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Synopsis 
A method is described for the conversion of polystyrene to poly(styrenesulfonic acid) 

without change in the molecular weight distribution; the reaction is performed at room 
temperature in 100% HzS04 and uses Ag+ catalyst. The resulting polyelectrolyte has 
solubility and other characteristics significantly different from those of previously in- 
vestigated poly(vinylsu1fonic acid). This permits a study of the influence of the aro- 
matic group on the local and long range interactions in solution. The barium salt of 
poly(styrenesu1fonic acid) is unusual in showing both upper and lower consolute temper- 
atures in solution. 

INTRODUCTION 
Recent studies' on solution properties of salts (X-PVS) of poly(viny1- 

sulfonic acid) (PVSA) have disclosed interesting phenomena in relation to 
phase separation behavior in the presence of simple added salts (XY). 
The phase separation phenomena are highly specific with respect to both 
the monovalent counterions and coions studied, and it was possible to show 
that excluded volume theory, applicable to nonionic, two-component poly- 
mer solutions, may be extended to multicomponent polyelectrolyte solu- 
tions as well. The possibility of varying both the type of simple salts, XY, 
as well as their concentration, permits the study of such systems at  and 
around the Flory2 8 temperature under a wide variety of conditions. 

We are now extending these studies to salts (X-PSS) of poly(styrene- 
sulfonic acid) (PSSA) with monovalent counterions, as well as with some 
divalent counterions. This extension is undertaken for a number of rea- 
sons. The basic difference between PVSA and PSSA is the presence of 
the aromatic phenyl ring in the repeating unit of the latter compound. 
The sulfonic acid group is thus situated in a different medium and it is of 
interest to investigate to what extent the aromatic group affects solubility 
properties, configurational parameters, and molecular interactions. Fur- 
thermore, the ultraviolet absorption characteristics provide a means for 
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convenient concentration determination in general and also for special ap- 
plications, as in ultracentrifugation, where the behavior in very low concen- 
tration ranges is important; also, perturbations in the optical properties 
give a means of detecting local interactions as a function of solvent compo- 
sition and temperature. The latter can be studied in both atactic and 
stereoregular samples. Finally, since polystyrene (PS) is now available 
over a wide range of molecular weights in very narrow molecular weight 
 distribution^,^ i t  becomes attractive to try to prepare the corresponding 
PSSA and to study the detailed variations in many properties as a function 
of well-defined chain length. 

The problem of preparing the completely sulfonated derivative without 
altering the molecular weight distribution of the parent polystyrene is a 
difficult one. It is of obvious importance that the sulfonation reaction 
should produce neither chain degradation nor crosslinking, and yet should 
give practically complete para substitution. Whereas in ordinary chemi- 
cal reactions partial yields are acceptable, since the main product may be 
separated from undesirable secondary products by standard procedures, in 
the present instance, side reactions amounting to no more than O . l % ,  or 
even less, of the main reaction may completely vitiate the final result. It 
is sufficient to consider that formation of one intermolecular sulfone cross- 
link (a well-known side reaction in the sulfonation of aromatic rings) per 
niacromolecular chain would lead to a doubling of the molecular weight of 
the sulfonated material. Thus, a side reaction entirely undetectable under 
normal conditions may lead to completely useless products in this case. We 
have tested a number of sulfonation reactions previously described and 
found that they do not satisfy the stringent requirements of our work. 
However, a modification of the method used by Kato et aL4 is quite simple 
and gives satisfactory results. 

This report describes the new procedure and the isolation of the sulfo- 
nated polystyrene and also summarizes some of the unique properties of the 
polyelectrolyte in comparison with poly(viny1 sulfonate). Studies on a 
series of narrow molecular weight distribution samples of 1’SSA are con- 
tinuing. 

EXPERIMENTAL 

The sulfoiiation reaction is heterogeneous and requires ca.reful attention 
to several details, specified below, to avoid secondary reactions. Basically, 
finely divided polystyrene powder is mixed rapidly at  room temperature 
into 1 0 0 ~ o  sulfuric acid containing a fairly high concentration of silver ion 
as catalyst. As sulfonation proceeds, the PS becomes soluble, and the 
reaction is complete in 5-15 min. Separation of the polyelectrolyte is then 
accomplished by dilution, dialysis, concentration by ultrafiltration, and 
either lyophilization from water, or neutralization and precipitation from 
2.5M KCl at  low temperature. 
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Preparation of 100% Sulfuric Acid 
Pure, 1 0 0 ~ o  sulfuric acid was prepared by mixing analytical grade, con- 

centrated (96a/,) and pure, slightly fuming oleum to give a substance 
melting a t  10.3°C.5 To prepare the oleum in pure form (analytical grade 
oleum was not readily available), an isothermal distillation was arranged 
between 96% HzS04 and commercial fuming HzS04 (65% oleum). The 
simple apparatus for this distillation consisted of a clean desiccator (freed 
of all traces of grease) containing half-full beakers of 96% HzS04 and oleum. 
After about 24 hr. in the covered desiccator, the sulfuric acid beaker had 
been enriched with SOs to the point where i t  was now fuming but was un- 
contaminated with the impurities in commercial oleum. This enriched acid 
was then used for the preparation of lOOyo sulfuric acid by mixing with 96y0 
acid to give the required material with a freezing point of 10.3"C. 

Preparation of Finely Divided PS Powder 
The conditions for the production of finely divided powder depend to 

some extent upon the molecular weight of the polymer sample. For sample 
5-111 (hiw = 239,000), 1 g. was dissolved in 100 ml. methyl ethyl ketone 
(MEK), methanol added slowly with rapid stirring to the first sign of tur- 
bidity (13.0 ml.), then the turbid mixture added in a thin stream to 200 
ml. methanol with rapid stirring. After the fine precipitate settled, the 
supernatant was decanted, the powder washed three times with methanol 
and dried in air. For sample TAPS 24 (aw = 6,700,000) 1 g. was dissolved 
in 130 ml. MEK with warming; about 16.5 ml. methanol was added slowly 
with stirring to first turbidity, then excess methanol (about 100 ml.) added 
rapidly with vigorous stirring to prevent the coalescing of the precipitated 
particles. The precipitate was allowed to settle, the supernatant decanted, 
and the powder washed and dried as before. Samples of intermediate 
molecular weight were prepared by either the first or the second method, 
choosing the one giving the better result. 

Sulfonation of PS Samples 
For sample S-111, 400 mg. Ag2S04 was dissolved in 40 ml. 100% HzS04 

in a glass-stoppered Erlenmeyer flask containing a Teflon-covered magnetic 
stirring bar. The polymer powder (200 mg.)* was added rapidly with 
vigorous stirring. The reaction was nearly completed within 5 min. and 
allowed to proceed for another 10 min., yielding a clear, somewhat viscous, 
faintly straw-colored solution. The temperature during this process did 
not rise appreciably above room temperature. The reaction mixture was 
filtered with slight pressure through a coarse fritted glass filter into 200 ml. 
well-stirred, ice-cooled water. The highly acid aqueous solution was di- 
alyzed extensively against distilled water, 0.1N HNOZ, and again water, 

* The amount of polymer reactant may be conveniently increased for samples of 
lower molecular weight but should be decreased for higher molecular weight samples 
because of the high viscosity ultimately developed in the reaction mixture. 
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until neither Ag+ (by C1- test) nor SO3- (by Ba++ test) could be detected 
in the diffusate, and the pH of the diffusate was neutral. To avoid forma- 
tion of colloidal silver the sulfonation reaction was carried out in dim light 
and the prolonged dialysis in total darkness. The dialyzed material was 
concentrated on an LKB concentrator and the filtrate tested for Ag+ 
and inorganic sulfate; no precipitates could be detected. A fraction of the 
concentrated solution in the acid form (PSSA) was stored in the refrigerator 
for further experiments. The bulk of the solution was carefully neutralized 
with KOH (as the polymer is more stable in the salt form), filtered through 
a Millipore filter (0.45 p), and lyophylized to yield a white, fluffy powder. 

Characterization 
Light-scattering measurements were performed on solutions of polymer 

in 2.5M KC1 in the Sofica apparatus at  various temperatures after careful 
filtration of each solution through a Millipore filter (0.45 or 0.22 p). For 
the higher molecular weight samples, it was usually necessary to carry out 
a preliminary filtration through a 1.2 p filter to avoid clogging the smaller 
filter. 

Refractive index increments were measured in the Hilger-Rayleigh 
interference refractometer. 

Viscosity determinations were made in size 50 Ubbelohde viscometers 
at  various temperatures in water baths resulted to *O.O2"C. 

Dry weights were measured in closed weighing bottles after exhaustive 
drying in an Abderhalden apparatus fitted with a liquid air trap. Under 
high vacuum, constant weights were reached after a few hours with the 
sample at  room temperature, and increasing the sample temperature to 
80°C. (refluxing benzene) had no appreciable effect. 

Ultraviolet absorption spectra and extinction coefficients were measured 
in Beckman DU and Unicam spectrophotometers on samples carefully cali- 
brated by dry weight determination. 

Phase separation temperatures were determined by observing the tem- 
peratures at  which turbidity appeared or disappeared in solutions contain- 
ing the polymer and various concentrations of KCl or barium acetate. 
The rate of temperature change of the water bath was less than l"C./hr. 
for the KC1 solutions and about l"C./min. for the barium acetate solu- 
tions. 

Sedimentation determinations were made in the Spinco model E ultra- 
centrifuge by standard procedures. 

Density increments of the polymer were determined at  25.0"C. from the 
densities of solutions measured in a capillary-neck pycnometer of about 
7.5 ml. capacity. 

RESULTS AND DISCUSSION 
Sulfonation of PS 

The sulfonation of PS proceeds in concentrated (96%) H&04 at high 
temperature and in the absence of catalyst to yield somewhat degraded 
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but also crosslinked and colored products. Crosslinking is presumably due 
to sulfone formation resulting from attack of sulfonated groups on unreacted 
phenyl rings. Better results have been obtained by sulfonation with so3 
complexes in organic  solvent^.^.' The use of AgzS04 as a catalyst to accel- 
erate the reaction in HzS04 and prevent formation of side products has 
also been suggested.8 Using granular PS, catalyst concentrations of the 
order of 1.3 x equiv./monomole of PS, 96% sulfuric acid, and a tem- 
perature of 100"C., Kato et aL4 obtained soluble products of reasonable vis- 
cosity. We find that by use of 100% HzS04, the reaction proceeds much 
more rapidly, even below room temperature. We increase the catalyst 
concentration markedly (to about 1 equiv. Ag/monomole PS) in order to 
decrease the likelihood of a sulfonated phenyl group encountering an unre- 
acted, uncomplexed ring, which may lead to undesirable sulfone forma- 
tion. 

The sulfonation of PS to PSSA in 100% HzS04 is a heterogeneous reac- 
tion; the PS is initially insoluble in HzS04 but as the reaction proceeds the 
reacted PSSA goes into solution to yield a highly viscous, clear solution. If 
no catalyst is used, the reaction proceeds rather slowIy to yield an inhomo- 
geneous, elastic gel. In  the presence of AgzS04 the reaction is much faster 
and is essentially limited by the size of the PS particles. If coarse, granu- 
lar material is used, the particles are quickly coated with a gelatinous ma- 
terial, many coalesce, and an intractable mass is formed. The crucial step 
in the procedure is thus the use of a very fine PS powder, dispersing it 
quickly in the catalyst-containing 100% HzS04. Titration results show 
that close to 1 0 0 ~ o  sulfonation is complete within 5-15 min., and that reac- 
tion for as long as 24 hours produces no further change. This indicates 
that mono substitution in the para position occurs exclusively. With no 
special precautions, yields average 90% of the expected product, small 
losses occurring during the several transfers and filtrations. 

One precaution is necessary when the silver catalyst is used: colloidal 
silver is produced when the polymer solution is exposed to light during 
dialysis, and this may be removed only by high-speed centrifugation. It 
is more convenient to protect the solution from light until the silver ion 
has been removed completely. The incorporation of one or two dialyses 
against 0.1N HN03 in the isolation procedure is designed to facilitate this 
complete removal of siIver ion. 

Stability 
Early in our work we were dismayed to find that dried samples of the 

acid form of the polyelectrolyte (PSSA) that had been stored for several 
weeks had intrinsic viscosities as much as 80% lower than freshly prepared 
samples. Stored, Iyophilized samples gradually turned yeLIow or even 
orange, and had a water content when in equilibrium with room air of as 
much as 42Yob. In  addition, the absorption spectrum began to lose detail, 
although the extinction coefficient at 261.5 mp remained roughly constant. 
None of these difficulties was encountered when neutralized samples 
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(K-PSS) were stored in the dry state, so our standard procedure now in- 
cludes the titration to neutrality with KOH before lyophilization. The 
completely dried potassium salt regains less than 20y0 moisture when ex- 
posed to room air. 

Analysis and Titration 
In preparation for elemental analysis, a neutralized polymer sample was 

equilibrated to constant weight at  22°C. and 50% R.H. Under these con- 
ditions the sample contained 12.4y0 water as found by dry-weight deter- 
mination, and gave the following analysis. 

ANAL. Calculated for CsH,03SK: C, 43.2%; H, 3.17%; S, 14.4%; K, 17.6%. 
Found (corrected for H20):  

This analysis, together with the routine titrations which always showed one 
acid group per monomeric residue within experimental error, demonstrate 
the fact that the sulfonation reaction produces a completely monosubsti- 
tuted derivative. 

C, 43.5%; H, 3.14yc,; S, 14.5%; K, 17.557,. 

Molecular Weight 
Since a primary concern in evaluating the success of the sulfonation 

reaction is that there should be no degradation or crosslinking as evidenced 
by changes in chain length, !ight-scattering measurements were made to 
determine the molecular weight of the sulfonated product. The weight- 
average degree of polymerization of K-PSS, derived from PS sample 
S-111, was found to be 2240. This is in good agreement with the value of 
2140 for the parent polymer determined by us by light scattering in cyclo- 
hexane and toluene, and the value of 2300 as reported by Ruddg without 
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Fig. 1.  Second virial coefficient a2 and intrinsic viscosity I T ]  as functions of temperature. 
9-111 K-PSS in 2.5M KC1. 
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specification of the method used. Our measurements on the polyelectrolyte 
sample were performed at various temperatures in 2.5M KCl. The vari- 
ation of the second virial coefficient, a2 (determined from light scattering), 
and the iiitrinsic viscosity, [ q ]  as a function of temperature are shown in 

( b )  
Fig. 2. Sedimentation patterns of ( a )  0.35y0 S-111 polystyrene in cyclohexsne at 

35°C. (photographed 50 min. after reaching speed of 56,100 rpm, phase plate angle = 
60", S S o  = 6.14 x 10-13); ( b )  0.48y0 K-PSS from 5-111 polystyrene in 2.5M KC1 at 
21.0°C. (photographed 40 min., after reaching speed of 56,100rpm, phase plate angle = 
-550, ~210.2.5M KCi = 9.53 x 10-13). 

Figure 1. and [ q ]  
is expressed in monomoles per liter. It is seen that both a, and [ q ]  in- 
crease as the temperature is increased above the 8 temperature. The re- 
fractive index increment, (bn/bC,),, appropriate to an analysis of light- 
scattering data in niulticomponent, systenis,'O was found to be 34.7 X 

The concentration, C,, used in the evaluation of 
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in 2.5M KC1 at  25°C. and 546 mp; the subscript p specifies constancy of 
the chemical potentials of the solvent and the salt. 

A further confirmation of the lack of secondary reaction in the sulfona- 
tion procedure is given by the sedimentation pattern of the sulfonated 
material. Figure 2 shows the patterns of the K-PSS and the starting 5-111 
polystyrene. A very small amount of a more rapidly sedimenting com- 
ponent is apparent in the polyelectrolyte sample and it is uncertain 
whether this is the result of a small amount of crosslinking during the sul- 
fonation reaction or indicates a heterogeneity in the starting material. 

The density increment, (bp/bC,),, required in the evaluation of sedimen- 
tation data is 64.2 g./monomole in 2.5M KCl. 

Phase Separation in KCl 
The solubility of K-PSS is considerably greater than that of the potassium 

salt of poly(vinylsu1fonic acid). In 2.5M KC1 the critical temperature for 
5-111 K-PSS is 12.6"C., whereas the KC1 concentration required to yield 
the same critical temperature for K-PVS is less than 0.5M.I Thus, in 
spite of the hydrophobic phenyl rings in poly(styrene sulfonate), higher con- 
centrations of KCl are required to salt it out. 

13 I 4 Y  
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Fig. 3. Precipitation temperatures (lower curve) and dissolution temperatures (upper 
curve) obtained for S-111 K-PSS in 2.5M KCl as a function of polymer concentration: 
(o), and (0) two separate determinations. 

The precipitation temperatures T p  in 2.5M KCl as a function of concen- 
tration of K-PSS are shown in Figure 3. Quite unlike the corresponding 
behavior of K-PVS, the precipitation is not strictly reversible, and tem- 
peratures higher by 14°C.  are required to obtain clear solutions from the 
well-stirred, precipitated two-phase systems. The critical temperature 
(12.6"C.) for this sample, obtained from the appearance of turbidity upon 
gradual lowering of the temperature of clear solutions, leads to the correct 
value for the 0 temperature (15.3 f 0.3"C.) when combined with prelimi- 
nary data on other molecular weight samples. The lack of complete reversi- 
bility in the precipitation behavior may be attributed to preferred conforma- 
tions caused by interactions of the aromatic rings in the precipitated phase. 
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Ultraviolet Spectra 
Further evidence that interactions of the phenyl groups vary as a func- 

tion of solvent and may play a role in stabilizing particular coil configura- 
tions is given in Figure 4, where it is seen that the extinction coefficient a t  
the absorption maximum of 261.5 mp varies as a function of the KC1 con- 
centration. Figure 5 shows the ultraviolet absorption spectra of K-PSS 
in water solution and in 2.5M KC1, the specific extinction coefficient at the 
261.5 mp maximum being 1750 in water when the concentration is expressed 
as grams per milliliter of the potassium salt of the polymer. The cor- 
responding monomolar extinction coefficient is 389. 

1.05 1 

c?c, 
Fig. 4. Relative absorbance of K-PSS a t  261.5 and 225 m p  in water and salt solutions 

as a function of KCI concentration. 

Fig. 5. Absorbance of K-PSS in the ultraviolet spectrum: (--) polymer in water; 
(--) polymer in 2.52M KCl. 

High- and Low-Temperature Phase Separations of the Ba Salt 
of PSSA 

An unusual phase separation takes place with solutions of PSSA in the 
presence of barium. At room temperature a water solution, 0.025 equiv./l. 
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Fig. 6. Phase separation temperatures as fimctions of barium ion concentration for 
various concentrations of PSSA: (V) 0.0053 eqiiiv./l.; ( 0 )  0.0105 equiv./l.; ( A )  0.021 
equiv./l.; (4) 0.026 eqniv./l.; ( 0 )  0.0526 equiv./l.; (0) 0.105 equiv./l.; (m) 0.263 
equiv./l. Barium acetate used as t,itrant; sample TAPS 19 (degree of polymerizat,ion 
= 4370). 

Fig. 7. Composition curves for incipient precipitation in systsem PSSA-Ba at const*ant 
temperatures. 

in PSSA and 0.030M in barium acetate, shows a heavy, white precipitate. 
This precipitate dissolves as the temperature is raised to 61°C. giving a 
perfectly clear solution. If the temperature is then raised to 98"C., a 
turbidity appears, and after 1-2 min. the solution separates into two clear 
phases. Lowering the temperature reverses this phase separation, and in 
the temperature range 98-61 "C. the solution is clear and homogeneous. 
Below 61°C. the original white precipitate forms again. The whole process 
is reversible. With lower concentrations of barium, only the low-tempera- 
ture second phase is observed, but with higher concentrations of barium, 
more of the high-temperature second phase appears, and a t  a lower tem- 
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perature. This general behavior is illustrated in Figure 6 for a wide range 
of polymer concentrations. 

The lower-temperature precipitation follows the general characteristics 
of a similar transition described by Michaeli" for poly(methacry1ic acid) 
in the presence of various divalent cations. However, in the case of PSSA 
we have not been able to produce either of the phase separations with Ca, 
Mg, or Sr. 

For the lower branches of the precipitation temperature curves shown in 
Figure 6, it is seen that with increasing polymer concentration, increasing 
amounts of barium ions are required to produce the phase separation. At 
constant temperature, plots (Fig. 7) of polymer against barium acetate con- 
centration (horizontal sections through Fig. 6) yield parallel straight lines. 
At 60°C. we have 

( C B a + + ) p  = 0.92 Cu + 0.04 
where (CBa++)p is the concentration in equivalents per liter required to 
produce phase separation. A similar description was used by Michaeli 
for the case of poly(methacry1ic acid). In his interpretation the intercept 
represents the concentration of free ions in solution and the slope the num- 
ber of Ba++ equivalents bound per monomer unit. The slopes of the lines 
are independent of temperature, meaning that the amount of Ba++ bound 
(and required to produce precipitation) is independent of temperature and 
is close to one equivalent per monomer unit. The amount of free Ba++ 
in solution increases with temperature in the lower precipitation branch. 
This is reversed as we pass to the upper precipitation branch; the upper 
and lower branches of the precipitation curves in Figure 6 appear to be sym- 
metrical around the region of complete insolubility, indicating that the 
amount of free barium again decreases once the high-temperature range is 
reached. It is clear that at this stage it is impossible to give more than a 
preliminary description of the phenomena of the phase transitions in the 
presence of barium, and that for a complete interpretation much more de- 
tailed work is required. 
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R6swn6 
Une m6thode est d6crite pour la conversion du polystyrene en acide polystyrene 

sulfonique sans changer la distribution des poids mol6cnlaires; la reaction est effectube 
B temperature de chambre dam l’acide sulfurique ii 100% et  on utilise un catalyseur B 
base d’ion argent. Le polyelectrolyte resultant a une solubilit6 et d’autres caractkris- 
tiques diff6rent significativement de celles jusqu’ici decrites pour l’acide polyvinyl- 
sulfonique. Ceci permet une 6tude de l’influence du groupe aromatique sur les interac- 
tions locales et ii grandes distances. Le sel de barium de l’acide polystyrhe-sulfonique 
ce comporte inhabituellement en ce sens qu’il pr6sente en solution des temp6ratures de 
miscibilit6 inf6rieure et sup6rieure. 

Zusammenfassung 
Eine Methode zur Umwandlung von Polystyrol in Polystyrolsulfonsiiure ohne An- 

derung der Molekulargewichtsverteilung wird beschrieben; die Reaktion wird bei 
Raumtemperatur in 100~o  H&Oa und mit Agf als Katalysator ausgefiihrt. Der ge- 
bildete Polyelektrolyt besitzt eine Loslichkeit und andere Eigenschaften, welche sich 
wesentlich von denjenigen der fruher untersuchten Polyvinylsulfonsaure unterscheiden. 
Damit wird eine Unterschung des Einflusses der aromatischen Gruppe auf die lokalen 
und weitreichenden Wechselwirkungen in Liisung ermoglicht. Das Bariumsaltz der 
Polystyrolsulfonsaure ist insofern ungewohnlich, als es sowohl eine untere als auch eine 
obere Entmischungstemperatur zeigt. 
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