiles of blocky BrSPEEK27-71,
BrSPEEK78-40, and BrSPEEK144-26. Similar to the DSC results, two
transitions are observed for BrSPEEK78-40 and BrSPEEK144-26, and

Table 1
Degree of bromination and degree of sulfonation determined by 1H NMR.

Sample Degree of bromination (mol%) Degree of sulfonation (mol%)

BrSPEEK27-71 27 71
BrSPEEK56-52 56 52
BrSPEEK78-40 78 40
BrSPEEK101-30 101 30
BrSPEEK144-26 144 26

Fig. 2. FTIR spectra of BrPEEK27, BrSPEEK27-71, BrPEEK144, and
BrSPEEK144-26.

Fig. 3. DSC thermograms of BrSPEEK membranes in Cs+-form. The heat fol-
lowing a quench cool from the melt is shown.

Table 2
Glass transition temperature(s) of blocky BrSPEEK samples.

Sample Tg1 (°C) Tg2 (°C)

BrSPEEK27-71 – 302
BrSPEEK56-52 – 272
BrSPEEK78-40 198 280
BrSPEEK101-30 201 293
BrSPEEK144-26 184 275
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one transition is observed for BrSPEEK27-71. Again, the lower tem-
perature transition is attributed to the glass transition of the bromi-
nated blocks while the upper temperature is attributed to the SPEEK
blocks and is due to the onset of long-range mobility upon destabili-
zation of the electrostatic network [51]. Comparison of the Tg's from
tanδ to the starting blocky BrPEEK copolymers demonstrates that the Tg

associated with the brominated blocks is higher for the BrSPEEK co-
polymers. This difference in Tg is likely due to restriction of mobility in
the brominated blocks by the electrostatic network or by a small degree
of phase-mixing between the brominated and sulfonated blocks. Be-
cause the length of the blocks is controlled by the semicrystalline mi-
crostructure of the PEEK gel (during bromination), it is likely that the
blocks in these copolymers are relatively short compared to con-
ventionally synthesized multiblock copolymers [32]. Thus, brominated
blocks will likely be in close proximity to the ionic aggregates, thereby
restricting their mobility and leading to a higher Tg than in the un-
sulfonated blocky BrPEEK copolymers. It is also of interest to note that
the magnitude of tanδ peak for the sulfonated blocks is much higher
than the magnitude of the tanδ peak for the brominated blocks. This is
due to a much greater change in the loss modulus as the ionic phase
transitions into a dynamic network. Thus, in agreement with our DSC
results, it is clear that the electrostatic network is dominating the mo-
bility of the polymer chains.

The location of the glass transition temperatures observed in tanδ is
dependent on the sulfonate counterion, as shown in Fig. 5. Blocky
BrSPEEK144-26 shows similar tanδ peaks in Na+-form and Cs+-form,
however the peak locations are at higher temperatures for Na+-form

than Cs+-form. As the size of the counterion increases, the charge be-
comes more delocalized and the electrostatic attractive forces are
weaker between ion pairs within the ionic aggregate [52,53]. Thus,
changing the counterion from Na+ to Cs+ weakens the electrostatic
network and decreases the Tg of the sulfonated blocks significantly. It is
also important to note that the peak attributed to the BrPEEK blocks
shifts to lower temperatures when changing from Na+ to Cs+ coun-
terions, further confirming that the brominated blocks are influenced
by the strength of the electrostatic network due to their close proximity
to sulfonated blocks.

To confirm that the multiple transitions observed for the blocky
BrSPEEK copolymers using DSC and DMA are accurately attributed to
phase-separation of the brominated and sulfonated blocks, a simple
blend of sulfonated PEEK and brominated PEEK was prepared. Random
SPEEK52 and random BrPEEK150 were dissolved at a 1:1 (w:w) ratio in
DMAc and were cast onto glass at 80 °C. Blend membranes were con-
verted into Na+-form and were analyzed using DSC and DMA. As
shown in Fig. 6, the blend of SPEEK and BrPEEK shows two distinct
glass transitions that are readily attributed to the glass transitions of the
two components. The Tg's do not change upon blending, and there is no
evidence of miscibility and phase mixing between the SPEEK and
BrPEEK. The multi-phase behavior of the SPEEK/BrPEEK blend closely
resembles that of the blocky BrSPEEK copolymers, suggesting that the
blocky BrSPEEK undergoes phase separation between the brominated
and sulfonated blocks.

3.3. Blocky BrSPEEK membrane properties

Water uptake is an important parameter dictating not only the
proton conductivity but also the mechanical stability of proton ex-
change membranes [54]. The gravimetric water uptake, λ, and areal
swelling of the as-cast blocky BrSPEEK membranes (H+-form) is shown
in Fig. 7. The results are compared to random SPEEK prepared by
sulfonation in DCA. As expected, water uptake and areal swelling in-
creases with increasing degree of sulfonation for all samples due to the
introduction of more hydrophilic acid sites. Overall, on a per mol%
sulfonation basis, blocky BrSPEEK membranes exhibit considerably less
water uptake and areal swelling than random SPEEK membranes. This
effect is magnified at high degrees of sulfonation (i.e. > 40mol%),
where random SPEEK membranes tend to over-swell in water as noted
by the sharp climb in water uptake, λ, and areal swelling with in-
creasing degree of sulfonation. In contrast, blocky BrSPEEK membranes
exhibit a more gradual rise in water uptake and dimensional swelling
with increasing degree of sulfonation. It is evident that the hydrophobic

Fig. 4. Tanδ of blocky BrSPEEK27-71, BrSPEEK78-40, and BrSPEEK144-26 and blocky BrPEEK27, BrPEEK78, and BrPEEK144 starting material. All BrSPEEK samples
are in Na+-form.

Fig. 5. Tanδ of blocky BrSPEEK144-26 in Na+-form and Cs+-form.
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bromine blocks limit the total water uptake and enable control over
swelling, especially at high degrees of sulfonation.

The conductivity of fully-hydrated BrSPEEK membranes in water at
room temperature is shown in Fig. 8A. Conductivity increases with
increasing degree of sulfonation, and little difference is observed be-
tween the conductivity of BrSPEEK and random SPEEK at similar de-
grees of sulfonation. When compared to SPEEK prepared by conven-
tional means [55–57] (i.e. sulfonation in H2SO4), however, BrSPEEK
membranes exhibit profoundly improved proton conductivity, likely
due to the more controlled sulfonation microstructure. It is also im-
portant to note that at high degrees of sulfonation BrSPEEK27-71 ap-
proaches the conductivity of Nafion® (77mS/cm). Surprisingly, the
random SPEEK also produces comparably high conductivity on a per
mol% sulfonate group basis, relative to the conventional SPEEK. This is
also likely a result of an improved distribution of functional groups
along the chains attributed to our “dissolution first, then sulfonate”
process using the non-sulfonating solvent DCA. In contrast, the con-
ventional sulfonation process, using concentrated H2SO4, involves si-
multaneous dissolution and sulfonation, which likely leads to a very
heterogeneous degree of sulfonation from chain to chain (i.e., the first
chains to dissolve are in contact with the sulfonating reagent for a much
longer time, leading to higher degrees of sulfonation), compared to the
lightly sulfonated chains that were last to dissolve. Thus, the polar
domains in the conventional SPEEK are presumably less ordered with
more heterogeneous percolation pathways for the transport of protons
and water – leading to lower conductivity.

Despite the similar proton conductivities for as-cast BrSPEEK and
random SPEEK as a function of degree of sulfonation, it is important to
consider the differences in water uptake among these samples. The
conductivity as a function of λ is shown in Fig. 8B. Clearly, the blocky
BrSPEEK membranes exhibit improved proton transport at much lower
λ than random SPEEK. The blocky BrSPEEK membranes are capable of
undergoing hydrophilic-hydrophobic phase separation, as shown by the
multi-phase behavior in DSC and DMA. This phase separation creates
continuous hydrophilic domains that enable efficient proton transport
at lower water contents compared to the random system. In contrast,
the sulfonic acid groups on the random SPEEK likely form discrete polar
aggregates that are not well inter-connected. Thus, to successfully
connect the polar domains and achieve adequate proton transport, high
water contents are necessary for random SPEEK.

The conductivity of as-cast BrSPEEK78-40 as a function of humidity
at 80 °C is shown in Fig. 9, as compared to the benchmark Nafion®,
random SPEEK42, and blocky SPEEK41. The blocky SPEEK41 sample
was prepared by gel-state sulfonation in 1,2-dichloroethane, as de-
scribed in our previous work [31]. Blocky BrSPEEK78-40 exhibited
improved proton transport compared to random SPEEK42 at all hu-
midity values examined. Furthermore, the conductivity of blocky
BrSPEEK78-40 approaches that of blocky SPEEK41 and Nafion® at high
humidity. These results further reiterate the improved hydrophilic-

Fig. 6. DSC (A) and DMA (B) thermograms of random SPEEK52, random BrPEEK150, and a 50/50 blend of the two.

Fig. 7. Gravimetric water uptake (A), λ (B), and areal swelling (C) as a function
of degree of sulfonation for blocky BrSPEEK and random SPEEK.
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hydrophobic phase separation of blocky BrSPEEK copolymers com-
pared to random SPEEK copolymers. Continuous hydrophilic domains
are created even at low water contents (i.e. low humidity), creating less
tortuous paths for proton transport. The difference in proton con-
ductivity between blocky BrSPEEK78-40 and blocky SPEEK41 at low
humidity likely stems from semicrystalline nature of blocky SPEEK41,
which helps drive ionic aggregation into small, closely-spaced domains
[31]. Regardless, it is evident that the blocky architecture of the
BrSPEEK copolymers contributes significantly to improved proton
transport and more controlled water uptake due to hydrophilic-hydro-
phobic phase separation. Future efforts will focus on annealing studies
to further improve the conductivity of the blocky BrSPEEK membranes
in hopes of surpassing the performance of the benchmark Nafion®.
Likewise, the influence of gel concentration and morphology on block
length and membrane performance will be investigated as a means to
improve conductivity.

3.4. Ionomer morphology

The ionic aggregate morphology of the BrSPEEK membranes was
investigated using small-angle x-ray scattering (SAXS) at Argonne
National Laboratory. The SAXS scattering profiles of the as-cast blocky
BrSPEEK membranes in Cs+-form are shown in Fig. 10A. A clear io-
nomer peak at approximately q=0.25 Å−1 is observed, and this peak
increases in intensity with increasing degree of sulfonation [58]. Fur-
thermore, the ionomer peak shifts slightly to higher q with increasing
degree of sulfonation, suggesting a decrease in the inter-aggregate
distance. The center-to-center distance between ionic aggregates was

quantified by determining the Bragg spacing of the ionomer peak
(dBragg= 2π/q) [59] (see Supplementary material Table S1), and the
Bragg spacing decreased nominally from 26 Å to 22 Å with increasing
degree of sulfonation.

For comparison, the SAXS profiles of random SPEEK with degrees of
sulfonation from 20 to 53mol% are shown in Fig. 10B. A pronounced
ionomer peak is present that shifts from q≈ 0.1 Å−1 to q≈ 0.3 Å−1 as
the degree of sulfonation increases from 20 to 53mol%. Thus, the
distance between ionic aggregates decreases from 45 Å to 27 Å with
increasing degree of sulfonation. Based on these results, it is apparent
that the ionomer morphology and inter-aggregate distance is much
more dependent on the degree of sulfonation for random SPEEK than
for blocky BrSPEEK. Furthermore, blocky BrSPEEK membranes exhibit
smaller inter-aggregate spacings than random SPEEK at similar degrees
of sulfonation; which, in correlation with the improved proton con-
ductivity, suggests a more closely-packed, interconnected ionomer
morphology due to the hydrophobic-hydrophilic phase separation of
blocky BrSPEEK.

The ionomer peaks of blocky BrSPEEK and random SPEEK were
further analyzed using the Kinning-Thomas modified hard sphere
model [60]. The core ionic radius (R), the radius of closest approach
(Rca), and the inter-particle radius (Rip) determined using this method
are shown in Table 3. Ionomer radii around 3–5 Å and Rca around
8.5–10.5 Å were determined for as-cast BrSPEEK membranes using this
analysis. No specific trend in R or Rca is observed with increasing degree
of sulfonation, suggesting that blocky BrSPEEK forms similar sized ionic
aggregates independent of ion content. This result is consistent with the
work of Weiss, who demonstrated that ionic aggregate size in a sulfo-
nated poly(styrene-b-(ethylene-co-butylene)-b-styrene) block copo-
lymer was insensitive to the degree of sulfonation [6161]. In contrast,
the R of random SPEEK decreases systematically from 8.3 to 3.1 Å and
Rca decreases from 19.2 to 13.0 Å as the degree of sulfonation increases.
Thus, by blocking up the ionic aggregates in BrSPEEK, more consistent
ionic aggregate morphologies are obtained due facile hydrophobilic-
hydrophilic phase separation and the close proximity of sulfonate
groups along the polymer chain within the sulfonated “blocks.” More-
over, for both blocky BrSPEEK and random SPEEK, Rip decreases with
increasing degree of sulfonation, suggesting more closely spaced ionic
aggregates as was observed with the Bragg spacing analysis.

4. Conclusions

In this work, blocky BrSPEEK copolymers were prepared by sulfo-
nation of blocky BrPEEK using H2SO4. The resultant degree of sulfo-
nation depended on the initial blocky BrPEEK templating, and in-
creasing degree of sulfonation was observed with decreasing bromine
content in the initial blocky BrPEEK. Distinct multi-phase behavior was
observed using DSC and DMA for blocky BrSPEEK membranes at de-
grees of sulfonation up to 40mol%, suggesting phase-separation

Fig. 8. Conductivity of as-cast blocky BrSPEEK, random SPEEK, and conventional SPEEK from literature [56–58] in water at room temperature as a function of
degree of sulfonation (A) and λ (B).

Fig. 9. Conductivity of Nafion®, random SPEEK at 42mol% sulfonation, blocky
SPEEK at 41mol% sulfonation, and blocky BrSPEEK78-40 as a function of re-
lative humidity. Measurements were conducted at 80 °C.
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between the brominated blocks and sulfonated blocks into hydrophobic
and hydrophilic domains, respectively. SAXS analysis revealed similar
ionic-aggregate sizes for blocky BrSPEEK membranes at all degrees of
functionality, and ionic aggregates became more closely spaced with
increasing degree of sulfonation. Improved dimensional stability upon
swelling and enhanced proton transport at lower water content were
observed for blocky BrSPEEK membranes compared to random SPEEK
ionomers due to the hydrophilic-hydrophobic phase separation and a
closer packing of ionic aggregates, resulting in improved order within
the blocky hydrophilic domains.
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Table 3
Ionomer radius (R), radius of closest approach (Rca), and inter-particle radius
(Rip) of BrSPEEK membranes determined by fitting to the Kinning-Thomas
model.

Sample DS (mol%) R (Å) Rca (Å) Rip (Å)

Blocky BrSPEEK27-71 71 3.0 ± 0.2 9.7 ± 0.1 17.8 ± 0.2
Blocky BrSPEEK56-52 52 5.0 ± 0.1 10.1 ± 0.1 19.8 ± 0.2
Blocky BrSPEEK78-40 40 4.4 ± 0.1 9.8 ± 0.1 22.8 ± 0.2
Blocky BrSPEEK101-30 30 3.9 ± 0.1 8.5 ± 0.2 29.6 ± 1.0
Blocky BrSPEEK144-26 26 3.7 ± 0.1 10.5 ± 0.2 36.8 ± 1.8

Random SPEEK53 53 3.1 ± 0.2 13.0 ± 0.1 23.2 ± 0.9
Random SPEEK48 48 4.9 ± 0.2 12.2 ± 0.1 22.8 ± 1.0
Random SPEEK27 27 7.6 ± 0.2 16.7 ± 0.1 28.9 ± 0.3
Random SPEEK20 20 8.3 ± 0.3 19.2 ± 0.3 37.2 ± 1.5
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