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Small angle neutron scattering intensities for sols and gels of the physically associating ionomer 1.39 mol%
sodium sulphonated polystyrene with molecular weight g/nole in xylene have been obtained over a broad
wavevector @) and concentration range. In the lapand concentration range the scattering behaviour of this
ionomer/solvent system can quite readily be interpreted using the open association aggregation model. In more
concentrated solutions and at highgr however, interpretation of the scattering behaviour for polymers
associating via an open association mechanism (OAM) is more difficult, particularly if, as in this investigation, the
single chains and aggregates have varying densities and fractal parameters. In this study various methods have
been developed to interpret the low and higlscattering from systems whose extent of aggregation can be
modelled using the OAM. Using these methods it has been possible to confirm that the open association model can
be used to interpret the extent of aggregation of the above ionomer in xylene even after the solutions appear to
be gelled. Single ionomer chains within both the dilute solutions and gels were found via modelling to have a
radius of gyration of 60 Awhich compares with dimensions of 25akd 93 Acalculated for a solid sphere of
polystyrene or an unperturbed polystyrene Gaussian coil, respectively. The aggregates, however, all had radii of
gyration comparable with what would be expected for polystyrene of the aggregate molecular weight in an
unperturbed state. These results suggest that gelation of ionomer solutions at particular concentration thresholds is
not due to an abrupt change in the aggregate structures at some critical concentration but occurs as a result of
interactions between the very large aggregates that the OAM predicts should gradually form as the ionomer
concentration increase®. 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION be detected when the gels are diluted to form solutions.
A quantitative method of characterizing these inhomo-
geneities is made difficult, however, because their size can
be concentration-, sample preparation technique- and time-
dependent. One aim of this paper is to describe a new
e;:nethod of interpreting the scattering from gels using well

The addition of a low level of ionic groups to a non-polar
polymer to produce an ionomer can have very large effects
on the solution properties of the polymer. In non-polar
solvents, for example, the dilute solution viscosity of
sulphonated polystyrene ionomers generally decreases to h ized i i del
minimum value (at a critical insolubility charge level aged "’?”d characterized lonomer gels as a model system.
dependent upon the solvent dielectric constant), as the, !N dilute solutions ionomers can form both intra- and
number of ionic groups on the polymer is raised. In the intermolecular ion pair associations making interpretation

semi-dilute regime, however, solutions of ionomers with of even the very dilute solution viscosities complex. A

close to the critical charge level can tjel Applications for fgrAnl\?g')?f'?zn Sc:L(Ijig;’tohzr;d :rzrc])exlllna?t?;? ?ﬁ;tri?]?r;ri?)tl:aecrtiﬂgr
ionomers in non-polar solvents arising from their theo-

automotive lubricants, viscosifiers and stabilizers in drilling P P P y ’

fluids and gels for poreblocking in oil wefl§. A number of  POlymer concentration is increased (within the dilute
' concentration regime), intermolecular ion pair associations

authors have attempted to characterize the structure of gel%orm at the expense of intramolecular ones and sinale chain
using both light and small angle neutron scattering expansion cor$1bined with aqareaation can be obsdfrved
techniques. Physically cross-linked gels that have recentIyThFé dilute solution a rggati%n behaviours of some
been investigated include gelatin in wé&térsyndiotactic monodisperse (molecul%g v%/]ei ht of Ggmol) sodium
3plysttr3]/rlenelir;]ch_Igrofqrr?aggdlpolyvinylfatlk(‘:ohol itn&/yatet[]/ sulphonaﬁed polystyrene ionongners (SPS) in xylene have
imethyl sulphoxide mixturesin many of these studies the : . ; S ;
imensiy of Scaterng atlow angles Shows & sharp Uptrn, €55 'vesUgated 1 deta ueing hese scatteing methods.
indicating Iarge—_scale inhomogeneities due to polymgr charge Ievgls greater than 1.65 mol%. Below 0.62 mol%
aggregation within the gels. Aggregates can also often stil sulphonation no ion pair associations (either intra or inter)
appear to occdf. At 0.95mol% sulphonation, however,

*To whom correspondence should be addressed compact single chains in equilibrium with compact
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aggregates consisting of three chains only are observed infor monodisperse systems to interpret scattering data is
the dilute solution¥’. This kind of limited size aggregation  often reasonable, since at low concentrations only single
can be classified as a closed association prdcéathen the chains are present but at high concentrations ‘mono-
sulphonation level exceeds 1.25 mol%, however, a changedisperse’ aggregates dominate the scattering behaviour.
in the aggregation behaviour occurs, with single collapsed For a polymer aggregating via the open association model,
chains found to be in equilibrium with aggregates of all however, the following paper will show that interpretation
sizest. As the polymer concentration is raised within the of scattering data can be much more complex. In the present
dilute solution regime the average size of the aggregatesstudy the variation in scattering versup for systems
increases. In this latter case the open association rfbdel aggregating via such a process will be calculated for a range
explains the concentration dependence of the aggregationof different model cases. These models shall be compared
process. with some new data for random SPS ionomer gels obtained
Recent work has shown that the viscosity of dilute over a broadjrange.
ionomer solutions is dependent primarily on the total
volumes occupied by the aggregates and single chains in
all the above ionomer systefs When concentrations of THEORY
these ionomer solutions exceed 0.5 g/dl the viscosities areln the following section theories often used to interpret the
much larger than predicted from the total volumes occupied scattering from polydisperse polymer solutions will first be
by the polymer chains indicating that interaggregate summarized. The equations given will then be used and
interactions become important in determining rheological extended to provide general equations for the scattering
effects above this concentrati$hThis is most evident with ~ from polymers associating via an open association process.
solutions of the SPS in xylene with sulphonation levels The applicability of the equations derived to polystyrene
between 1.25 and 1.65 mol% since these gel when theand ionomer solution scattering data will be discussed in the
polymer concentration exceeds 2 g/dl. Recent work sug- Results section.
gests that the observation of an open association process in .
dilute solution may be a common feature for ionomer Non-aggregating polymetd~=°
solutions that gel on increasing the concentration into the  The Zimm expression interprets the normalized coherent
semi-dilute regim&’. It is not known, however, whether the  scattering from a non-aggregating polydisperse polymer
model can also explain the state of aggregation of the chainssolution as a function of the scattering vectgpras
within well aged ionomer gels. No studies have been 5
reported that successfully manage to quantitatively explain ~ </1(@) = VY WMS @] +[2Ac+3AC +..] (1)

t_he va_rigtion in ionomer chain aggregation with concentra- where I(g) is the normalized intensity and is the total
tion within a gel as would be demonstrated by the ability to holymer concentration in units of weight per unit volume.
fit an association model to gel scattering data. Therefore, it The constant is given by

is not known whether the gelation arises through entangle-
ments between the aggregates as they begin to overlap at K= (Na/mz)(ap —ag{V/Va})? 2
2 g/dlorifitis due to a sudden change in the structure of the
aggregates at this concentration.

SANS studies on gelling telechelic (ionic groups at chain
ends only) carboxylated polystyrene ionomer solutions have
been carried out by two groufs'’. Difficulties arise in a
full interpretation of the results, however, due to the
combination of changing aggregation with concentration
and interpatrticle scattering (which is a much more dominant
feature in semi-dilute solutions). In both the reports on

telechelic gel scattering a much broader range of wave- The second term in square brackets in equation (1) arises
vector () was used when compared with all the studies ; . q -q )
om interparticle scattering effects. The virial coefficients,

. - T
described above on random SPS ionomers. The use of muct{Az and A, account for the non-ideality of the system and

higherq results, in principle, should aid in the interpretation .

of scattering since interparticle effects usually decrease g&r:n ges Srﬁllaieodntootpetﬁgcezf %'g?bs gfee %nirg?/egf tl?se ?givent

relative to intraparticle scattering apincreases. Further ISSOIUTK _polymer. Fréviou uits for

data interpretation difficulties arise, however, in that the pholystyrelzne n;ftoluene |nd|gate that asda flrst apprommatut)]n
: . ; i the virial coefficients can be assumed to be constants that

shape of scattering objects affects higbcattering, whereas are independent a?2. The first term in square brackets is

this can be ignored at lovg. The two groups already an intraparticle scattering termy; is the weight fraction of
mentioned, although investigating almost identical (at least rap 9 g 9 .
species of molecular weigM;. Si(q) is a particle scattering

chemically) telechelic ionomer solutions, unfortunately fact hich f lid sph A b
arrive at very different conclusions about the effect of actor which for solid Spheres 1S given by
molecular weight on the association process and in S(q) = [(3/pd){siny; — picosy}]? ©)
particular the variations in average aggregate dimensions . ) o
with concentration. This could be due either to the solutions Where i = qR. R; is the radius of the sphere, which is
being at different stages of ageing and/or to the different "élated to its radius of gyratioRg by
methods of data interpretation used in each case. In order to R = (5/3)°°Rg
fit the intensities of scattering versug different models
developed primarily for non-associating monodisperse For Gaussian coils, the Debye expression gives
polymers were used in the two studies. . 4 ) )

If the closed association model can describe the extent of S(@=[(2/u)(exp{ - u} — 1+ u))] “)
aggregation of a polymer then the use of methods developedwith u; = gRg. This expression has also been shown to be

N, is Avogadro’'s number andn the polymer monomer
molecular weighta, anda, are the scattering length den-
sities of the polymer and solver¥,, andV are the molar
volumes of the monomer unit and solvent. For polystyrene
(PS) and the ionomer (SPS) in xylene the constazan be
taken as approximately equal (given the low levels of ionic
groups in the SPS samples used) and is calculated using
measured densities of polystyrene/xylene solutions to be
2.66 X 10~ mol g? cm? at 25C.
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valid for slightly expanded polymers in good solvents for
values ofu up to approximately 4. Alternatively at < 1
using the Guinier approximatid®(q) becomes independent
of the particle shape and

S(@g-0 = 1 —exp( - u?/3)
If the exponential term is rewritten as a truncated series then
S(Qge0 =~ 1— U773 = V(1 + u?/3) (5)

It can be shown by combining equation (1) and equation (5)
that in the lowq range

K/l (@)g—0 = [(AMY,) (L + U2)/3)]

(6)
+[2Ac+ 3AzC% + .. ]

whereu,? = gXRdf),. The weight average molecular weight
is given by

My = D WM, ©)

and the so-called-average radius of gyration squared by

(R, = D WMRE/( D wiM)) (8)

To obtain equation (6), it is assumed that equation (5) is
valid for all the species present. The mgused should
therefore strictly be smaller than the inverse radius of gyra-
tion of the largest molecule. In many cases, however, this
restriction can be relaxed without large errors being incurred
(for an example see later). If the virial terms are not negli-
gible then apparent molecular weightd ) and radii of
g¥ration R0.pp are obtained from Zimm plots of lyersus

g“. These are defined as

UMgpp= e/l (0) =1 < M >,, +2A,c+3Asc* + ... (9)
and

Refop= 31 (O{d[1(@))/d’} = < RF >, Map/ < M>,,
(10)
For this work an apparent second virial coefficient defined as
Az app=(UMgpp— 1/ <M >,)/(2¢) = A, + (3/2)AsC+ ...
11)

will also be used.
In many cases at sufficiently largeu; (typically greater
than about 3) it can be shown that for fractal objects

S@g = AU~ (12)
whereD is the fractal dimension and A is a constant equal to
2 for Gaussian chaind is the exponent in the relation
between molecular dimensions and molecular weight

Rg =CMP (13)

D is 3 for a solid object, 2 for a planar one and a Gaussian
coil and 1 for a linear molecule. It can be obtained from the
gradient of Iozgl versus logy or from Kratky plots ofl (g)q°
againstg or g°. If a Kratky plot has a horizontal asymptote
then the value of the exponefi is confirmed. C is a
constant.

To fit the full g range simultaneously for a polymer
solution equations such as equation (1) and equation (4)

lonomer gels: A. M. Young et al.
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Figure 1 Calculated scattering for a monodisperse Gaussian polymer
with interparticle interactions included (equation (1) with equation (4)).
Values for 2AM c for each curve on given on the figure

interparticle scattering term only. If 2A,M;c is indepen-
dent ofq then general curves afcM/I(q) versusu can be
given (seeFigure 1). Many of the programs generally
available to fit the Debye expression to scattering data over
a broadq range allowM,, Rg; and a constant background
value as the only fitting parameters. The virial term,
however, fromFigure 1 clearly alters the shape of the
scattering curves. It should therefore be taken into account
for non-dilute monodisperse polymer solutions when fitting
the Debye expression over a brogdange.

Aggregating polymers

Recent work™*?on dilute ionomer solutions suggest that
equation (1) is also valid for associating polymers provided
refers to all the scattering objects (i.e. both the single chains
and aggregates) in the solution. For an associating polymer
solution equation (1) with equation (11) then becomes

KM/ (0) = V{1 S1() + D (MaS(D)}] + [2A2,apM1c]
(14)

The subscripts 1 and indicate values for single chains or
aggregates consisting afchains, respectively.

Low gscattering. In the lovg range using equations (5)
and (14) the general expression

KCM/1 Q)0 = [1X(L+ LE/3)] + [2A;, apMC]
is obtained. The ratio
x={(M),/M; (16)

The weight average molecular weight of all the single
chains and aggregated),, defined as in equation (7)] for
aggregating polymers varies with polymer concentration.
This is also true of the-average radius of gyration in the
termu,?( = qXRg),). A model is therefore first required to
explain the concentration dependencexof

In the open association aggregation model (OAM) single
chains are assumed to be in equilibrium with aggregates of
all sizes, i.e.

(15)

P1+Pl<:>P2 K2

need to be combined. For a monodisperse non-aggregating

Gaussian polymer of molecular weight; and radius of
gyrationRy from equations (1) and (4) the predicted shape
of kcM/I(q) versusu, is expected to be dependent upon the

P1+P2<:>P3 K3

P1+ Pn And F’n-ﬁ-l Kn+1
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Figure 2 Calculated weight fractions of aggregates, versus number of Figure 3 Calculated single chain molecular weight normalized scattering

chains in the aggregate, for a system aggregating via the open association for a system aggregating via the open association model where all the
model at various values #&fc/M,. Values ofKc/M, for each distribution are scattering objects are assumed to be like Gaussian coils. Valuks/idy

given in the figure for each curve are given on the figure
whereP,, is an aggregate consistingmthains. If the equi- such an assumption could be invalid. To aid interpretation
librium constants for each step are invariant with increases of results in the following, two extra parametérandRg; ,
in the size of the aggregates then defined by
K =Kz =Ks=[P,J/[P1]? (17) Rg, n=Rgy/n"® =CM;” (22)

[P4] and [P,] are the molar concentrations of the single and
chains and two chain aggregates, respectively. In this case

x become¥®
_ _ 05 shall be usedk gives a measure of the compactness of the
x=(M)y/M; ={1 + (4Kc/My)} (18) single chains relative to the aggregat&sg, is a hypo-
The weight fractions of single chains and aggregates of thetical radius of gyration of a single chain that has the
chains at a particulakc/M 4 value are also given Bg same fractal parameters as the aggregates. In the following
Rg; pandD (from which the radius of gyration of any aggre-

k=Rag n/Rgy (23)

Wy = (My/KO)[(x— 1)/(x+ 1] (19) gate consisting of chains can be calculated) akdor Rg,)
and will be fitted constants.
Wy = N(Ke/Mp)" ™ tw] (20) Intermediate and high g scattering.In discussing higly

scattering several different model cases shall be considered.
The use of equations (22) and (23) enables, for systems
aggregating via the OAM, general intraparticle scattering
curves ofl(g)/kcM, againstku; (u; = qRg) dependent
uponD, k, Kc/My and the equations used f8{(q) only to

be generated. Some of these are described below.

It should be noted from equations (18)—(20) tRatv,; and
w, are all determined by the value &fc/M; only. The
distributions of single chains and aggregates at values of
Kc/M, equal to 1, 5, 10 and 50 calculated using equations
(18)—(20) are ?iven irFigure 2 If for exampleK/M, is
equal to 1dl g~ for a polymer whose aggregation beha-

viour is described by the OAM, then the four curves given  wjth k= 1. With k = 1 and equation (4) for Gaussian

in Figure 2 give the weight fractions of all the various  coils used to calculat8(q) for all structures in the solution
aggregates and single chains at 1, 5, 10 and 505 Bbr  then if both the single chains and aggregates are fracis!
Kc/M; < 1 there are significant levels of single chains. At equal to 2. Then the concentration and single chain mole-
Kc/My > 10 most of the polymer chains are predicted to be cylar weight normalized scattering intensith(g)/kcMy,

in aggregates, some pf which are very large. ~ when plotted againsti; will for the OAM be dependent
The z-average radius of gyration for the aggregating ypon the magnitude dfc/M, and any interparticle scatter-
polymer from equation (8) will be ing effects only. The variation of normalized intraparticle
RP), = (W,RE + annRgf)/x 21) intensity with u; in double logarithmic form calculated

using equation (14) with equation (4) [for al(q)],
Rg, is the total radius of gyration of an aggregate consisting equations (18)—(20) (which defing;) and equation (22)
of n chains. In order to fit the variation of the obserned with equation (23) (as expressions fRg) is given by
average radii of gyration with concentration to a theoretical Figure 3 At high g all the curves become independent of
model it will be assumed that the aggregates are fractal soKc/M; and have an asymptotic gradient ef 2. When the
that equation (13) is valid. If the single chains have the sameplots in Figure 3 are normalized by the weight average
values for C and D as the aggregates then from equation (13)molecular weight andz-average radius of gyration they
their radius of gyratiorRg, would equalRg,/n'P. Previous also all converge ati, < 1 (see for exampld-igure 4).
studies suggest, however, that the single chains form more Figure 4 indicates that if the Debye model for a non-
compact structures than the aggregates and therefore thaaggregating polymer is fitted to the model curve with
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Figure 4 Calculated weight average molecular weight normalized
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where
y={M)y/M; (26)

and(M), is the number average molecular weight. Rearran-
ging equations given previously in Eli@st can be shown
that for the open association model

2y=1+x 27)

If x> 1 then substituting = 2y into equation (25) indicates
by comparison with equation (15) that theaxis intercept of
the highq asymptote should equal that of the extrapolated
low g intercept if the OAM applies. Ifrigure 5 calculated
high g asymptotic gradients are shown assuming the inter-
particle scattering term is negligible for the two curves
plotted. (Provided the interparticle term dgsindependent
then it will, however, only affect the intercept of the
extended Zimm plots and not their shapes or gradient.)
The highq asymptote forKc/M; = 10 was found to fall
approximately on the lowg data (seeFigure 5. These

scattering for a system aggregating via the open association model whereresults suggest that if the availability of data is restricted

all the scattering objects are assumed to be like Gaussian coils. Values for
Kc/M; for each curve are given on the figure

6

(xeMy) / I(q)

10 12

u;

Figure 5 Calculated inverse weight average molecular weight normalized
scattering for a system aggregating via the open association model where all
the scattering objects are assumed to be like Gaussian coils. Valués for

M, for each curve are given on the figure. Dotted lines are extrapolated high
g asymptotic behaviours calculated using equation (5)

Kc/M; > 1, Rg, (equal to{Rg,),> could be obtained pro-
vided data ati, < 1 only are used. If results in the range<l

u, < 10 were used the model fitting would, however give
values forRg, and(M),, that are approximately 20 and 10%
too small, respectively.

If the curves shown irfrigure 4 are plotted in the Zimm
form (i.e. [(kcMy)/1(q)] versusg?) then it is observed that for
Kc/M; = 0 (i.e. a monodisperse non-aggregating system)
the Debye model deviates quite strongly from linearity after
u, > 1. With Kc/M; = 10, however, the Zimm plot remains
practically linear over the wholg range (seé&igure 5. To
justify (in part) this observation mathematically, equation
(4) can be simplified in an intermediate to higlange

S(@y=1 = [207][1 - (V07)] (24)
Then combining equations (22)—(24) with equation (14)
gives

[keMy/l (O)]ug>1 = [UT/2] + [1/2y] + [2Ag, appMaC]  (25)

in the lowu, range then for concentrations whe¢e/M, is
large use of the Zimm expression over an extengleahge
could provide a better estimate of the weight average mole-
cular weight and-average radius of gyration for aggregat-
ing polymers that form Gaussian aggregates than fitting the
Debye model for monodisperse Gaussian chains.

At high g, equation (25) simplifies further to give

[ @/keMy]go = [27 7] (28)

Figure 3also indicates that d6c/M, is raised the range over
which equation (28) is valid (or double logarithmic and
Kratky plots linear) increases. This range is expected to
be reduced, however, if interparticle scattering effects
become large (compaFégure landFigure 3. More gener-

ally for k = 1 and fractal objects it can be shown that
providing A and D are independent of the number of
chains in an aggregate then on combining equations (12)
and (14)

[1(0)/xCMy] g = [Aug "] (29)

k > 1. If kis larger than 1D for the aggregates is
assumed equal to 2 and the Debye model is again used for
both S,(q) andS,(q), then atku; > 1 the double logarithmic
curves ofl(q)/(kcM,) versusku; do not merge (see for
exampleFigure 6 with k = 2). The asymptotic gradients,
however, still all tend to a maximum value of 2.Kfs only
slightly larger than 1 it can be assumed as a first approxima-
tion that A andD in equation (12) are independent of the
extent of aggregation as is the case for the curves in
Figure 6 Then it can be shown that in general combining
equation (22) and equation (23) with equation (12) and
equation (14) gives

[1(@°/(keM)] g = [A/RE pl[wi (K° — 1) + 1]

D and ﬂ(q)qD/(Kch)]q_m can be obtained from Kratky
plots at various concentrationg,; as shown by equation
(18) and equation (19) is a function &fc/M; only. Then
plotting [I(q)qD/(Kch)]q_m againstw; provides a method
of obtainingk andRg;,, (provided A is known).

In Figure 7a normalized set of curves is given uskg
2, assumind in equation (22) equals 2 for the aggregates,
the hard sphere model [equation (3)] #(q) and the Debye
expression fo5,(q). In Figure 8the same set of conditions

(30)
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Figure 6 Calculated single chain molecular weight normalized scattering Figure 8 Single chain molecular weight normalized scattering for a
for a system aggregating via the open association model where the Debyesystem aggregating via the open association model where the Debye model
model is used forS(q) for both single chains and aggregates. In this is used fo1S,(q), the hard sphere model f8¢(q). In this examplé = 2 and
exampleD = 2 andk = 2. Values forKc/M; for each curve are givenonthe  k = 4. Values forKc/M, for each curve are given on the figure

figure

1 low g to obtain average apparent molecular weights and
) radii of gyration. Care must be taken, however, to ensure
that the range off used is valid. From these the equilibrium
constant and the radii of gyration of the single chains and
aggregates can be estimated provided the effects of
interparticle scattering are known or can be modelled.
Scattering at highg can readily be used via double
logarithmic or Kratky plots to obtain the fractal dimension
of the single chains and aggregates but only if the fractal
dimension of all the scattering objects is the same and
0.01 interparticle scattering effects are relatively small. If the
fractal dimension of the aggregates and single chains are
5 very different, however, then model curves need to be
1 calculated and compared with data. Model curves are
0 required to explain the scattering for an aggregating system
0.001 in intermediatey ranges. The production of model curves of
1 10 100 normalized intensity versusi; provides a convenient
2u, method of determining the effects of various parameters
Figure 7 Calculated single chain molecular weight normalized scattering on the scattering from aggregating Sy-Stems over a bepad
fr(?masystem aggregating via the open association model where the Debyerange' These should be compared .Wlth df”‘ta over a broad
model is used foB,(q), the hard sphere model f&(q) D = 2 andk = 2. g range and at several concentrations simultaneously to
Values forKc/M; for each curve are given on the figure ensure a reasonable single model fits all data available.

0.1

I(g) / (xe My)

. o EXPERIMENTAL
is used except that is increased to a value of 4. In these

examples fom, < k the scattering is dependent upBu, Sample preparation

andx only. Figures 6—8also indicate that at, > kif all the The sodium sulphonated polystyrene ionomer of mole-
scattering objects do not have the same fractal dimensioncular weight 105000 and sulphonation level 1.39 mole %
then the scattering can be highly sensitiv&kaM;, g range, was prepared as described previotdlyBriefly the

the magnitude ok and the model chosen for the single procedure involves the random sulphonation of mono-
chains as well as the aggregates. The asymptotic figh disperse (weight divided by number average molecular
gradient will not in these cases equaD. weight is less than 1.05) polystyrene in solution using acetyl
In summary the above results suggest that due to the largesulphate. Solutions of the ionomer with concentrations
number of variables for systems aggregating via the OAM between 0.5 and 6 g/dl were prepared by dissolving the
results should be obtained over as broad a concentration andequired amounts of polymer in xylenggtand sonicating
g range as possible in order to confirm the validity of the the solutions in a water bath for 2 h. Even very dilute
model for the system. By the fitting of models to scattering ionomer solutions can take a long time to reach equilibrium
data the equilibrium constant for the aggregation process,due to the very slow break up of aggregates that can be
the size and shape of the single chains and aggregates antbrmed during the preparation of the ionomer. Sonication in
the magnitude of interparticle scattering effects might be a water bath visibly increases the initial rate of ionomer
obtainable. As a method of analysing the scattering from an dissolution without causing, in this case, any measurable
aggregating system, as a first step Zimm plots can be used amain chain scission. This has been confirmed in earlier
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studie$®. Other methods used during the ionomer prepara- actual data was achieved by multiplyimgvalues for the
tion that help reduce the time required for equilibrium to be data by a single variable (equal to eitheg,, Rg, or kRqy)
obtained have been reported and interpreted in detailuntil good agreement between the normalized intensities
previously*?> All the ionomer solutions and gels were and that predicted by a model was obtained.

prepared one month before SANS measurements were
performed. Over this period of time the more concentrated RESULTS
solutions (> 2.5 g/dl) changed from low viscosity solutions

to gel-like fluids that flow only very slowly on inverting the In the following the scattering from polystyrene in xylene
container. Examples of the viscosity versus time in gelling will first be briefly discussed. This is aimed initially at
ionomer solutions and some preliminary static light scatter- giving some confidence in the data normalization and also
ing studies on these gels are given in earlier Work The provide confidence in the methods used to interpret the
latter results indicate that at< 0.05 A™* the intensity of scattering data since the behaviour of polystyrene in similar
scattering from the gels decreases with time for many weekssolvents is well understood. The effect on the scattering
after the initial solution preparations. This is believed to be after adding just a few ionic groups to the polymer to
as aresult of scattering from a few very large aggregates thatproduce an ionomer in the same solvent will then be
fail to be properly dispersed. At higher however, these  described. Such a comparison from two polymers (PS and
very large aggregates have little effect on the scattered SPS) that are chemically almost identical (since there are
intensities and no further change with time in the scattering only what might be considered impurity levels of ionic

is observed for these ionomer gelscat> 0.05 A~ after groups in the ionomer) will also provide a good comparison
about 8 days. of the scattering from aggregating and non-aggregating
polymers.

Small angle neutron scattering

Small angle neutron scattering experiments were per- Polystyrene in xylene
formed using the LOQ spectrometer at the Rutherford In Figure 9 examples of concentration and molecular
Appleton laboratory. The LOQ instrument at the ISIS pulsed weight normalized scattering from polystyrene in xylene is
neutron source records the time of flight of neutrons of
wavelen%ths 2.2 to 10 Anto a 64 cm square position- 1
sensitive’He detector at 4.05 m from the sample. Time of
flight and position are converted to neutron wavelength and
scattering angle. The raw data are corrected for the
wavelength dependence of the incident spectrum, detector
efficiencies and sample transmission in order to generate a
scattering cross-section, in absolute units, for a wavevector
range of 0.009-0.24 A. The more dilute solutions were
measured in 2 mm path length quark cells at@5The
gelled samples were placed between two quartz plates
separated by a spacer of 2 mm.

—4g/d| SPS
9 109 PS
o 4gidl PS

017

0.01 +

I(q) / (xe My)

Model fitting 0.001

In the following procedures all observed intensities were 0.01 0.1 1

first normalized by, c andM, using a spreadsheet program. q&-1)

In most cases the latter constants were fixed at the known

values in order to reduce the number of variables in the dataEiggget h?ougﬁftfr?g'g;gstsﬁngijn;;‘gg‘tﬁglzzts{fﬁtnseomi %‘:ﬂsmigngsnsﬁén
gtct]ﬁ]gtgﬁc&%;l r,?os' dlzelitel?r% i%f;::;aéﬁggg;zlogrs c[lfl_?;c?r);at‘ir::]ple (equation (1)) with the Debye model f&aq) (equation (4))

equations (to gaifM),, A, and A; for polystyrene) was

carried out using Cricket Graph 12h For more complex 15
expressions variables were determined by comparing e 2.0 g/dl PS
calculations with data. Examples include estimation for s 4.0 g/dl SPS
the ionomer oK, A, and A; [calculations require equations 1.5 g/dl SPS
(9) and (18)] fromM ,,, versus concentration drgy, Roy

and D for the aggregates from calculated valuesRgj, x
versus concentration. In the calculation Bfg, [using
equations (18)—(22)] or model scattering curves typically
aggregates consisting of up to 50 chains were considered.
Larger aggregates have negligible effect on the scattering
providedKc/M; < 10. All such calculations were carried
out using spreadsheets.

With the normalized scattering intensities versysn
double logarithmic form, results can be conveniently
overlaid on model curves simply by shifting data plots 0 .
horizontally. This is provided the numbers of decades per 0 0.001 0.002
unit length on the axes are equal for both the data and model .
curves. As well in the following study the data and model q2(A2)

curves were plotted on the same figure using the spreadsheetigyre 10 Examples of lowg Zimm plots for polystyrene and SPS in
program. Comparison of figures suchgures 1-8with xylene

10

(xeMy) / I(q)
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Table 1 Apparent molecular weights and radii of gyration for polystyrene in xylene & 25

Parameters from

Concentration Low g Zimm analysi$ Debye analysis
c (g/dl s R
(/) MapdM° Rap (R) R, o Ra. (A) 2R oM
(Corrected§ (A)
2.0 0.281 74 140 (116) 110% 5) 3
4.0 0.142 47 125 (104) 100% 5) 6
6.0 0.094 36 117 (98) 95¢ 5) 10
10.0 0.047 23 107 (89) 90+ 5) 20

*Results obtained using equation (6) with data in the rangedRg, < 4.

PResults obtained by fitting equation (1) with equation (4) and equation (11) over the rangiRey, < 4.

‘Since the polystyrene sample is monodispetséM > ,, = M.

“YRadii of gyration have been corrected for the use of too higtrange by dividing actual values obtained from Zimm plots by the factor 1.2.

shown. In the limit of zero concentration angl this
normalized intensity should tend to a value of 1 for a non-
aggregating polymer. The intensity decreases at tpw

Model fitting of polystyrene data.Alternatively the
polystyrene data can be compared with curves such as
those inFigure 1, which were calculated using equations

however, as the polymer concentration is raised. This is due(1) and (4). Estimates of the interparticle effect,,24M.c,

to the effects of interparticle scattering.

Zimm analysis of polystyrene scatteringn Figure 10a
Zimm plot for a polystyrene solution at 2 g/dl is given.
Unfortunately there is insufficient accurate data in the low

g range due to the low scattering intensities to detect cur-
vature of the plot as would be expected if the Debye model

is valid (seeFigure 5. M,,andRg,p, [defined by equations
(9) and (10)] obtained, from such Zimm plots using data in
the range 0.000% g*(A %) < 0.002 are shown ifable 1
Fitting of a polynomial of order 2 to M, versus concen-
tration gave using equation (S{N)W = 82000 g mot?,

A, = 46 X 10“*molg?cm® and A, 3.2 X
10-*mol g3 cm®. The first two parametergM),, and A)
are, however, in reasonable agreement with results obtaine
previously using light scatteririg despite the use of data
outside the ranggRg< 1 and low accuracy of the data-
average radii of gyration calculated from the apparent
values [using equation (10)] are also givenTiable 1 Z-
average radii of gyration for polystyrene of 2@mol™ in

aromatic solvents have been obtained previously using the
neutron contrast match variation method. The latter tech-
nigue uses a mixture of hydrogenous and deuterated poly-
mer in mixed hydrogenous and deuterated solvents and

provides a more direct method of separating interparticle
from intraparticle scattering. In toluen®g decreasing
from 120 to 105 Abetween 2 and 10 g/ and in xylene
Rgequal to 105 Aat 3 g/dP* were observed. Comparison of
the polystyrene dimensions in this study with previous work
suggests that use of the Zimm expression in the almpve
range results in radii of gyration that are about 20% too
large. Ullmarf®, however, has provided correction factors
for radii of gyration obtained using too broad a rangeyof
After use of these correction factors the radii of gyration
obtained in this work become comparable with previous
studies (sedable J.

Kratky plots for polystyrene. At 2 g/dl both Kratky plots
and logl versus logg at highgindicated thaD is 1.6 = 0.1
for polystyrene inﬁglene, which is in agreement with theo-
retical expectatiorts. Kratky plots for the other higher con-

centration polystyrene solutions, however, did not become

horizontal in the highg range when realistic values f@

andRg, obtained by this method as a function of concentra-
tion are given inTable 1 Examples of fits are shown with
the polystyrene data ifigure 9 From the concentration
dependence of 2A,M;cC using equation (11) A= 6.2 X
10“molg2cm® and A; = 2.1 X 103 mol g2 cm® are
obtained. Both the virial coefficients and the radii of gyra-
tion (seeTable ) are in reasonable agreement with the
values determined by the Zimm plot method described
above considering that in this cadd; was fixed at
105000 g mot™.

Summary of polystyrene behavioudt should be noted
that for the polystyrene sample in this study the theta radius
of gyration is 93 A The polystyrene molecules in xylene

re therefore expanded in dilute solution but decrease to the
heta dimensions at about 10 g/dl. The similarity between all
the various parameters determined by the two different
methods of analysis described above suggest that although
the Debye model has been designed for unperturbed poly-
mers, it also provides [when combined with equation (1)] a
reasonable estimate of the scattering from slightly expanded
polystyrene in aromatic solvents over quite a brqadnge.
Developed but similar methods for interpreting the scatter-
ing from aggregating ionomers also in xylene will be
described in the following.

Sulphonated polystyrene in xylene

At low g the scattering from an ionomer solution or gel is
very much more intense than from an equivalent poly-
styrene solution (sekigure 9. In Figure 11 examples of
scattering from an ionomer solution and gel are shown. At
the ionomer gelation threshold concentration of 2 g/dl there
is no abrupt change in the shape or intensity of scattering
curves. As with polystyrene solutions, however, the
concentration and molecular weight normalized ionomer
solution scattering between 1.5 and 6 g/dl in the tprange
decreases steadily as the ionomer concentration is raised
presumably as a result of increasing intermolecular scatter-
ing effects. The latter is contrary to what is observed in the
more dilute ionomer solutions where an increase in normal-
ized scattering at lowg occurs on raising the ionomer
concentration due to increasing extent of aggregation.

Zimm analysis of ionomer data.Examples of normal-

(between 1.5 and 2) were used. This arises because thdzed inverse intensities plotted agaireggt for an ionomer

interparticle scattering term, 2A,M;c, is not negligibly
small in comparison withu3/2 until g > 0.1 A™.
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solution and gel are shown iRigure 10 As observed for
polystyrene in xylene no significant curvature of these
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Figure 11 Examples of normalized scattering from SPS in xylene. Lines 0 2 4 6
through the data are the calculated curves determined using equation (14) as
described in the text concentration (g/dl)
25 Figure 13 Apparent and calculaterdaverage radii of gyration for SPS in
) xylene. The model curve is the best fit of equation (21)
& 1/x (app)
2l _— ———equati.ons 9 and 18 //f’ 0.0002
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= / o 1.5g/dl
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Figure 12 Apparent inverse molecular weights as a function of 0 0.005 0.01

concentration for SPS in xylene. The lines are the best fit of equation .
(18) (using data below 1 g/dl only) or equation (18) with equation (9) over q2(A-2)
the full concentration range
Figure 14 Examples of Kratky plots for SPS in xylene

Zimm plots is observed in the range 0.0081¢2A 2 <
0.002. Inverse apparent molecular weights estimated fromvirial coefficients calculated above and equation (10)] are
the extrapolated zemgintercepts from both previous dilute  also given inFigure 13 The best fit of equation (21) [using
solution work* and semi-dilute solutions (this study) are K/M; = 1.0dl/g and equations (18) and (22)] to tke
plotted as a function of concentration Iigure 12 A average radii of gyration was observed wiRly, = 60 =
good fit of the OAM [assuming equations (9) and (18) are 5 A, Rg;,=85*= 5A andD = 1.7 = 0.2 (seeFigure 13.
valid] for the ionomer solutions and gels over the whole
concentratlon ranqe measured could be obtamed usmg Kratky type analysis of ionomer dataUnlike most of
K=0.105cnimol ™, A, = — 0 2 X 10“*mol g%cm? the polystyrene data Kratky plots for all the ionomer solu-
and A; = 19.8X 10‘4 mol g~ cm® (seeFigure 19. Calcu- t|ons did exhibit a horizontal plateau range between 8:05
lated inverse weight average molecular weights [using qA 1 < 0.1 (seeFigure 14) The difference between the two
equation (18)] are also given in this figure. The similarity polymers is likely to arise because of the effects of aggrega-
between calculated and apparent valuesadly below 1 g/ tion combined with the reduced interparticle scattering for
dl indicates that interparticle scattering effects are negligi- the ionomer. Using the virial coefficients determined above
ble only below this concentration. The good fit of the model [with equation (11)] at the highest ionomer concentration
curve to all the results suggests that even when the ionomerinvestigated of 6 g/dl the interparticle term 24M;c
solutions appear to gel the extent of aggregation of the equals 10 for polystyrene but only 1.0 for the ionomer.
ionomers chains can still be predicted by the OAM. (N.B. The values oD obtained from Kratky plots for the ionomer
Rather convenientl)K/M; = 1.0 dl/g soKc/M; values in were found to be within experimental error practically inde-
earlier figures can be taken as equivalenttm g/dl for pendent of concentration between 1.0 and 6 g/dl and equal
the ionomer solutions.) to 2.25=+ 0.05 if data between the above limits were used.
Apparent radii of gyration obtained for the ionomer using Since the value oD did not vary significantly with
the Zimm plots are plotted against concentration in concentration I{q)g* Z‘r’/(xch)]q_,oc was plotted against/;
Figure 13 Z-average radii of gyration for the ionomer [see equation (30) arfeigure 15. From the gradient of this
calculated from the Zimm apparent values [using the plot k = 1.4 = 0.2. Assuming A= 2, as required for
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Gaussian coils (a reasonable first aproximation sinds only minor sensitivity to the magnitude &M, or D for Kc/
close to 2)Rg;n= 91 = 5 Ais obtained from the intercept. ~ M; > 1. Comparison of ionomer data with a range of curves
From equation (23) this then givédy, = 65 A. Both the of varying k, however, could provide an estimate loand
latter dimensions are within experimental error in agree- Rg; n Assumingk/M; = 1.0 dl/gand =2k=1.75* 0.25
ment with those obtained from the lowey data. The andRg; = 95 = 5 A were obtained. These results giRg,
magnitude of D, however, is significantly larger than equal to 54 A
obtained above. This is likely to be a consequence of the
observed value dD being assumed to be equal for both the ~ Summary of ionomer scattering behaviouAll the
single chains and aggregates in the Kratky method of parameters obtained above by the various methods are sum-
analysis. The presence, particularly in the gels, of a few marized and given with averaged valuesTiable 2 Using
large aggregates that are not properly dispersed to anthese averaged values, the hard sphere model for the single
equilibrium state could also in part cause discrepancy chains and the Debye expression for the aggregates, model
between interpretation of low and highgrdata. These  curves were calculated [using equation (14)] for the éull
aggregates would be expected to have much larger effectsange investigated. These model curves are compared with
on the values obtained f&tg, than on highq scattering. data for the ionomer ifrigure 11 At all concentrations the
model curves fit the data well within the experimental error
Model fitting high gionomer data. When the scattering limits over the wholeg range measured.
from the ionomer solutions is compared with the previously
calculated model curvdsgure 7provided the best descrip-
tion of the concentration dependence of the scattering DISCUSSION
behaviour forq > 0.05 A™* of all the figures shown. (In  Since xylene is a poor solvent for the ionic groups but a
this range interparticle scattering effects can be assumedgood solvent for polystyrene, Aas observed above, might
negligible for all the ionomer solutions and gels investi- be expected to be smaller for the ionomer than for the base
gated.)Figure 7 uses the hard sphere model for the single polystyrene. The value of the third virial coefficient for the
chains and the Debye model for the aggregates. The otherionomer lies between that observed for polystyrene in
calculated models either predicted an insufficiently steep xylene and in theta solvents at the theta temperafufde
gradient (see examples Figures 3, and Hor too large a small negative second virial coefficient for the ionomer is
concentration dependence of the higbcattering (compare  consistent with the observation that if the sulphonation level
Figure 11 with Figures 6and 8). Using the hard sphere for a gelling ionomer solution is raised slightly the ionomers
model for the single chains and the Debye model for the become insolubfe An alternative method of interpreting
aggregates similar curves to those giverFigure 7 were interparticle scattering would be to consider the interaction
produced for various values &f for the aggregates arid potentials between two of the aggregate3he very small
In all cases withk values between 1 and 2 the calculated value of A, suggests that attractive interactions between the
dependence of scatteringgt- 0.05 A~ was found to have  polymer aggregates just balance the repulsive interactions.
Rg, obtained in this work has an identical value to that
previously obtained using contrast matched SANS at low
15 concentrations for a very similar ionomer in xyléfelts
value is smaller than that expected for polystyrene in a theta
solvent of 93 A which gives further evidence that the
~ second virial coefficient should be negative. A hard sphere
/’/ of polystyrene with a density = 1 g/dl from the equation
e for the volume of a spherd/(= M/N = 4/3 7R°) would
o be expected to have a radiug, of approximately 35 A
o o (equivalent toRgequal to only 27 A Given the value used
in our fit (Rg; = 60 A) this suggests that the hard sphere
/4/{ model does not give a perfect description of the single chain
g structure. A better description for the single chains might be
starlike or a core/shell type structure. Attempts were made
to model the single chains as Gaussian stars. It was
found, however, that much more accurate results at
considerably lower concentrations would be required to
assess whether alternative models would better describe the
scattering from the compact ionomer single chains over a
Wy broadg range.

: —1
Figure 15 [1(q) g**%(xcMy)]4—.. versus weight fraction of single chains ) Between 1 and 6 9/d| using/M; = 1.0 dllg from
for SPS in xylene Figure 1 most of the ionomer aggregates will consist of

[X(q)q225 / (keM1)] q- o
=
\®
\
&

Table 2 Summary of parameters obtained from fitting ionomer data

Method of gRg 108K 10*A, 10* A4 Ra; (A) Ran (A) D

analysis range used (cm®*mol™) (molg2cm®  (molg23cm®)

Zimm plots 0.6-3 0.105- 0.005 —-0.2£0.2 19.8+ 0.5 60+ 5 85+ 5 1.7+ 0.2
Kratky plots 4-15 0.10% - - 65+ 5 91+5 2.25* 0.05
Model fitting 4-15 0.105 - - 54+ 5 95+ 5 28

Average 0.6-15 0.105 -0.2 19.8 60 90 2

*These parameters were fixed in the analysis.

6694 POLYMER Volume 39 Number 26 1998



lonomer gels: A. M. Young et al.

between 2 and 5 chains. The dimensions of these aggregatethis study do not deviate sufficiently from the simple open
calculated usingR;;, and D [with equation (22)] are  association model to make it necersary to increase the
compared with values expected for Gaussian polystyrenenumber of variables. A schematic two-dimensional final
coils, solid spheres and polystyrene in xylend-igure 16 summary diagram representing the single chains and two
From this figure it can be seen that the aggregate dimensionshain aggregates that takes into account all the above known
are close to those observed for unperturbed polystyrene.information on the aggregate structures and single chain
This is consistent with the Debye model, describing well the dimensions is given ifrigure 17.
scattering from the ionomer aggregates. Semi-dilute solutions of very high molecular weight
From previous X-ray scattering studies it has been shown polymers in theta solvents can show similar rheological
for similar ionomer/solvent systems that within an aggre- features to the above ionomer ¢t§° Although most of
gate the ion pairs associate into clusters consisting of up tothe aggregates within the above ionomer solutions and gels
about 10 sulphonate groufis Other SANS studies also are fairly small the OAM does predict the presence of
indicate that within the aggregates the individual ionomer increasing levels of very large aggregates once the gelation
chains can expand. It has been proposed that driving forceconcentration is reached. These results suggest that it is
for the aggregation is the increased configurational entropy interactions between these large aggregates combined with
of the polymer combined with free energy changes the practically zero free energy of mixing polymer and
associated with the greater ability of the polystyrene to solvent (indicated by the small virial terms) that account for
mix with the solvent when the ionomer forms more the ionomer solutions’ gelation.
expanded aggregafés The open association model
assumes that the total increase in free energy each time
single chainiéoins an aggregate is independent of theaCO'\lCLUSlO'\IS
aggregate sizé. An improvement in the model could be Several methods have been used above to interpret both the
made by allowing this free energy to vary with aggregate low and highg scattering from ionomer solutions and gels.
size. It is felt, however, that the results for the ionomer in All the results are consistent with the open association
model interpreting the extent of aggregation of the ionomers
with concentration both within the dilute solutions and the
350 gels. Isolated single chains are found to be very compact at
all concentrations whereas the dimensions of the aggregates
are comparable with those of unperturbed polystyrene of the
aggregate molecular weight. When the ionomer gelation
) threshold concentration is approached there is no abrupt
- change in the structure or size of the aggregates but just a

300 +

250 +

o 200 + e . .
% _ /é;z;ian ol gradual increase in the numbers of very large aggregates.
& : . :
& 150 /’// Further work on other systems is required to ascertain what
. are the relationships between the gelation threshold
100 + concentration, the aggregate dimensions or aggregation
) equilibrium constant and the possible importance of the free
50 ¢ Sold sphere energy of mixing the ionomer and solvent.
In general this work has shown that interpretation of the
0 ‘ scattering from gelling solutions can be complex due to a
100000 300000 500000

combination of increasing aggregation of the polymer
nM; (g mole-1) chains with concentration, inter-aggregate scattering effects
Figure 16 Aggregate and single chain radii of gyration versus molecular and non-fractal nature of the single chains and aggregates.
weight (Zimm-type analysis results). Lines are the expected values for solid The mOde”mg methods devebped in this StUdy need to be

spheres or Gaussian coils of polystyrene and the dimensions of polystyrene_extended _and applied to_other systems such as tele_chelic
in xylene at the aggregate molecular weights ionomers in order to confirm whether the open association

Figure 17 Schematic two-dimensional representation of the ionomer single chains and two chain aggregates. Circles represent clusters of three ion pairs
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model can interpret the scattering from other solutions that 12.

are capable of gelling. This type of modelling might also

help in the interpretation of the scattering under shear from
shear thickening ionomer solutions that has previously been14.

difficult to quantitatively explaifr.
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