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Summary 
A new method of preparation of sulfonated, crosslinked 

polystyrene part ic les is described. Part icles were formed by 
Friedel-Crafts suspension crossl inking of polystyrene dissolved 
in nitrobenzene. The crossl inking agent was 1,4-dichloromethyl- 
2,5-dimethyl benzene. Sulfonation was achieved in the swollen 
state and the part ic les received were analyzed in terms of 
molecular structure and degree of swelling. 

Isoporous Friedel-Crafts Crosslinked Polystyrene 
In recent studies (REGAS and PAPADOYANNIS, 1980, PEPPAS and 

BARAR, 1980, 1982, BARAR et a l . ,  submitted) i t  has been reported 
that spherical part ic les of crosslinked polystyrene can be 
produced by Friedel-Crafts crossl inking of l inear polystyrene in 
suspension reactions. Two general methods have been discussed. 
The method of REGAS and PAPADOYANNIS (1980) employs a 3:2 vol /vol  
mixture of s i l icone o i l  and 1,2 dichloroethane as suspending 
medium. The dispersed phase contains polystyrene dissolved in 
1,2-dichloroethane and the Friedel-Crafts catalyst  is SbC~ 5. The 
method of PEPPAS and BARAR (1982) employs water with a small 
amount of poly(vinyl alcohol) as the suspending medium. The 
dispersed phase contains polystyrene dissolved in nitrobenzene 
and the catalyst  is ZnC~ 2 at high concentration (70 wt%) in 
water. Both techniques u t i l i z e  1,4-dichloromethyl-2,5 dimethyl- 
benzene (DCMDMB) as the crossl inking agent, due to i t s  a b i l i t y  
to create l inear bridges between the polystyrene chains (PEPPAS 
and VALKANAS, 1977). 

Isoporous polystyrene networks were f i r s t  produced by 
Fried~l-Crafts crossl inking in bulk or solution (DAVANKOV et a l . ,  
1973 a, b, 1974, TSYURUPA et al.  1974, PEPPAS and VALKANAS 1976, 
PEPPAS et a l . ,  1976, PEPPAS et a l . ,  1981, BUSSING and PEPPAS, 
1980). These materials show unusual physical propert ies, such 
as homogeneous porous structure, a b i l i t y  to swell in non- 
solvents of l inear polystyrene and high surface area to weight 
ra t io .  However, part ic les of crosslinked polystyrene have been 
produced only by crushing samples in a m i l l ,  sieving them and 
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analyzing them for chromatographic applications (TSYURUPA and 
DAVANKOV, 1980, DAVANKOV and TSYURUPA, 1980). 

I t  was not until recently that the problem of Friedel- 
Crafts catalyst inactivation by water was solved so that cross- 
linked, spherical particles could be produced in suspension 
crosslinking (BARAR et al . ,  submitted a,b). By judicious 
balance of catalyst and suspending agent concentration in the 
aqueous phase i t  was possible to sustain the crosslinking 
reaction by diffusion of ZnC~ 2 from the aqueous phase to the 
organic phase (dissolved polystyrene) droplets. 

Ion-exchange resins from Friedel-Crafts crosslinked 
particles of polystyrene have been discussed in recent studies 
by TSYURUPA et al. (1974) and MARTSINKEVICH et al. (1978). Here 
we present novel techniques of sulfonation of these particles 
and analysis of their physical behavior. 

Preparation of Crosslinked Polystyrene Particles 
Brief ly, the method of preparation of the polystyrene 

particles (BARAR et a l . ,  submitted, a) consists of dissolving 
3.57 g of_polystyrene (Polysciences Corp., Warrington, PA, ~n = 
ll6,000, M = 261,000) in 25 cm 3 of reagent grade nitrobenzeHe 
and addingWl,4-dichloromethyl-2,5 dimethyl benzene (DCMDMB) to 
this solution in a lO00 cm ~ reactor. Different amounts of cross- 
linking agent were employed so that the nominal crosslinking 
rat io, X, could be adjusted to 0.0625, 0.125, 0.25, 0.33, 0.50 
or 0.75 moles DCMDMB per PS repeating unit. 

The suspending medium was prepared by combing 600 cm 3 of 
70 wt% aqueous solution of ZnC~ 2 with 6 cm 3 of concentrated HC~ 
to adjust the pH at 0.!0. Poly(vinyl alcohol) was added at a 
level of 5 x lO -4 g/cm J of solution. 

Suspension crosslinking occured at 60~ for 4 hours under 
agitation rate of 1300 rpm. The spherical particles produced 
were washed with water and acetone, dried, and reswollen in 
chloroform, tetrahydrofuran or toluene depending on the specific 
application. 

Sulfonation 
Sulfonations were carried out with several polystyrene 

samples crosslinked at ratios of X = 0.25 and 0.50. In a 
typical reaction, 0.I-0.5 g crosslinked polystyrene particles 
were swollen in 20 cm 3 nitrobenzene at 30~ for 24 hours. The 
system was heated ~o 80~ and concentrated H2SOA was added every 
15 minutes in l cm ~ aliquots. About 0.2 cm 3 of~acetic anhydride 
were added to prevent crosslinking by formation of sulfone- 
type chains which could increase the crosslinking density and 
alter the macromolecular structure of the original networks 
(CERFONTAIN, 1974). 

Upon completion of the reaction, the sulfonated particles 
were washed with acetone and deionized water, and swollen in 
water at 30~ The degree of sulfonation was determined by 
t i t ra t ion  with a 0.085 N aqueous solution of NaOH in the 
presence of phenolphthalein. 
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Results and Discussion 
Crosslinked part ic les prepared by the aforementioned 

Friedel-Crafts reaction were analyzed in terms of equil ibrium 
swelling studies in toluene to determine the i r  degree of cross- 
l ink ing~ Px, and number average molecular weight between cross- 
l inks,  M c. The expressions of PEPPAS and MERRILL (1976) were 
used. 

+ X U2,s 2] : 2___ U/Vl[gn(l-U2,s) + U2,s ( I )  

Mc Mn [ (U2,s~ l /3  1 (U2,S~]r,j 
u 2 - -  - ~ \ u 2 , / '  , r  \U2, r /  

1 (2)  
Px = - -  

u M c 

Here ~ is the specif ic volume of polystyrene (=0.95 cm3/g), V 1 is 
the molar volume of toluene (=TO6.1 cm3/mole), Mn = 116,000, and 
u2 r and u 2 s are the volume fract ions of polystyrene in the 
part ic les a~ter reaction but before swelling and af ter  swell ing, 
respectively. The value of u 2 r was constant at u 2 r = 0.1197 
for a l l  samples, whereas value~ of u2,s for d i f ferent  samples 
are presented in Table I .  The Flory interact ion parameter, • 
was determined from osmotic pressure data (SHICK et a l . ,  1950) 
as a function of u2, s 

TABLE I 

Equilibrium Swelling Behavior of Polystyrene 
Part icles in Toluene 

Nomina l  Equilibrium Interaction c Px 3 
(mol es/cm ) Crossl inking V o l u m e  Parameter (daltons) 

Ratio Fraction X 
X(mol es/mol e) u2, s 

0.0625 0.062+0.002 0.216 5,900 1.8xlO -4 
0.125 0.081u 0.211 3,900 2.7xi0 -4 

0-4 0.250 0.094u 0.210 2,500 4.2xi0_ 4 
O. 330 O. 125u 001 O. 2] 0 1,700 6. I xl 0- 4 
0.50 0.138u 0.210 1 ,I00 9.5xi0_ 4 
0.75 0.149u 0.210 900 I I  .7xl 

The values of the number average molecular weight, Mc, and 
degree of crossl inking, Px, are also presented in Table I .  
Crosslinking increases as the crossl inking agent (DEMDMB) added 
to the system increases. However, th is dependence is not 
l inear showing that some of the DCMDMB has polycondensed to form 
larger bridging chains between the polystyrene chains. By 
calculat ing the theoretical Mr t from the values of X using 
equation (3) i t  is possible to'~etermine the actual number of 



236 

polystyrene repeating units and the degree of polycondensation 
of DCMDMB as shown in Table 2. 

Here M 
r 

Mc, t = 2Mr/X (3) 

is the molecular weight of the polystyrene repeating uni t .  

TABLE 2 

Molecular Structure of Polystyrene Networks 

N o m i n a l  Experimental Theoretical Number of Number of 
Crosslinking M - PS DCMDCB 
Ratio c Mc't Repeating Units 
X(moles/mole) Units 

0.0625 5,900 3330 28.4 1.8 
0.125 3,900 1660 16.4 2.0 
0.25 2,500 830 12.0 310 
0.333 1,700 620 6.7 2.2 
0.50 I , I00 410 5.3 2.6 
0.75 900 280 3.4 3.2 

Typical values of the degree of sulfonation and equil ibrium 
volume fract ion of polystyrene in the sulfonated, crosslinked 
part ic les are presented in Table 3. Clearly the present technique 
may produce moderately sulfonated part ic les without al terat ion of 
the network structure. Thermal analysis of dried, sulfonated 
part ic les using d i f fe rent ia l  scanning calorimetry gave values of 
Tg which were very close to the value of the non-sulfonated 
networks, suggesting that no further crosslinking of the or iginal 
network structure had occured during sulfonation. 

TABLE 3 

Characterist ics of Sulfonated, Polystyrene Particles 

Ratio of Reaction Degree of Water  Degree Glass 
Reactants T ime Sulfonation of Transit ion 
(cm3H2SO4/g PS) (min) (%) Swelling Tg(~ 

9.62 60 1.0 1.24 96 
13.20 I00 2.9 1.76 96 
13.44 30 6.5 2.18 96.5 
16.22 60 9.3 4.15 96 
52.41 60 43.0 12.42 94 
60.79 90 48.7 13.60 97 

I n i t i a l  crossl inking ra t io  X = 0.25, % = 2,500, Tg = 96~ 

In conclusion, the new method can produce sulfonated 
polystyrene part ic les without the undesirable crazing observed 
during sulfonation of glassy polystyrene beads and with 
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controlled molecular structures 
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