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SYNTHESIS OF CHEMICALLY BONDED 

SILICA BY FREE RADICAL INITIATION 
WITH GAMMA RADIATION 

POLYSTYRENE-DIVINYLBENZENE O N  

CROSS-LINKING 

RIAD ABUELAFIYA AND JOSEPH J. PESEK 
Departmerit of Chemistry 
Sari Jose State University 

Sari Jose, Calijoniia 95192 

ABSTRACT 

A procedure i s  descr ibed f o r  d i r e c t  chemical bonding o f  po lys ty rene-  
div inylbenzene IPS-DVB) t o  s i l i c a .  
f i r s t  bonds and polymerizes the  ma te r ia l  v i a  peroxide i n i t i a t i o n  i n  the  
presence o f  azob is i sobu ty ron i t r i l e  (AIBN). 
l i n k i n g  the  bonded polymer by gamma i r r a d i a t i o n .  
i s  evaluated by carbon-hydrogen ana lys is  and DRIFT spectroscopy o f  t he  
product. Chromatographically the  bonded mater ia l  i s  t es ted  by separat ions o f  
a1 k y l  a r y l  ketones. 

The method i s  a two-step process which 

The second step invo lves  cross- 
The success o f  t he  procedure 

JNTRODUCTION 

The use o f  s i l i ca -based mater ia ls ,  p a r t i c u l a r l y  those r e f e r r e d  t o  as 
reversed phase packings, are very e f f e c t i v e  f o r  separat ion o f  small a c i d i c  o r  
neut ra l  compounds i n  the  pH range o f  2 - 7. Many molecules, espec ia l l y  those 
which are  a t  l e a s t  p a r t i a l l y  ionized, may be re ta ined  by res idua l  s i l a n o l s  as 
we l l  as the  bonded organic phase. 
decrease peak asymmetry caused by surface adsorpt ion may lead t o  d i s s o l u t i o n  
o f  the  packing. 

An i o n - p a i r i n g  reagent can be used t o  form a neu t ra l  complex ( 1 , Z )  which 
prevents the  charged ana ly te  from adsorbing on the  surface. 

Ra is ing  the  pH o f  t he  mobi le phase t o  

A number o f  a l t e rna te  methods have been devised t o  improve peak symmetry. 

A base can be 
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1572 ABUELAFIYA AND PESEK 

added t o  the  mobile phase (3) which w i l l  compete w i t h  the  so lu te  f o r  t h e  
res idua l  s i l a n o l  s i t e s .  Operation a t  h igh  pH can be accomplished by use o f  a 
s i l i c a  sa tura tor  column (4,5) t o  suppress d i s s o l u t i o n  o f  the  support ma te r ia l .  

Another approach i s  t o  subs t i t u te  a polymeric packing such as 
polystyrene-divinylbenzene (PS-DVB) f o r  s i l i ca -based mater ia ls .  
polystyrene i s :  very hydrophobic which can be a p a r t i c u l a r  problem f o r  
macromolecules; suscept ib le  t o  swe l l ing  and shr ink ing  when solvents a re  
changed; and prone t o  column packing d i f f i c u l t i e s  (6). Yang and Verzele (7)  
have recen t l y  described a new type o f  modif ied polystyrene t h a t  i s  more 
compatible w i t h  aqueous mobi le phases. Another p o s s i b i l i t y  i s  t o  produce a 
polymer i n  the  presence o f  s i l i c a  (8) so t h a t  t he  s ta t i ona ry  phase i s  
phys i ca l l y  adsorbed on the  s o l i d  support. Th is  process w i l l  r e t a i n  some o f  
the  advantages o f  both the  s i l i c a  and the  polymeric packing such as r i g i d i t y ,  
peak symmetry, etc., but  may no t  e l im ina te  a l l  o f  the  d i f f i c u l t i e s  such as pH 
s t a b i l i t y ,  hydrophobic i ty,  e t c .  A t h i r d  p o s s i b i l i t y  i s  t o  chemical ly bond a 
c ross- l inked polymer t o  the  surface o f  s i l i c a .  Such a process could f u r t h e r  
i n a c t i v a t e  the  surface by reac t i on  o f  the  s i l a n o l s  as we l l  as p rov ide  
increased r i g i d i t y  t o  the  polymeric s t ruc tu re .  This paper descr ibes a method 
fo r  chemical ly bonding as we l l  as polymeriz ing styrene and div inylbenzene on 
s i l i c a  and then c ross - l i nk ing  the  bonded mate r ia l  by gamma i r r a d i a t i o n .  

However 

The s i l i c a  support used was 10um Lichrosorb (EM Science, Gibbstown, 
N.J.). 
(azobisisobutyronitrile) and d i - te r tbu ty lpe rox ide  (VWR, Sunnyvale, CA) and 
a lky la ry lke tone standards (Pierce Chemical, Rockford, I11  .) were e i t h e r  
reagent grade o r  the  highest p u r i t y  ava i lab le .  A l l  chromatographic solvents 
(American S c i e n t i f i c ,  Santa Clara, CA) were HPLC grade. 
reac t ions  and clean-up procedures were reagent grade. 

Styrene and div inylbenzene monomers (Fluka, Ronkonkoma, N.Y.), A I B N  

Other so lvents  f o r  

METHODS 

Twelve grams o f  s i l i c a  p a r t i c l e s  were dispersed i n t o  60 mL o f  a 3% (w/v) 
so lu t i on  o f  d i - t e r tbu ty lpe rox ide  i n  toluene. 
t o  a 2L Morton f l a s k  equipped w i t h  a paddle blade s t i r r e r .  An add i t i ona l  200 
mL o f  to luene was added t o  the  mixture,  ag i ta ted  and then sparged with argon 
f o r  30 min. Four and one-hal f  mL o f  styrene and 0.15 mL o f  div inylbenzene 
which had been prev ious ly  degassed were then added t o  the  f l a s k  and s t i r r e d  
f o r  20 min ( 7 0 O ) .  A f t e r  4 h a second p o r t i o n  o f  monomer (0.15 mL o f  

The mix tu re  was then t rans fe r red  
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POLYSTYRENE-DIVINYLBENZENE 1573 

div inylbenzene) was added which was fo l lowed a f t e r  15 min. by 0.1 g o f  AIBN. 
A f t e r  reac t i ng  f o r  7.5 h a t  70° t he  product was ex t rac ted  w i t h  a Soxhlet 
apparatus and washed w i t h  50 mL o f  toluene, 100 mL o f  methanol, 100 mL o f  1:l 
methanol/water, and f i n a l l y  100 mL o f  methanol. 
vacuum and then stored i n  a dessicator.  

u t i l i z i n g  h igh  energy x-rays produced by bremsstrahlung, a nondestruct ive 
technique f o r  isotope replacement. The sample was i r r a d i a t e d  a t  a peak energy 
o f  6 Mev w i t h  an x - ray  output measured a t  1500 rads/min a t  1 meter from the  
source. 
uni form i r r a d i a t i o n  and was exposed cont inuously f o r  18 hours. 
o f  t he  exposure was 1.6 megarads. 

s ta in less  s tee l  column by a standard Haskell pneumatic a m p l i f i c a t i o n  pump 
using acetone as the  packing solvent.  A lky la ry lke tone separat ions (9) were 
done a t  35O using 40:60 water-methanol f o r  5 min. fo l lowed by a l i n e a r  
g rad ien t  t o  100% methanol i n  15 min. a t  a f l ow  r a t e  o f  1.5 mL/min. 
s i ze  was 10 p L  o f  0.05% (w/v) o f  each compound i n  75:25 methanol-water. 

Chromatographic experiments were performed on a Var ian 5020 1 i q u i d  
chromatograph equipped w i t h  a UV-100 de tec tor .  Samples were introduced by 
means o f  a Rheodyne (Cotat i ,  CA) 7125 i n j e c t o r  valve. 
obtained i n  the  d i f f u s e  re f lec tance mode (DRIFT) on a Perkin-Elmer Model 1800 
spectrometer. 

The product was d r i e d  under 

The i r r a d i a t i o n  was done by a standard e lec t ron  l i n e a r  acce le ra to r  

The mater ia l  was packed i n  3 two mL t e s t  tubes i n  order t o  ensure 
The t o t a l  dose 

A f t e r  i r r a d i a t i o n ,  the  product was packed i n t o  a 300 x 4 mn i .d .  

The sample 

I R  spectra were 

ESULTS AND DISCUSS10 N 

An i n i t i a l  attempt t o  make chemical ly bonded PS-DVB v i a  a s i n g l e  step 
reac t i on  i n  which c ross- l inked styrene-div inylbenzene was added t o  a hexane 
so lu t i on  o f  dispersed s i l i c a  i n  the  presence o f  AIBN was unsuccessful. 
though bonding o f  the  polymer v i a  f r e e  rad i ca l  a d d i t i o n  might be poss ib le ,  i t  
d i d  no t  occur under these reac t i on  cond i t ions .  Instead the  r e s u l t i n g  product 
analyzed by a DRIFT spectrum contained on ly  ak l y la ted  and no t  aromatic 
mater ia l  bonded t o  the  s i l i c a .  
occurred w i thout  bonding o f  the  polymer t o  s i l i c a .  

reagent (10-13), a second attempt was made using peroxide i n i t i a t i o n .  
process t h e  styrene monomer i s  attached t o  the  surface i n  t h e  presence o f  t- 
buty lperox ide  which forms a polymer rad i ca l .  
mater ia l  through f r e e  r a d i c a l  add i t i on  could occur i n  one o f  two ways. F i r s t  
there  cou ld  be hydrogen abs t rac t ion  which r e s y l t s  i n  a s i l icon-oxygen-carbon. 

Even 

Apparently some type o f  cleavage reac t i on  

Although a poss ib le  a l t e r n a t i v e  might be bonding v i a  an organosi lane 
I n  t h i s  

Actual attachment o f  t he  organic 

-<,I -OH t CH2-CH-R + -$i -0-CH2-CH2-R 
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1574 ABUELAFIYA AND PESEK 

While t h i s  reac t i on  would temporar i l y  c rea te  a bond between t h e  polymer and 
the  s i l i c a  surface, any contact  w i t h  water would q u i c k l y  hydrolyze t h i s  bond. 
Another p o s s i b i l i t y  i s  the  format ion o f  both Si-0. and S i .  r a d i c a l s  on the  
surface. 

Such a mechanism has been shown t o  occur on s i l i c a  (14) i n  t h e  format ion o f  
hydr ides (15,16). 
hydroxyls are geminal. The second step would thFn be 

Very few such attadhments would be necessary t o  form a bond t h a t  would surv ive  
subsequent treatment w i t h  water and permanently f i x  t he  polymer t o  the  
surface. I n  add i t ion ,  a small amount o f  t he  in te rmed ia te  and the  f i n a l  
product ( a f t e r  i r r a d i a t i o n )  were subjected t o  several washings w i t h  THF. 
change i n  the  DRIFT spectra o f  e i t h e r  mater ia l  was observed a f t e r  t h i s  
treatment. Therefore, a range o f  solvents were unable t o  d isp lace  t h e  organic 
mater ia l  from the  surface lend ing  f u r t h e r  support t o  t h e  existence o f  a 
chemical bond between the  polymer s t ruc tu re  and the  s i l i c a  surface. 
polymerizat ion occurs w i t h  the  add i t i on  o f  t he  div inylbenzene and the  f r e e  
rad i ca l  i n i t i a t o r  AIBN. The ove ra l l  process my  be summarized as fo l lows:  

where ST i s  styrene, DVB i s  divinylbenzene, TBP i s  
t -bu ty lperox ide ,  and x >> y. 

which resu l ted  i n  the  format ion o f  rad i ca l s  lead ing  t o  the  f i n a l  c ross- l inked 
mater ia l .  
damage t o  cross-1 inked PS-DVB beads (17). 

process can be monitored by DRIFT spectra. 
regions f o r  these two mater ia ls  are shown i n  Fig. 1. Both t h e  3200 - 
2700 cm-l and the  2100 - 1300 cm-l regions i n d i c a t e  t h a t  t he  i n i t i a l  reac t i on  
was successful and the  i r r a d i a t i o n  procedure then lead  t o  no t iceab le  changes 
i n  t h e  spectrum. Fig.  2 i s  a comparison o f  t h e  spectra o f  t he  f i n a l  product 
t o  c ross- l inked PS-DVB beads. Since the  two spectra a re  v i r t u a l l y  i d e n t i c a l ,  
t he re  i s  no doubt t h a t  t h e  ma te r ia l  on t h e  s i l i c a  i s  c ross- l inked PS-DVB. 

The p o s s i b i l i t y  t h a t  t h e  product i s  no t  bonded t o  the  s i l i c a  bu t  merely 
polymerized around it must be considered. Because t h e  ma te r ia l  was 
ex tens ive ly  washed i n  a number o f  solvents be fore  cross-1 i n k i n g  w i thout  any 
apparent l o s s  o f  organic phase as determined by DRIFT analysis,  it i s  u n l i k e l y  
t h a t  the  i n i t i a l  product was merely adsorbed on the  surface. An examination 
o f  t h e  DRIFT spectrum o f  a c a r e f u l l y  d r i e d  sample (18) shows t h a t  f r e e  s i l a n o l  
s t r e t c h  has been reduced i n  i n t e n s i t y  and s h i f t e d  from 3741 cm-1 t o  3737 cm-1 

I I I I 
-S,i-OH t -!I-OH + -:i-O* + + H20 

This process might be even more favored when the  two 

- S i .  t CH24H-R -S,i-CH2-CH2-R 

No 

Further 

- $ i - O H  t xST t yDVB TBP*AIBN, -Si(ST)x(DVB)y + H20 

This p re l im ina ry  product was then i r r a d i a t e d  

The dose chosen was shown prev ious ly  t o  have caused no r a d i a t i o n  

The r e s u l t s  o f  both the  i n i t i a l  bonding reac t i on  and the  c ross - l i nk ing  
The most important spec t ra l  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYSTYRENE-DIVINY LBENZENE 1575 

POLYMERIC RADIATION PRODUCT 

POLYMERIC RADIATION PRODUCT 

3200 3iso 3100 3050 3000 zsso m o o  2850 2.900 2750 2700 

Cm-1 

FIGURE 1. DRIFT spectra of ini ial reaction product 'and PO ymeric radiation 
product in the 2100 to 1300 cm-! (top) and 3200 to 2700 cm-l spectral regions. 

in both the intermediate and product materials. This result is consistent 
with previous work (la) describing similar changes in the infrared spectrum of 
silica as the number of unbonded SiOH groups diminishes. 

Carbon-hydrogen analysis of the bonded cross-1 inked polymer yielded the 
following results: C - 12.44% and H - 1.31%. The following formula (19) can 
be used to calculate bonded phase coverage(BPC) : 

BPC (umole/m2) - lo6 x %C/[1200Nc - (%C)(H-l)]S 
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POLYSTYRENE-OIVINYLBENZENE POLYMER 

Cm -1 

FIGURE 2. DRIFT spectra o f  cross-linked PS-DVB polymer beads (top) and 
polymerization product on s i l i c a  (bottom). 

where Nc i s  the number o f  carbon atoms, M i s  the molecular weight o f  the 
bonded material, and S i s  the surface area o f  the s i l i c a .  
that  Nc = 10, M = 132, and S - 320 m2/g, then the value obtained from the 
above formula i s  3.75 umole/m2. Such a value would be comparable t o  the best 
values obtained from a C-10 moiety (20) i f  a s ing le cross-l inked u n i t  were 
attached a t  each s i lanol  group. This seems un l i ke l y  so an exact quant i ta t ive 
determination o f  the number o f  reacted s i lanols  i s  not possible f r o m  t h i s  
analysis. However, these resu l t s  suggest that  approximately a monolayer 
coverage occurs. 

Fig. 3 shows a chromatogram f o r  the separation o f  a mixture o f  
alkylarylketones. 
characterizing the retent ion propert ies o f  stat ionary phases (9, 21-23), 
especial ly those that  possess reverse phase character is t ics .  
k' vs. carbon number the usual l i nea r  graph f o r  reverse phase behavior i s  not 
obtained when done i soc ra t i ca l l y .  The r e l a t i v e l y  long retent ion o f  the lower 
members o f  the series i s  probably due t o  strong p i - p i  interactions between the 

I f  i t  i s  assumed 

This homologous series has been shown t o  be useful f o r  

I f  one p lo t s  l og  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYSTYRENE-DIVINYLBENZENE 

1 1 1 1 1 1 1 1 1 1 1 1  

4 6 8 10 12 14 16 18 20 22 24 28 28 

Time (min) 

FIGURE 3. Separation o f  a lky la ry lke tones  on PS-DVB s i l i c a .  
Mobi le phase: 
t o  100% methanol i n  15 min. 
1. acetophenone; 2, propriophenone; 3, butyrophenone; 4, valerophenone; 
5, hexanophenone; 6 ,  octanophenone; 7, decanophenone; 8, laurophenone: 
9, myristophenone. 

40:60 methanol-water f o r  5 min. fo l lowed by a l i n e a r  g rad ien t  

so lu te  and the  s ta t i ona ry  phase. As the  a l k y l  cha in  ge ts  longer  the re  i s  no 
f u r t h e r  increase i n  the  p i - p i  i n t e r a c t i o n  but there  i s  an increase i n  the  
hydrophobic i n te rac t i on .  

I n  conclusion, i t  remains t o  be seen whether a s ta t i ona ry  phase which i s  
a t o t a l l y  organic polymer, o r  a polymer adsorbed on s i l i c a ,  o r  a polymer 
bonded t o  s i l i c a  w i l l  prove t o  be the  most use fu l  chromatographical ly.  It i s  
l i k e l y  t h a t  a l l  th ree  w i l l  have advantages f o r  c e r t a i n  types o f  separat ion 
problems. 
th ree  phases so t h a t  chromatographic e f f i c i e n c y  as we l l  as d u r a b i l i t y ,  solvent 
e f fec ts ,  e t c .  can be evaluated. A more d e t a i l e d  study o f  these f a c t o r s  as 
we l l  as a l t e rna te  bonding methods i s  c u r r e n t l y  underway. 

Such a conclusion must await  a more d e t a i l e d  comparison o f  these 
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