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Abstract

Morphology, viscoelastic, and transport properties of the sulfonated
polystyrene-polyisobutylene-polystyrene (PS-PIB-PS) block copolymer were
investigated with respect to sulfonation level and counter-ion substitution.
Dynamic mechanical analysis (DMA) was used to examine the dynamic storage
modulus E’ and dynamic loss modulus E”, as they relate to changes in
sulfonation levels. Small-angle x-ray scattering (SAXS) results confirmed that at
a certain percent of sulfonation, a phase transition occurs from hexagonally
packed cylinders to lamellar structure due to swelling of the styrene domains
caused by the higher sulfonation levels. Transport measurements using Fourier
Transfer Infrared Spectrometer (FTIR) confirm that the sulfonation level directly
dictates the transport rate of small molecules (alcohol and water) through the
PS-PIB-PS triblock copolymer membrane. Faster water transport can be
achieved by incorporating more sulfonic acid groups throughout the polymer
backbone. In addition, infrared (IR) data clearly identifies molecular interactions
between the solvating alcohol molecules and the PS-PIB-PS triblock copolymer.
The observed properties suggest that these ion-containing block copolymers are
worthy of further development as barrier membranes to be incorporated into
chemical protective clothing,
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1. Introduction

The U.S. Army requires that all fielded systems be survivable in a chemical
warfare environment. Butyl rubber is currently used in standard protective
clothing because it provides good protection from chemical and biological
agents. However, the bulky and impermeable nature of butyl rubber results in
unacceptable levels of stress on the soldier [1]. OQutfitting the soldier in
accordance with new Future Combat System (FCS) and Objective Force
guidelines requires that the materials be lightweight and flexible, enabling the
soldier to move freely. In an effort to address these requirements, a series of
sulfonated triblock copolymers have been developed. The novel block
copolymers exhibit flexibility over a broad temperature range and selectively
permeable “membrane-like” characteristics.

2. Background

A novel class of self-assembled block copolymers has been developed and
investigated. These materials exhibit transport and mechanical properties
necessary for potential consideration as advanced materials for soldier clothing,
The novel polymers are comprised of triblocks of polystyrene-polyisobutylene-
polystyrene (PS-PIB-PS). The major component of the copolymer is
polyisobutylene (PIB), lending low temperature flexibility to the material and
good barrier properties. Polystyrene (PS) forms the glassy component, which
physically crosslinks the PIB providing mechanical integrity. In the solid state,
the thermodynamic immiscibility of the two components results in spontaneous
microphase separation where domains of PS are formed in the rubbery PIB
matrix. The fraction of PS controls the morphology that is formed in the
copolymer which can be cylinders, lamellae, or spheres [2]. The PS-PIB-PS
triblock copolymer under investigation is comprised of approximately 30% PS
and the resulting morphology is cylinders in the unsulfonated form. The
cylindrical morphology formed by the PS fraction provides a channel by which
molecular transport across a film can occur while the PIB matrix acts as a
chemical barrier. lonomeric modification of the commercially available PS-PIB-
PS block copolymers (TS-3000S) was performed by sulfonation of the styrene
monomers to varying levels [3]. The modified copolymer exhibits hydrophilic
character, and its ability to transport water has been demonstrated. Likewise,
preliminary experiments have been performed which show that the films are
selective in blocking organic compounds. Ionomeric modification of the polymer



causes association of ion rich domains [4, 5] and results in a stiffer material
without significantly affecting the glass transition temperature. Thus, the
material remains flexible and transparent following chemical modification.

The PS-PIB-PS block copolymer in the unmodified and ionomeric forms readily
dissolves in selected organic solvents, making large-scale processing
economically feasible. Over the past year, we have focused on the control of
polymer morphology as a result of processing and level of sulfonation of the
styrene monomers. Our earlier processing studies showed that slower solvent
evaporation times leads to improved long range order. However, these changes
in morphology do not affect the permeation properties of the copolymer. Our
studies show that in the unmodified form, the block copolymer behaves as a
barrier material, blocking water and polar organic compounds. Ionomeric
modification via sulfonation of styrenic components of the polymer chain
disrupts the morphology; however, self-assembly occurs in the PS-PIB-PS
triblock copolymer irregardless of the processing method or the level of
sulfonation. We have demonstrated that solution processing of sulfonated
PS-PIB-PS under nonequilibrium conditions (solvent casting or spraying) results
in films with a microphase separated morphology and permselective
characteristics. Our earlier work on the control of solvent evaporation is
discussed elsewhere [6]. The final report presented here, details our subsequent
investigations on the effect of sulfonation level and counter-ion substitution on
the morphology, transport, and mechanical properties of the block copolymer.

3. Discussion

3.1 Morphology

3.1.1 Small Angle X-ray Scattering

Materials examined were solution cast films of unmodified PS-PIB-PS triblock
copolymer and sulfonated PS-PIB-PS triblocks with styrene sulfonic acid levels in
the styrenic phase ranging from 5% to 26%. One sample that had been subjected
to ion exchange treatment in an aqueous solution of zinc salt was also examined.
These films were cast according to procedures outlined previously. Small angle
x-ray scattering (SAXS) patterns were collected at the National Synchrotron Light
Source at Brookhaven National Laboratory, Brookhaven, NY, using pinhole
collimation and a two-dimensional (2-D) multiwire type area detector. SAXS
images were circularly averaged using commercial software routines.

For copolymers comprised of strongly immiscible blocks, such as the PS-PIB-PS
triblocks, microphase segregation will occur via self-assembly, resulting in the


















The second region of interest in the scattering from the Zn jonomer is in the
higher q range of 0.1-0.2 A+ (not shown), which is where the peak due to
interparticle interference between ionic clusters would appear. A weak
scattering peak occurs at qauster = 0.183 A-1, corresponding to a cluster spacing of
dawster = 343 A, This feature size is consistent with cluster sizes observed
previously in sulfonated polystyrene ionomers and sulfonated block copolymer
ionomers [5, 8] and arises from interparticle interference between zine clusters
residing within the sulfonated polystyrene microphase. The appearance of this
feature is direct evidence that the exchange process used to substitute zinc ions
for acidic protons within the copolymers was successful.

3.1.2 Dynamical Mechanical Analysis (DMA)

The DMA experiments were performed on films cast from 5% polymer solutions
of toluene or toluene/hexyl alcohol mixtures of PS-PIB-PS triblock copolymers
with varying degrees of styrene sulfonic acid. Specifically, the levels of
sulfonation in the cast films were 0% (unmodified triblock copolymer), 5%, 8%,
12%, 14%, 17%, and 22%. Figure 6 shows the storage modulus (E') vs.
temperature for this series of polymers. These data show that the differences in
E’ for the unmodified triblock copolymer and that of the copolymers sulfonated
at 5% and 8% is negligible, suggesting that sulfonation levels up to 8% do not
affect the dynamic modulus of the block copolymers. However, block
copolymers sulfonated to higher levels (12%, 14%, 17%, and 22%) exhibit a
significant increase in the rubbery plateau modulus, indicating increased
stiffness of the polymers. These data are consistent with a change in morphology
from hexagonally packed cyclinders (0%, 5%, and 8% sulfonation) to lamellar
structure (12%, 14%, 17%, and 22% sulfonation), which was confirmed by small
angle x-ray scattering (SAXS) as discussed earlier. Lamellar structure of the rigid
styrenic components existing parallel to the film plane would conceivably
increase stiffness of the polymer above the glass transition temperature (Tg). The
higher percentages of styrene sulfonic acid effectively increase the volume
fraction of the styrenic portions of the polymer above 30% and into the lamellar
region of the phase diagram (Figure 1), resulting in higher E’. The significant
increase in E’ for the block copolymers sufonated above 8% can be further
explained by the increased interaction of the sulfonic acid groups that act as
thermally reversible, noncovalent crosslinks in the hard domains [4, 5].

Figure 7 shows the dynamic loss modulus (E”) for the series of block copolymers.
E” provides information on the low temperature flexibility and Tg of the triblock
copolymers. These data indicate that although the sulfonation level significantly
affects the modulus of the polymers due to the contributions from the rigid PS
components of the polymer chain, the low temperature properties of the block
copolymer are virtually unaffected. The primary peak associated with the glass








































Table 2. Solubility of triblock copolymers.

Sulfonated TS30005 (SABrE)
17% | 22% | 26% | 22%-AM

Solvent TS3000S
Water

Acetonitrile
Cyclohexane
Acetone

Methanol
Tetrahydrofuran
Methy! ethyl ketone
Methylene chloride
Ethanol

N, N
dimethylformamide

PIB

n-Propanol

1, 5 dichloropentane
n-Decane

Hexane

Carbon tetrachloride
Benzene
Cyclohexanol
n-Butanol

Ethylene glycol
Dimethylsulfoxide
Toluene
1-Methyl-2-
Pyrrolidinone

Acrylonitrile
Triethyl

phosphonate
Dimethyl methyl N
phosponate

Y= sample mostly dissolves.
N= sample does not dissolve.
X = sample partially dissolves/decomposes.
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copolymers in 100% toluene. Solutions prepared with copolymers comprised of
greater percentages of sulfonation were prepared using mixed solvents of 85%
toluene and 15% hexyl alcohol. The hexyl alcohol was required to solvate the
sulfonated PS domains. Films were then prepared by casting 25 ml of the
polymer solution into 4-in-diameter teflon petri dishes and allowed to dry under
a hood. The films were then placed in a vacuum oven at 50 °C and continued to
dry for approximately two weeks to remove trace solvents. The resulting films
were transparent, with a relatively homogeneous thickness of approximately
4 mil.
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Coated fabrics were prepared using several methods. Woven fabrics were
provided by Mr. Quoc Truong and included a gray 5 oz/yd? NYCO 50/50
cotton/nylon woven fabric without Quarpel treatment and the MIL-C-44436 [21]
6.7 oz/yd? JSLIST shell fabric (with Quarpel treatment). In the first coating
method, 4-in-diameter samples of woven fabric were cut and placed in the
bottom of the petri dishes. Approximately 25 ml of 5% polymer solution was
poured over the fabric, and the films were allowed to dry according to this
procedure. This resulted in a smooth, uniform, and relatively thick (~4 mil)
coating of the fabric, with the coating forming primarily on one side of the
woven fabric. Adherence of the coating to the surface of the woven fabric
appears to be good.

The second method of coating the woven fabric involved a “dip coating”
method. In this case, the polymer solutions were poured into a shallow dish, and
the woven fabrics were dipped into the coating and held there for approximately
20 s and then hung to dry under the hood. This method produced a very thin
coating on the fabric, and in the case of the gray 50/50 cotton/nylon fabric, a
homogeneous film did not form; however, the fibers of the fabric were coated.
When this fabric was dipped, the solution immediately permeated the thickness
of the fabric, and it appeared that the polymer coating would be formed on both
sides of the fabric. This was in part due to the relatively loose weave of the
fabric. The thickness and weave of the MIL-C-44436 [21] fabric allowed the
dipped fabric to be coated on the dipped side only. That is, the polymer solution
did not appear to permeate to the other side of the fabric when the fabric was
laid on top of the polymer solution. This fabric was coated on the back
(noncamouflaged) side of the fabric. This seems to be the preferred method of
coating the camouflaged fabric, since the polymer coating in this case will not
change the appearance or gloss of the camouflage pattern. The copolymer did
appear to form a more continuous film on the MIL-C-44436 [21] fabric compared
to the coated 50/50 cotton/nylon fabric. Additional fabrics were dip coated a
second and third time, with a 15-min dry time in between coats, in an effort to
increase the film thickness and improve the quality of the film. Both the 50/50
cotton/nylon fabric and the MIL-(C-44436 [21] fabric appear to have continuous
films formed on the surface after three subsequent dips in the polymer solution.
Because these films were very thin, accurate measurements of film thickness
could not be obtained for films formed after one or two dips. However, films
formed after three dips in the polymer solution are estimated to be a maximum
of 2 mil thick.

Finally, 5% polymer solutions were spray coated onto one side of both woven
fabrics. A conventional air gun was utilized. After spraying, the coated fabrics
were allowed to dry under a hood. A homogeneous film appeared to be formed
on the MIL-C-44436 [21] fabric; however, the coating appears to be very thin.
Future work on spray coating the fabrics will involve increasing the



concentration of the polymer solution in an effort to increase the film thickness.
The first coating method described, casting the film onto the fabric in a petri dish,
produced the thickest and smoothest coating. Samples of the different films and
coated fabrics are provided to SBCCOM-Natick for further evaluation.

The processing investigations demonstrated that elastomeric membrane films
and coated fabrics can be produced using common solvents and simple solution
processing procedures, indicating that scale-up of these processing techniques
should be economically feasible. Further work will address optimization of the
coated films to achieve homogeneous, defect-free coatings and will involve
developing test methodology to determine that the coated fabrics are continuous
and free of pores. Collaborative work with SBCCOM-Natick should be
conducted to determine the performance of the coated fabrics and to provide
insight into the required parameters for coating optimization.

4. Conclusions

In this reporting period, the morphology, viscoelastic, and transport properties
of the PS-PIB-PS triblock copolymer were investigated with respect to
sulfonation level and counter-ion substitution. DMA showed that sulfonation
levels of 5% and 8% did not affect the dynamic storage modulus E". However,
sulfonation levels of 12%, 14%, 17%, and 22% resulted in a significant increase in
E’ above the glass transition. SAXS results confirmed that between 8% and 12%
sulfonation, a phase transition occurs from hexagonally packed cylinders to
lamellar structure, respectively. This phase transition is the result of swelling of
the styrene domains caused by the higher sulfonation levels. SAXS data
indicates that the lamellar structure is aligned parallel to the film plane, which is
consistent with the increase in dynamic storage modulus that is measured with
the film in tension. Increasing the sulfonation level allows greater interaction
between sulfonic acid groups via hydrogen bonding, creating noncovalent
crosslinks in the styrene domains and thereby increasing the rubbery plateau
modulus. The impact of the higher sulfonation levels on polymer morphology
primarily affects the viscoelastic properties of the rigid styrenic domains. The
major component of the PS-PIB-PS triblock copolymer is comprised of flexible
PIB. The dynamic loss modulus E” showed that increasing the sulfonation level
does not adversley affect the viscoelastic response of the PIB mid-block. The
triblock copolymer retains its low temperature flexibility and elastomeric
behavior, regardless of sulfonation level, exhibiting a Tg of approximately
-63 °C.
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Transport measurements confirm that the sulfonation level directly dictates the
transport rate of small molecules (alcohol and water) through the PS-PIB-PS
triblock copolymer membrane. Faster water transport can be achieved by
incorporating more sulfonic acid groups throughout the polymer backbone.
Additionally, the IR spectral intensity of the hydroxyl band can be related to the
total solubility of alcohol in the polymer. This effect is confirmed by swelling
experiments. Finally, the IR data clearly identifies molecular interactions
between the solvating alcohol molecules and the PS-PIB-PS triblock copolymer.
The observed properties of these polymers, coupled with their ease of
processing, suggest that the ion containing block copolymers are worthy of
further development as potential candidates for chemical protective clothing,
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