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The influence of some polymerization conditions on the morphology 
of poly(styrene-co-divinylbenzene) monoliths

S u m m a r y  —  H ig h  internal phase em u lsion  (H IPE) precursors w ere u sed to 
prepare em u lsion s w h ich  w ere subm itted  to radical p o lym erization  to y ield  
p oly(styren e-co-d ivinylben zen e) m on olithic p olym ers. The m o rp h o lo g y  and  
m echanical properties o f the resulting m aterials w ere stu d ied  in relation to 
selected  p o ly m e riza tio n  con d ition s. A s  the a m o u n t o f d iizo v in y lb en zen e  
(crosslinking agent) w a s increased, 10 vs. 5 0 % , the cell size in the porou s  
structure o f the m aterial fell. The hydroph ile— lip op h ile  balance (H L B ) valu e  
o f the surfactant u sed  (sorbitan m o n o  a n d /o r  trioleate) w a s fou n d  to be the 
crucial factor influencing the m o rp h o lo g y : the low er H L B  (from  4 .3  to 3.5) 
surfactant resulted in sm aller cells. C urin g procedure (open  vs. tightly closed  
containers) also affected the structure, viz., the latter case y ie ld ed  m ore fragile 
and chalky p olym ers.
K e y  w o r d s : m on olithic p o ly m ers, h igh  internal phase em u lsion s, m o rp h o 
log y  o f porou s p oly(styren e-co-d ivinylben zen e) m aterials.

T h e acronym  p olyH IP E  signifies porou s p olym er m a 
terials prepared b y  p olym erizin g  the continuous phase of 
a high  internal ph ase em u lsion  (H IPE) [1]. The em ulsion  
is prod u ced  b y  vigorou s m ixin g ; the internal phase is 
com p rised  o f w ater droplets and the continuous organic  
phase is com p rised  o f m on om ers. D ivin ylben zen e is used  
as a crosslinking agent. T h e h igh  internal phase em ulsion  
has a v ery  large v o lu m e  fraction o f w ater droplets, u p  to 
9 9 % . P olym erization  and  su bsequ en t rem oval o f w ater 
yields a h ig h ly  porou s p olym er m aterial o f a lo w  density. 
Such m aterials are u su ally  en d o w ed  w ith  an open cellu
lar structure in w h ich  every cavity is connected to its 
neighboring cavities. Large surface areas is another dis
tinction o f p o lyH IP E  p olym ers. C am eron  and co-w orkers  
[2] h ave prepared polystyren e p olyH IP E  w ith  surface  
areas u p  to 55 0  m 2/ g  b y  the u se o f inert solvents (poro- 
gens). This is especially im portant for applications such  
as so lid -p h ase  extraction and  reverse phase H P L C . Since 
polym erization  o f a high  internal phase em u lsion  is u su 
ally  triggered therm ally, the stability o f the em u lsion  is of 
param ou n t im portance. To prevent phase separation, the 
em u lsion  m u st be stable u p  to the tem perature o f p o ly 
m erization. To enhance the stability, surfactants are a d 
d ed . The h yd rop h ile— lipoph ile  balance (H LB ) system  of 
surfactant characterization is w id ely  u sed  [3].

T h e  p io n e e rin g  w o rk  on  p o ly H IP E  m ateria ls has  
been  d o n e  b y  the researchers at U n ilever Laboratories [1,
4] an d , in recent tim es, m a n y  research grou p s are in 

v o lv ed  in the investigations on  p o ly H IP E s, m o st notably  
the grou p  led b y  N . R. C am eron  at the U n iversity  o f D u r
h am  [2, 5— 8]. T h e various applications o f n ovel m ate
rials already reported include m on olith ic p o lym ers for 
sep aration  o f  h e a v y  m eta ls [9, 10], m o n o lith ic  so lid -  
-p h ase acid catalysis [11], m on olith s as precursors for 
su pported  species [12] etc.

A  lot of w ork  has recently been  d o n e  on  the com p ari

son  o f the u se o f p o lym ers as su pports betw een  sphered  
p o ly m er particles (p o lym er beads) and  m on olithic p o 
rous p olym ers [1 3 ,1 4 ] . W ith  p o ly m er b ea d s, sw ellin g  in 
solven ts is o f vital im portance since the vast m ajority o f  
reactive sites are position ed  inside the sphere. W ith  p o ly 
H IPE m on olithic p o ly m ers, sites are accessible via pores  
and sw ellin g  can be controlled or elim in ated m a k in g  the 
u se o f co n tin u ou s flo w  tech n iq u es easier. H ig h  back  
pressures and  n on -u n iform  flo w  patterns (channeling) 
are draw backs to the u se  o f p o ly m er b ead s. P olyH IP E  
m on olith s offer lo w  back pressures.

So far, the m o rp h o lo g y  o f p o ly sty ren e  p o ly H IP E  m a 
terials has been  stu d ied  in relation to crosslin king d e 
gree, bu t the influences o f surfactant an d  curing proce
dures on  the m o rp h o lo g y  h ave not been reported as yet. 
This paper sets o u t to describe the results o f the stu d y  
o n  the effect o f  p o ly m e r iz a tio n  c o n d itio n s , n am ely , 
crosslinking degree, surfactant H L B  valu es and  curing  
procedu re, on  the m o r p h o lo g y  o f the resu ltin g m ate
rials.
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EXPERIMENTAL 

M a te ria ls  an d  m e a su re m e n ts

D iv in y lb e n ze n e  (D V B ) [M erck 's (55 :45) and (80 :20  
w /w )  isom eric d ivin ylb en zen e— ethylstyrene m ixtures] 
an d  styren e  (M erck ) w ere w a sh e d  w ith  a q u eou s 5 %  
N a O H  to rem o v e  the inhibitors. Sorbitan m on ooleate  
(A ld rich 's  Span 80), sorbitan trioleate (A ld rich 's Span 85), 
p otassiu m  persulfate (Fluka), calcium  chloride h exahy- 
drate (Fluka) and  ethanol (Fluka) w ere u sed as received.

FT-IR spectra w ere taken on  a Perkin— E lm er FT-IR  
1650 spectrom eter.

Scanning electron m icrograph s w ere taken on a Jeol 
JSM— 8 4 0 A  electronic m icroscope.

P rep aration  o f p o ly H IP E  m o n o lith ic  p o ly m e r

P roced u re  1: 4 .500  g styrene, 1 .000 g  5 5 %  D V B , and
1.000 g  Span 80 w ere pu t in a three-necked rou n d bottom  
flask eq u ip p ed  w ith  an overhead stirrer and stirring w as  
set at 300  rp m . A  m ixture o f 50  m g  potassium  persulfate  
an d  4 9 3  m g  ca lciu m  ch lorid e h exah yd rate  in 4 5  m L  
d eion ized  w ater w a s d egassed  un der redu ced  pressure  
for 15 m in  and a d d ed  d ro p w ise  to the solu tion  in the 
flask in 30  m in . The m ixture w a s stirred for another hour  
and 50  m L  o f the resulting em u lsion  w a s transferred to 
PET containers an d \ :u red  for 48 h (la  —  at 6 0 °C  in an  
open container; l b  —  at 6 0 °C  in a tightly closed con 
tainer; l c  —  at roo m  tem perature for 24 h and at 6 0 °C  for 
24  h in an open  container).

P roced u re  2: 2 .688  g styrene, 2 .812  g 8 0 %  D V B , and
1.000 g  Span 80 w ere pu t in a three-necked rou n d bottom  
flask eq u ip p ed  w ith an overhead stirrer and  stirring w as  
set at 300  rp m . A  m ixture o f 50  m g  potassium  persulfate  
an d  49 3  m g  ca lciu m  ch lorid e h exah yd rate  in 45  m L  
d eion ized  w ater w as d egassed  u n der reduced pressure  
for 15 m in  and a d d ed  d ro p w ise  to the solu tion  in the 
flask in 30 m in . T h e m ixture w a s  stirred for another hour  
and 50 m L  o f the resulting em u lsion  w as transferred to 
PET containers and  cured for 48 h (2a —  at 6 0 °C  in an  
open  container; 2b  —  at 6 0 °C  in a tightly closed con 
tainer; 2c —  at roo m  tem perature for 24  h and at 6 0 °C  for 
24 h in an open  container).

P roced u re  3 : 4 .500  styrene, 1 .000 g 5 5 %  D V B , and

0.6800 g  Span  80 and 0 .320  g  o f Span 85 w ere put in a 
three-necked rou n d  bottom  flask eq u ip p ed  w ith an over
h ead stirrer and stirring w as set at 300  rpm . A  m ixture of 
50 m g  p o tassiu m  persulfate and 493 m g  calcium  chlo
ride h ex ah y d ra te  in 45  m L  d eion ized  w ater w as d e 
gassed  u n der redu ced  pressure for 15 m in  and  a d d ed  
d ro p w ise  to the so lu tion  in the flask in 30 m in . M ixture  
w as stirred for another h ou r and 50 m L  o f the resulting  
em u lsion  transferred to PET containers and  cured for 
48  h (3a —  at 6 0 °C  in an open  container; 3b  —  at 6 0 °C  in  
a tightly closed container; 3c —  at roo m  tem perature for 
24 h and  at 6 0 °C  for 24  h in an open  container).

In order to obtain dry sam p les w ith ou t any inclu

sions, the p o ly m er products w ere rem o v ed  from  the con
tainers, w a sh ed  in a Soxhlet apparatus w ith  d eion ized  
w ater for 24  h and  w ith  ethanol for 2 4  h and dried in 
vacu o at 5 0 °C  for 3 h.

C haracterization  o f  the p ro d u cts

S a m p les  for sca n n in g  electron  m ic ro sc o p y  (S E M ) 
w ere prepared b y  im m ersin g  the p o ly m e r in liquid  ni
trogen and cutting thin (ca. 0 .5 m m ) slices w h ich  w ere  
coated w ith  a thin film  of v ap o rized  g o ld . SE M  m icro
graphs o f various parts o f sam p les w ere taken at various  
m agnifications.

For FT-IR spectroscopy, sam p les w ere crushed, m ixed  
w ith  K B r a n d  p r e sse d  to fo rm  ta b le ts  to be F T -IR  
scanned.

M ech a n ica l p roperties (in q u a lita tiv e  sen se) w ere  
tested b y  cutting, crushing and ru bbing o f sam ples.

RESULTS AND DISCUSSION

T h e crosslinking degree (m ass percentage o f d iv in y l
ben zen e in the m ixture o f m o n om ers) w a s fo u n d  to in
fluence the flexibility o f the p o ly m er backbon e in p o ly 
m er beads and , thus also to affect functionalizations of 
the resins [15— 17]. T h e effect o f crosslinking degree on  
the m o rp h o lo g y  o f polystyren e p o ly H IP E  m aterials w as  
stu died  b y  usin g 1 0 %  and 5 0 %  crosslinked polystyrene. 
D ifferent p o ly m ers w ere prepared b y  u sin g  the sam e  
surfactant, sorbitan m on ooleate  (Span 80), the sam e pro 
cedure, and different am ou n ts o f d ivin y lb en zen e . SE M  
revealed a noticeable effect o f crosslinking degree on the 
cell size (Fig. 1, Table 1): the op en  cellular m o rp h o lo g y  
type is seen to be identical, bu t cells in sa m p le  2a (5 0 %  
D V B ) are sm aller than cells in sa m p le  la  (1 0 %  D V B ).

T a b 1 e 1. Morphological and mechanical characteristics of poly
styrene polyHIPE monolithic polymers

Polymer
product

HLB
value

DVB
content

%

Approx, 
average 
cell size 

|im

Homo
geneity

Mechanical
properties

la 4.3 10 10 good solid, non chalky
lb 4.3 10 10 good solid, non chalky 

crumbles easily,
lc 4.3 10 8—10 poor leaves chalky 

residue
2a 4.3 50 8 good solid, non chalky
2b 4.3 50 8 good solid, non chalky 

crumbles easily,
2c 4.3 50 8 poor leaves chalky 

residue
3a 3.5 10 1 good solid, non chalky
3b 3.5 10 2 good solid, non chalky 

crumbles easily,
3c 3.5 10 1—3 poor leaves chalky 

residue
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Fig. 1. Scanning electron micrographs of polymers la, 2a, 3a, 
2b and 2c

la (10% DVB,HLB 4.3)

3a (10% DVB, HLB 3.5)

This effect can probab ly  be attributed to the low er inter

facial tension  betw een  the organic and  the w ater phase  
in the case o f the higher crosslinking degree. Both sa m 
ples h ad  a v ery  h o m o g en eo u s cell size distribution and  
no larger cavities in the m aterials w ere form ed  during  
the em u lsion  p olym erization . Both products w ere m e 
chanically strong and crushed on ly  if a substantial force

2b (50% DVB, HLB 4.3)

2c (50% DVB, HLB 4.3)

w as applied . N o  chalky residue w as left after ru bbing o f  
the m aterials. It w as also o f interest to see if low erin g  o f  
the H L B  valu e o f the surfactant influenced the structure 
o f the products. The qu estion  w a s h o w  lo w  H L B  value  
can be u sed to get a still m ech an ically  u sefu l m aterial. A s  
seen in Fig. 1, replacem ent o f sorbitan m on ooleate  (H LB  
valu e of 4 .3) w ith a m ixture o f sorbitan m on ooleate  and  
sorbitan trioleate (H LB  valu e  o f 3 .5 ) p rod u ced  a m aterial 
w ith strikingly sm aller cells. FT-IR sp ectroscopy sh ow ed  
no difference in the absorption  o f crushed and pressed  
sam ples la  and 3a (Fig. 2) as expected . Further low erin g  
o f the H L B  valu e of the surfactants prod u ced  unstable  
em u lsion s u p on  p oly m erization . N o  dram atic change  
w a s fou n d  to occur in the m echanical properties o f sa m 
ple 3a (H LB  valu e o f 3 .5) as com p ared  w ith those o f la  
(H L B  valu e o f 4.3): both rem ained so lid  after cutting.

W ater evaporates d u rin g the curing procedure; there
fore, obstructing the evaporation d u rin g polym erization  
cou ld  influence the resulting structure o f the polym er  
m aterial. For this reason, the effect o f different curing  
procedures w a s tested on  the m o rp h o lo g y  of polystyrene  
polyH IP E  m onolithic p olym ers. A ll  the three em ulsion s  
w ere p olym erized  in o p en  PET containers ( la , 2a and 3a), 
in tightly closed PET containers ( lb , 2b  and  3b), both at
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im portan ce for further fu n ction alization  an d  applica
tions. The H LB  valu e  o f the surfactant p ro ved  to be the 
m o st im portant factor affecting the cell size  o f polyH IP E  
m aterials; the crosslinking degree p lays a role, too. The  
cu rin g  p ro ced u re , w h eth er  p e rfo rm e d  in o p en  or in 
tightly closed containers influ en ced  the h o m og en eity  of 
the m aterial and also the m echanical properties. Sam ples  
p o ly m erized  in tightly closed containers p roved  to be 
m ore fragile and chalky.

Further studies w ill be necessary to investigate the 
influ en ce o f  m o rp h o lo g y  on  fu n ction alization s o f the 
p olym ers.

wave number, cm

Fig. 2. FT-IR spectra of polymers la and 3a

6 0 °C  for 48  hours and in open  PET containers at room  
tem perature for 24  h and 60 °C  for 24  h ( lc , 2c, 3c). Scan
ning electron m icrographs o f the products, polym erized  
in o p en  containers at roo m  tem perature and at 60 °C  
sh ow ed  n o notable difference in the m orph ology . O n  the 
other h a n d , the scan n in g electron m icrographs o f the 
products p o lym erized  in tightly closed PET containers at 
6 0 °C  ( lb , 2b  and 3b) sh ow ed  (Fig. 1), w h en  com pared  
w ith the patterns o f la ,  2a and  3a, low er h om ogen eity  
and larger cavities form ed in the products, presu m ably  
on account o f coalescing w ater droplets. These sam ples  
w ere also m u ch  w eaker m echanically, easy to crush b e 
tw een fingers and they left chalky residues w h en  rubbed. 
FT-IR spectroscopy again  sh ow ed  no notable differences 
caused b y  different curing procedures.

CONCLUSION

A s  evid en t from  SE M  o f polystyrene p olyH IP E  p o ly 
m ers, m o rp h o lo g y  and  also m echanical properties o f the 
resulting m aterials can be controlled b y  o p tim izin g  the 
e m u lsio n  preparation  and  p oly m erization  conditions. 
Tailoring cell size and m echanical properties is o f great
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