48l

Macromol. Symp. 2009, 278, 48-56

DOI: 10.1002/masy.200950407

Self-assembly of Sulfonated Polystyrene lonomers in
Chloroform

A. V. Lezov,™ G. E. Polushina, M. E. Mikhailova, E. I. Rjumtsev

Summary: Light scattering and electric birefringence were used to determine the
dimensions and extent of aggregation of dilute solutions of sodium sulfonated
polystyrene ionomers with sulfonation levels of 0.5, 1.35, 2.6 and 5.8 mol% in
chloroform. It was found that in solutions of ionomers with sulfonation level 1.35
and more the equilibrium between single chains and aggregates consisting of two
and more chains is observed. These data were analyzed using the “open” association
model. It was shown that an increase in the sulfonation level of ionomers results in a
decrease in the hydrodynamic radius of single chain. On the other hand, it was
established that an increase in sulfonation level leads to increase in the size of
aggregate consisting of two chains. More pronounced expansion of ionomer chains
incorporated into aggregate was found for ionomers with high sulfonation level.

Introduction

Tonomers are macromolecules containing a
small number of ionic groups chemically
bound to a nonpolar chain."™! In polar or
high dielectric constant solvents, such as
dimethylsulfoxide and dimethylformamide,
ionomers behave in a similar manner to
polyelectrolytes.[s‘g]

Tonomers with low levels of ionic groups
are soluble in low - polar solvents, such as
tetrahydrofuran, chloroform, p- and m-
xylene.”'7l The association of ionomers
in low-polar organic solvents was studied
very actively at the last years, and the lightly
sulfonated polystyrene (SPS) ionomer
usually was chosen as a model polymer.
It was observed that in these solvents
sulfonation of polystyrene results in a
decrease in the intrinsic viscosity value
relatively to polystyrene with the same
degree of polymerisation.[>311-1216171 = At
higher concentrations the ionomers were
found to be aggregated causing network
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formation. It was suggested that the
intrachain association of ionic groups leads
to compaction of the molecules. As the
ionomer concentration in solution
increases, the interchain association of
ionic groups takes place, and the aggregates
of two or more ionomer molecules are
formed.[* 111316171 However at present
time, there is a lack of information on the
effects of varying sulfonation level on chain
behavior and aggregation of ionomers in
low — polar organic solvents.

In this paper, we report new results
obtained from a detailed light scattering
and electric birefringence studies of sulfo-
nated polystyrene solutions in chloroform.
We have investigated the effects of varying
sulfonation level on single chains size of
ionomers and their aggregates in solutions.

Experimental Part

Sodium sulfonated polystyrene ionomers of
molecular weight M,,=105000 with a
polydispersity My,/M, less than 1.05 and
sulfonation level ¢ of 0.5, 1.35, 2.6 and
5.8 mol%, respectively, were prepared by
using anionically polymerized polystyrene
as described previously.!' The molar content
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¢ of SOsNa groups was determined by
elemental analysis. The solutions of iono-
mers in chloroform were prepared at room
temperature under continuous stirring with
magnetic stirrer for 6 days. Chloroform with
dielectric permittivity ¢=4.8, refractive
index ng=1.4455, viscosity 17y=0.542 cP
and density pp=1.488 g/cm3 was used without
further purification to dissolve the polymers.

Static (SLS) and dynamic light scatter-
ing (DLS) measurements at scattering
angles 0 ranging from 30 to 130° were
carried out simultaneously using a
“PhotoCor Instruments” (Russia) appa-
ratus and a He-Ne linear polarized laser at
a wavelength 1o =632.8 nm. The tempera-
ture was controlled at 25+0.05°C. The
normalized intensity autocorrelation
functions obtained directly from the
correlator have been analyzed. The con-
strained regulation method based on
inverting Laplace transform incorporated
in “Dynal.S” program was used to obtain
the distribution of relaxation times W(xt).
Here 7=(Dq?) "', where D is the transla-
tion diffusion coefficient and g = 4;’{'}'0 Sin%
is the scattering vector.!'!° The refractive
index increment dn/dc = 0.058 for ionomers
was measured by using IRF-23 differential
refractometer. Toluene and benzene were
used as standard liquids.

Electric birefringence (EB) was mea-
sured with homemade laboratory equip-
ment in compensation mode using modula-
tion of elliptical light polarization.[ls’zo’m
Rectangular electric field pulses with
amplitudes up to 1 kV were applied. The
relaxation time of electric field when it is
switched off is equal to 0.5 x 10 °s. A glass
cell with two titanium electrodes — 2 cm
long placed 0.02 cm apart from each other
was used as a Kerr cell. Compensation of
the measured electrical birefringence was
performed by rotating a mica plate with a
path difference of 6.3 nm.

Results and Discussion

As was shown earlier in solutions of SPS
ionomers with sulfonation level of 1.35,1.39
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and 1.65 mol% an equilibration between
single collapsed chains and aggregates of all
sizes occurs in xylene.[g'13 16171 This type of
behavior was interpreted using the “open”
association model.”1%1310221 However, it
was found that in solution of ionomer with
sulfonation level 0.95 single chains and
aggregates consisting primarily from three
chains are presented.!'*! These data was
interpreted using the closed association
model.32?]

To analyze the aggregation behavior in
solutions of SPS ionomers with sulfonation
levels of 0.5, 1.35, 2.6 and 5.8 mol% SLS
technique was used. In light scattering
experiments, the apparent weight-average
molecular weight is defined by [*1%-13]

RoNaX

- 4m2n2c(dn/dc)? @

app

Here R, is the Rayleigh ratio at
observation angle 6=0.

When the apparent molecular weight
squared Mgpp is plotted against concentra-
tion a straight line is obtained almost over
the whole range measured (Figure 1). The
data deviate from a straight line slightly at
the highest concentrations but this can be
accounted for by introducing a second virial
coefficient A,. The concentration depen-
dence of the apparent weight-average
molecular weight of nonmultimerizing
solutes at sufficiently low concentration ¢
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Figure 1.

Apparent molecular weight squared versus concen-
tration c¢ in chloroform: M =SPS-1.35; A =SPS-2.6
and @ =SPS-5.8.
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Table 1.

Molecular weight My, equilibrium constant K, second virial coefficient A,, coefficients of translation diffusion

)

Dy, DY and D@ of SPS ionomers in chloroform.

Sample My, X 1072 Ko x 10~ A, x10°4 oY x 107 o x 107 b x 107
g mol™’ | mol™ ml mol/g> cm?/s cm’/s cm?/s
SPS-0.5 110 — 5.03
SPS-1.35 1.02 1.0 1.4 5.84 238
SPS-2.6 1.05 1.0 —0.5 6.39 2.28 0.67
SPS-5.8 1.01 0.8 — 6.94 2.5 0.98
is expressed by[m’B] Msp = 1.17 x 10° g mol ! which was calcu-
1 lated earlier using sedimentation and
=—+2A5c (2) translation diffusion data for SPS-1.35 in

Mdpp MW

Here M,, is the true weight-average
molecular weight.

The M,p,, values for SPS-1.35 and SPS-
2.6 ionomers at high concentrations of
solutions were corrected using Equation (2).
The second virial coefficients A, for these
ionomers are represented in Table 1.

For ionomers with sulfonation level 1.35
and more the “open” association model
appears to properly explain the data and
the weight-average molecular weight is

given by[10,13,22]
M?: = M? 4 x 10%)K, M 3
w wl +( X ) 0 M 1 c ( )

Here M, and M,,; are the number- and
weight-average single chain molecular
weights. The equilibrium constant, K,
and weight-average single chain molecular
weight, M,,;, were calculated from the
gradient divided by the intercept and
intercept of this plot, respectively, using
Equation (3). These terms are given in
Table 1. The equilibrium constant K is
similar in magnitude to that obtained
previously for SPS ionomers with a sulfo-
nation level of 139 and 1.65 in p-
xylene '3l An inversion in the sign of
the second virial coefficient A, shows that
the quality of the chloroform as solvent for
the SPS ionomers decreases when the
sulfonation level of ionomer is raised.
The single chain weight-average molecular
weight M, for SPS ionomers is in good
agreement  with  molecular  weight

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

m-xylene'®! (Table 1).

The apparent weight-average molecular
weight M, of SPS-0.5 ionomer calculated
at the lowest solution concentration
¢=0.057 g/dl coincides within experimental
error with the M,,; value for other SPS
ionomers (Table 1). It was found that an
increase in solution concentration leads to a
very weak decrease in M,,, value for SPS-
0.5 ionomer. Thus, the result shows that,
over the concentration range studied, the
apparent weight-average molecular weight
M,,, does not depend on SPS-0.5 ionomer
concentration and the “open” association
model is not applicable in the present
system.

In order to determine hydrodynamic
radius of single chain SPS ionomers and
their aggregates in chloroform DLS tech-
nique was used. Figure 2 shows the
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Figure 2.

Distribution function of relaxation times W(7):
@ =5PS-05;, W =5SPS-1.35; A =SPS-2.6 and
W =SPS-5.8.
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distribution of relaxation times W(x)
obtained from the “Dynal.S” program. In
the present concentration range we have
observed one relaxation mode for SPS-0.5
and SPS-1.35 and two relaxation modes for
SPS-2.6 and SPS-5.8 ionomers. To certify
these modes, we have analyzed the depen-
dence of reversal relaxation times ' on q°.
Both sets of data can be approximated by
linear dependences with a zero intercept,
signifying that there are diffusive modes.
From the gradient of these dependences the
translation diffusion coefficients corre-
sponding to the first DV and the second
D® modes were calculated.!'%1]

The concentration dependences of DM
and D® coefficients are represented in
Figure 3. The results show that, over
concentration range studied, the diffusion
coefficient DV for SPS-0.5 ionomer as well
as D@ for SPS-2.6 and SPS-5.8 ionomers
changes linearly with the increase in
solution concentration. From these plots,
the translation dlffusmn coefficients D(()1
for SPS-0.5 and D ) for SPS-2.6 and SPS-
5.8 ionomers at infinite dilution were
obtained.

For other SPS ionomers diffusion coeffi-
cient D decreases nonlinearly with
increasing polymer concentration (Figure 3).
To analyze a concentration dependence of
DW of SPS ionomers with sulfonation levels of
1.35 and more, theory of light scattering in
polymer solution containing aggregates was
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Figure 3.
Concentration dependences of translation diffusion
coefficients D": @ =5PS-0.5; M =SPS-1.35;
A —SPS-2.6; @ =5PS-5.8 and D®: A=s5pPS-2.6;

O =SPS-5.8 in chloroform.
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used."”! At low ionomer concentration where
most chains exist as either single chains or
aggregates consisting of two chains, the
diffusion coefficient is given by

MW
Mwl

U+ 20f) - Df)

1
DY

)1 =) Q)

Here w; is the weight fraction of a
single chain in solution which can be

calculated by using the equation
4K,0) 12— .
w] = My, (M, +4Ko0) »14//12[10]. F1gure 4

Koc (MW1+4K,]5)1/2+M
shows the D! )(M /Mwl) dependence on
(1-wy) for the first diffusion mode of SPS
ionomers in chloroform. From these plots,
the single ionomer chain diffusion coeffi-
cients at infinite dilution D((]ll) as well as the
diffusion coefficient of aggregates consist-
ing of two chains Dg) were obtained and
represented in Table 1. The hydrodynamic
radii of single ionomer chain Rj,; and
aggregate consisting of two chains R,
was calculated by using the Stokes-Einstein
relationship

R, = 67'm (201 The values of Ry and R, are
represented in Table 2. The hydrodynamic
radius of single chain R;; decreases, how-
ever the hydrodynamic radius of aggregate
R;» weakly increases with increase in
sulfonation level ¢ (Table 2). Moreover,
it should be noted that the hydrodynamic
radius of SPS ionomers R),; is smaller than
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Figure 4.

Translation diffusion coefficient DZ( w/Mw) of

ionomers versus (1-w,): Il =SPS-1.35; A =SPS-2.6;
@ =5P5-5.8.
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Table 2.
Hydrodynamic radii of SPS ionomers in chloroform
solutions.

Sample Dynamic Light Electric
Scattering Birefringence
R Rha R;IZ) Rr(]) Rr(2)
nm nm nm nm nm
SPS-0.5 8.0 17.2 27.5
SPS-1.35 6.9 16.9 18.3 26.3

SPS-2.6 6.3 17.7 60 20.7 25.4
SPS-5.8 5.8 18.7 41 19.0 26.3

that of polystyrene molecules with the same
polymerization degree RIS=9.4 nm in
chloroform.

The hydrodynamic radius Rf) calculated
from the diffusion coefficients D(()z) is more
than that of single chain Rj;; and aggregates
consisting of two chains Ry, (Table 2). This
result shows that upon aggregation in
solutions of SPS ionomers with sulfonation
levels of 2.6 and 5.8 clusters consisting of
more than two chains are formed.

In order to analyze the effect of
sulfonation level on the size and composi-
tion of aggregates dynamics of electric
birefringence in SPS ionomers solutions
was studied. Figure 5 shows the rise and
decay processes of electric birefringence,
An, induced by the rectangular electric field
applied across a solution. The measured
electric birefringence An is a superposition

Figure 5.

Time dependence of electrical birefringence, An,
induced by a rectangular electric field applied across
solution of SPS-1.35 in chloroform. The dashed vertical
line marks the moment of time when the electric field
is switched off.

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of two relaxation processes: the initial jump
of positive and a rather slow rise of negative
electric birefringence approaching an ulti-
mate steady-state value, An,, when electric
field is witched on. When electric field is
switched off, the positive effect vanishes
suddenly, and the decay of negative electric
birefringence is observed. The time depen-
dences of electric birefringence decay could
not be described by the exponential func-
tion An = Angexp{—t/t;} with a single
relaxation time t; for either ionomers,
indicating their polydispersity with respect
to relaxation times.'>2"!

The constrained regulation procedure
was used to obtain the distribution of
relaxation times W(zq). Two relaxation
modes for all investigated SPS ionomers
were found (Figure 6). Figure 7 shows the
concentration dependence of the relaxation
times for the fast rs) and slow 1512) modes.
As can be seen from this representation
relaxation times within experimental error
do not change with increasing polymer
concentration.

To certify these modes hydrodynamic
radii of SPS ionomers corresponding to the
fast R, and slow R,? relaxation pro-
cesses were calculated using the Stokes-
Einstein equation: R, = (%)1/ 3 29 Good
agreement between hydrodynamic radii
Rip and R,V obtained by using DLS and
EB methods, respectively, is observed
(Table 2). The value of R, is more than
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Figure 6.

Distribution function of electric birefringence relaxa-
tion times W(zy): ll =SPS-1.35 and O = SPS-2.6.
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Figure 7.
Relaxation times rf;) and rff) versus concentration
and (@, Q) = SPS-5.8, correspondingly.

R." and does not depend on sulfonation
level. We can suggest that this mode
corresponds to aggregates consisting of
more than two chains.

The distribution of relaxation times
W(z4) does not contain mode correspond-
ing to orientation of single chain. The
relaxation time of electric birefringence 74
for single SPS ionomer chain calculated by
using the Stokes-Einstein equation and Ry
value (Table 2) does not exceed of 0.3 s

(@, O)=5Ps-0.5; (M, [J) = SPS-1.35; (A, A) = SPS-2.6

that is smaller than relaxation time (0.5 ps),
which can be determined by using this
laboratory equipment.

To analyze the effect of sulfonation on
dimensions of single molecules and aggre-
gates consisting of two chains the ratios of
Ry to RES and Ry, to Ry were calculated.
Figure 8 shows the dependences of R;1 /RS
and Ry, /Ry on sulfonation level ¢. As can
be seen from this representation as the
value of ¢ is increased the single chain
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1,04m L1.0
||
-—
| |
| |
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Figure 8.

¢

Effect of sulfonation level ¢ on the value of Rm/RﬁS and Ry, /Rp, calculated from dynamic light scattering and
electric birefringence data, respectively: Bl =Ry /R’; (@) = Rn2/Rw and (O) =R, /Ry
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dimension decreases monotonically. It
should be noted that in organic solvents,
such as chloroform, the ionic groups are not
dissociated, but exist as solvated ion-pairs,
which form electric dipole. Thus, the
compaction of ionomer single chains is a
result of intramolecular ion pair association
which is caused by the attraction between
the electronic dipoles.

At the same time, a decrease in
sulfonation level leads to an increase in
Rip/Rp ratio. One can compare the
obtained value of Rj,/Rj with that
estimated by using statistical theory of
polymer coils.?*Z) This ratio is propor-
tional to 2°Z" %3 where Z~1000 is the
degree of polymerization for all samples of
investigated SPS ionomers, and v is the
exponent depending on the thermodynamic
quality of the solvent. Thus, if the size of the
single molecule is not changed upon
association and the quality of the solvent
corresponds to 6 — conditions (exponent
v=0.5), then Rj;/R;1=14. When the
single molecule expands upon association,
then v=0.6 and the ratio Ry,/Rj; attains
the value of 3.03, which is close to the value
of this ratio obtained for SPS ionomers in
chloroform (Figure 8) as well as for SPS
ionomers with sulfonation levels of 1.39 and
1.69 in p- xylene.1%13] Thus, the size of
single chains of SPS ionomers in chloro-
form is increased when these chains are
incorporated into aggregates.

To discuss the effect of sulfonation on
the size of single chain and their aggregates
mean field consideration was used.>™
The free energy of ionomer single chain is
given by*!

F= Fel + Fint + Fion (5)

The first term on the right-hand side of
this equation describes the elastic energy of
the chain, while the second and third terms
are virial contributions to the free energy.
The second term describes the interaction
between nonionic units distant from each
other along the chain. The third term
describes the attraction of ionic groups as
well as interaction between ionic and
nonionic groups in the chain. It is con-
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venient to express the equilibrium free
energy of the single chain in terms of a
swelling ratio, o, which gives the ratio of the
chain size to that of the unperturbed
Gaussian chain. In order to calculate the
equilibrium average chain size as a function
of the sulfonation level ¢, minimization of
expression (5) over o was carried out. It
leads to the Flory type equation for the
swelling ratio «

s BpsN'2(1—(1+k)¢?)
Cw— —
C

A53

+ (6)

Here A is the Kuhn segment length, N is
the number of Kuhn’s segments in the
chain, Bpg and C are the second and third
virial coefficients, characterizing the inter-
action between nonionic groups. The
coefficient k = —B/Bps characterizes the
force of attraction between ionic groups
and B is the second virial coefficient of
these groups interaction. As in Ref. [*! we
have accepted that the third virial coeffi-
cient C is one and the same for interactions
between ionic and nonionic groups. To
estimate the coefficient k in Equation 6
experimental data for A, in chloroform
(Table 1) and in p-xylenem] were used. It
was established that the absolute value
k =1.8 x 10% in chloroform and 4.5 x 10° in
p-xylene, respectively. The distinction
between obtained k values, probably, can
be caused by difference in dielectric con-
stant ¢ for these solvents. Earlier it was
found that attraction between ionic groups
of SPS ionomers is more effective for the
solvents with low dielectric permittiv-
ity 111121

Figure 9 shows that the increase in
sulfonation level ¢ leads to a decrease
in swelling ratio a and, consequently, in
dimension of single ionomer chain. This
theoretical prediction coincides with beha-
viour of Ry, value for SPS molecules in
chloroform (Figure 8, Table 2).

In order to calculate the size of aggre-
gate consisting of two ionomer molecules
the mean-field approximation was used

www.ms-journal.de
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Figure 9.

Swelling ratio o versus ¢ and X for a single chain (@)
and aggregate consisting of two chains with sulfona-
tion level ¢: 0.5 (O); 1.35 (H); 2.6 (A) and 5.8 mol%
(W). All calculations were carried out for N =1000,
AKA =1.8 X 10> and Bps /A3 =1.

also. We can assume that formation of
aggregate is caused by attraction between
ionic groups belonging to different ionomer
chains. Thus, the free energy of an

aggregate consisting of two ionomer
molecules is given by
F? =FD L F, (7)

The first term F( is the free energy of
single ionomer molecule which is given by
Equation 6. The second term F. describes
the interaction between ionomer molecules
incorporated into aggregate. The depen-
dence of equilibrium swelling ratio « on the
number of ionic groups taking part in
formation of intermolecular multiplets X,
is found by minimization of the free energy
F® over a. It leads to the next equation for
the swelling ratio «

1/2
S« :Mﬂ +2(k+1)Xp
A (®)
— (k4 1)(1.176 X% 4 ¢*)} + oo

The dependences of the swelling ratio «
on X for SPS ionomers with different
sulfonation level ¢ are represented in
Figure 9. As can be seen from this
representation, an increase in the number
of ionic groups X, incorporated into inter-
chain multiplets, leads to increase in the
value of swelling ratio «. Note that more

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pronounced changes of swelling ratio are
observed for ionomers with high sulfona-
tion level ¢, that corresponds to the
experimental dependence of Ry, /Ry ratio
on ¢ (Figure 8).

Conclusion

The equilibrium dimensions of single
ionomer chains and their aggregates were
determined using dynamic light and electric
birefringence techniques. The aggregation
behavior of SPS ionomers with sulfonation
level of 1.35 mol% and more can be
described by the “open’ association model.
As the sulfonation level is increased from
0.5 to 5.8 mol% the single chain dimension
decreases from 8 to 5.8 nm. In contrast, the
average size of aggregates consisting of two
chains is increased weakly. It is caused by
the expansion of ionomer chains incorpo-
rated into aggregate, because of association
of ionic groups belonging to different
ionomer molecules. The single ionomer
chains incorporated into aggregate tend to
increase their entropy due to replacements
of the intra — on intermolecular contacts
between ionic groups. Good agreement
between our results and experimental
observations for SPS ionomers with sulfo-
nation levels of 1,25, 1.39 and 1.65 mol% in
p-xylene using small angle neutron scatter-
ing method is observed.!>!%13!
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