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NON-POROUS SILICA SUPPORTS FOR HIGH 
PERFORMANCE LIQUID CHROMATOGRAPHY 

Larry F. Colwell and Richard A. Hartwick" 
Department of Chemistry 

Ru tgers University 
Piscataway, New Jersey 08854 

ABSTRACT 

The physical and chromatographic proper t ies  of  two types of non- 
porous HPLC support mater ia l s  were examined. Loading c a p a c i t i e s  of 
non-porous supports were about 10 fold l e s s  than of wide-pore g e l s ,  
while t h e i r  physical s t rength  was much grea te r ,  suggesting t h a t  non- 
porous supports could be usefu l  for  polymer separat ions.  Such 
mater ia l s  appeared t o  be l e s s  s u i t a b l e  for  low-molecular-weight 
s o l u t e s ,  except for  fundamental re ten t ion  s t u d i e s ,  where t h e  absence 
of pore s t r u c t u r e  o f f e r s  a less ambiguous support matrix. 

INTRODUCTION 

Small Diameter Solid Spheres a s  HPLC Supports 

It has been suggested t h a t  the  minimum p r a c t i c a l  p a r t i c l e  

diameter f o r  HPLC supports is approximately 2 micrometers (1-5) due 

pr imari ly  t o  the  adverse e f f e c t s  of thermal gradients  r e s u l t i n g  from 

f r i c t i o n a l  heat .  Dewaele and Verzele (6 )  reported t h a t  a t  moderate 

flow-rates, reversed-phase columns packed with 2 um p a r t i c l e s  d i d  not 

demonstrate a loss of e f f ic iency  due t o  thermal e f f e c t s .  However, 
they d i d  note t h a t  the  columns de ter iora ted  unless a s i l i c a  pre- 
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2722 COLWELL AND HARTWICK 

s a t u r a t i o n  column was used .  S u p p o r t  p a r t i c l e  s i z e  h a s  r e c e n t l y  been 

e x t e n d e d  i n t o  t h e  submicron r a n g e  ( 7 )  t h r o u g h  t h e  u s e  of non-porous 

s i l i c a  s p h e r e s .  Such s p h e r e s  ( t y p i c a l l y  c a .  0.2 um d i a m e t e r )  have 

been w i d e l y  used i n  c e r a m i c s  e n g i n e e r i n g  and r e l a t e d  f i e l d s  (8-10) a s  

models  for t h e  s t u d y  of p a c k i n g  s t r u c t u r e  c o m p o s i t e  s t r e n g t h .  Unger 

h a s  r e c e n t l y  r e p o r t e d  t h e  s e p a r a t i o n  of p r o t e i n s  w i t h  a column packed 

w i t h  1.5 um s o l i d  s p h e r e s  (111 ,  t h u s  d e m o n s t r a t i n g  t h a t  p r o t e i n s  can  

be s u c c e s s f u l l y  s e p a r a t e d  w i t h  non-porous s u p p o r t s .  

Smal l  s o l i d  s p h e r e s  s h o u l d ,  i n  t h e o r y ,  be v e r y  a t t r a c t i v e  f o r  

macromolecular  s e p a r a t i o n s .  The v a l u e  of s u c h  s u p p o r t s  for  
macromolecular  s e p a r a t i o n s  l i e s  n o t  so much i n  t h e i r  s m a l l  d i a m e t e r ,  

b u t  r a t h e r  t h e i r  l a c k  o f  p o r e  s t r u c t u r e .  T h e r e  have  been many 

i n v e s t i g a t i o n s  i n t o  t h e  e f f e c t s  of p o r e  s t r u c t u r e  on p r o t e i n  

s e p a r a t i o n s .  The a d v e r s e  e f f e c t  of a r e s t r i c t i v e  p o r o u s  network on 

sample l o a d i n g  (12-17) and r e c o v e r y  ( 1 3 , 1 4 )  have been w e l l  

documented. The development  o f  s u p p o r t s  w i t h  p o r e  d i a m e t e r s  >30 nm 

h a s  g r e a t l y  r e d u c e d  t h i s  problem. However, t h e s e  ffwide-pore,T s u p p o r t s  

a r e  much more f r a g i l e  (18)  t h a n  n a r r o w e r  p o r e  s i l i c a  g e l s ,  making them 

d i f f i c u l t  t o  pack and o p e r a t e .  A d d i t i o n a l l y ,  t h e r e  is  a lways  t h e  

p o s s i b i l i t y  t h a t  s u b - p o p u l a t i o n s  of nar rower  p o r e s  w i l l  be  p r e s e n t  

t h a t  might  a f f e c t  t h e  c h r o m a t o g r a p h i c  p r o p e r t i e s  of t h e  m a t e r i a l .  Non- 
p o r o u s  s u p p o r t s  overcome b o t h  t h e s e  d e f i c i e n c i e s ,  a l b e i t  a t  t h e  p r i c e  

o f  d i m i n i s h e d  l o a d i n g  c a p a c i t i e s .  I n  a d d i t i o n ,  non-porous s u p p o r t s  

p r e s e n t  an i d e a l  s u r f a c e  upon which t o  s t u d y  t h e  fundamenta l  r e t e n t i o n  

mechanisms o f  b o t h  polymers  and low m o l e c u l a r  weight  s o l u t e s ,  s i n c e  

b o t h  t h e  k i n e t i c  and thermodynamic p r o p e r t i e s  of t h e  phase  i n t e r a c t i o n  

i t s e l f  can  be  s t u d i e d  a p a r t  from t h e  e f f e c t s  o f  p o r e  s t r u c t u r e .  

Requi red  P o r e  S i z e s  f o r  P r o t e i n  S e p a r a t i o n s  

I n  t h e  a n a l y s i s  o f  p r o t e i n s ,  t h e  s i z e  o f  t h e  a n a l y t e  molecule  is 
a major  f a c t o r  i n  d e t e r m i n i n g  what t y p e  o f  c h r o m a t o g r a p h i c  s u p p o r t  is 

t o  be  employed. The s u b j e c t  o f  p o r e  s i z e  h a s  l o n g  been a f o c a l  p o i n t  

i n  t h e  d i s c u s s i o n  of t h e  reversed-phase  a n a l y s i s  of p r o t e i n s  (12-17). 

The m o l e c u l a r  d i a m e t e r  of a random c o i l  p r o t e i n  can be e s t i m a t e d  ( i n  
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NON-POROUS SILICA SUPPORTS 2123 

a n g s t r o m s )  a s  a p p r o x i m a t e l y  80% of t h e  s q u a r e  r o o t  o f  its m o l e c u l a r  

w e i g h t  ( 1 9 ) .  G l o b u l a r  p r o t e i n  d i a m e t e r s  can  be  c a l c u l a t e d  from t h e i r  

m o l e c u l a r  w e i g h t  by assuming a c o n s t a n t  s p e c i f i c  volume of 0.73 g/mL 

(20).  T a b l e  1 g i v e s  a comparison o f  t h e  e f f e c t i v e  m o l e c u l a r  d i a m e t e r s  

of b o t h  t y p e s  of p r o t e i n s  as a f u n c t i o n  of m o l e c u l a r  w e i g h t ,  It can 

be s e e n  t h a t  w h i l e  t h e  e s t i m a t e d  d i a m e t e r s  o f  g l o b u l a r  p r o t e i n s  would 

r a r e l y  exceed  150 A for p r o t e i n s  up t o  MW = 1 x l o 6  d a l t o n s ,  t h e  

e f f e c t i v e  d i a m e t e r  o f  t h e  random co i l  p r o t e i n s  can  e c l i p s e  t h e  p o r e  

d i a m e t e r  of most p a c k i n g s  a t  r e l a t i v e l y  low m o l e c u l a r  w e i g h t s .  I n  

c o n t r a s t ,  for s o l i d  s p h e r e s  i f  t h e  n a r r o w e s t  c h a n n e l  is  e s t i m a t e d  a s  

t h e  d i a m e t e r  formed by t h e  o p e n i n g  between s u r f a c e s  of t h r e e  t a n g e n t  

s p h e r e s ,  and assuming t h a t  t h e  c h a n n e l  must be  a t  least  f o u r  times t h e  

d i a m e t e r  of t h e  a n a l y t e ,  a column packed w i t h  2 micron p a r t i c l e s  c o u l d  

be  used  t o  a n a l y z e  random c o i l  p r o t e i n s  up t o  lo6  d a l t o n s .  

A major  concern  i n  t h e  reversed-phased  a n a l y s i s  of p r o t e i n s  is 

t h a t  of poor  sample  r e c o v e r y  t h a t  c a n n o t  be a t t r i b u t e d  t o  s o l v e n t  

d e n a t u r i n g .  Although t h i s  problem is o f t e n  a t t r i b u t e d  t o  n o n - s p e c i f i c  

a d s o r p t i o n ,  t h e  r e s u l t s  of s e v e r a l  s t u d i e s  on t h e  e f f e c t  o f  p o r e  s i z e  

s u g g e s t  t h a t  b o t h  p r o t e i n  r e c o v e r y  (13 .14)  and t h e  sample c a p a c i t y  (12- 

16) improve w i t h  i n c r e a s i n g  p o r e  s i z e .  Given t h a t  t h e  d i s t r i b u t i o n  of 
p o r e  s i z e s  f o r  most p a c k i n g s  is o f t e n  r a t h e r  l a r g e ,  it is p l a u s i b l e  

t h a t  s m a l l  p o r e s  a r e  a t  l e a s t  p a r t i a l l y  r e s p o n s i b l e  for  some of t h e  

r e c o v e r y  prablems t y p i c a l l y  a s s o c i a t e d  w i t h  p r o t e i n s .  

s u g g e s t e d  t h a t  t h e  r e t e n t i o n  mechanism of c e r t a i n  p r o t e i n s  can  i n v o l v e  

a r e v e r s i b l e  s t r u c t u r e  change  ( 2 5 ) ,  where t h e  p r o t e i n  m o l e c u l e s  a r e  

a d s o r b e d  i n  t h e i r  n a t i v e  form,  w h i l e  u n f o l d i n g  a t  t h e  s o l v e n t  s t r e n g t h  

t h a t  c a u s e s  t h e i r  e l u t i o n .  These f a c t s  would s u g g e s t  t h e  p o s s i b i l i t y  

of p r o t e i n s  becoming l l t rappedff  i n  o r g a n i c - r i c h  p o r e s  o f  t h e  f t p r o p e r f f  

d i a m e t e r .  The a v a i l a b i l i t y  of c o m p l e t e l y  non-porous s u p p o r t s  w i t h  

s u r f a c e  c h e m i s t r y  s i m i l a r  t o  e x i s t i n g  g e l s  w i l l  make p o s s i b l e  t h e  

t e s t i n g  o f  s u c h  h y p o t h e s e s .  

It h a s  been 

Diminished Phase R a t i o s  of Non-Porous S p h e r e s  

One of t h e  most o b v i o u s  c o n c e r n s  w i t h  non-porous, o r  from a n o t h e r  

p o i n t  of view,  " i n f i n i t e  p o r e  d i a m e t e r t f  s u p p o r t s ,  is  t h a t  o f  reduced  
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2724 COLWELL AND HARTWICK 

Table 1. Estimated Molecular Diameters for Random Coil and Globular Proteins. 

M.W. 
(daltons) 

10,000 
100,oo 

500,000 
106 

5x106 
107 

Globular Random coil 
Proteins Proteins 
(4 (4 
35 82 
76 252 

130 608 
163 816 
279 1,825 
352 2,580 

surface areas .  Wi th  porous p a r t i c l e s  most of the surface is contained 
w i t h i n  the  p a r t i c l e ,  and is  re la ted  t o  the pore volume (V ), BET 

surface area (SBET) and pore diameter ( d  
P 

pore) by;  

Consequently, there  is l i t t l e  var ia t ion  i n  the  surface area of 
p a r t i c l e s  w i t h  i d e n t i c a l  pore s i z e  and s t r u c t u r e  b u t  d i f fe ren t  

p a r t i c l e  diameters. However, w i t h  non-porous p a r t i c l e s  the  t o t a l  
sur face  area w i t h i n  a column is a function of p a r t i c l e  s i z e .  The 
ca lcu la ted  surface area f o r  0.5 um p a r t i c l e s  with a s p e c i f i c  grav i ty  
of 2.0 Is 6.0 m /g. 

columns of the same reduced length (L/d ) w i l l  have t h e  same t o t a l  
P 

sur face  a rea ,  i . e . ,  a 3.0 cm column packed w i t h  1.0 micron sphe res  

w i l l  have t h e  same surface area a s  a 6 cm column packed w i t h  2 um 

spheres ,  

2 A consequence of  t h i s  re la t ionship  is t h a t  

A comparigon of the  surface area of non-porous spheres w i t h  some 
t y p i c a l  wide-pore supports ( Table 2 ) shows an expected decrease i n  
phase r a t i o  of about 100 fold on a simple weight basis .  T h i s  is  
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NON-POROUS SILICA SUPPORTS 2125 

Table 2. Physical Properties of Solid Spheres and Wide-Pore Supports. 

Silica 

Solid sphere 
Solid sphere  
Solid sphere  

LiChrosorb (100) 
Zorbax (100) 
Zorbax (150) 
Zorbax (300) 

Vydac TP 

Particle 
diameter 

( I 4  

0.5 
1.0 
2.0 
10 
7 
7 
7 

10 

Particle 
shape  

sphr. 
sphr. 
S P h .  
irrg. 
sphr. 
sphr. 
sphr.  
sphr. 

Pore  
diameter 

(4 
N/A 
N/A 
N/A 
100 
100 
150 
300 
330 

Surface Density 
a rea  (g/cm3) 

(m2/€!) 

6.0 2.0 
3.0 2.0 
1.5 2.0 
297 0.36 
139 0.66 
99 0.68 
39 0.72 
02 0.5 

Normalized 
a rea  

(m2/cm3) 

12.0 
6.0 
3.0 
106 
92 
67 
28 
41  

o f f s e t  somewhat by t h e  f a c t  t h a t  t h e  p a r t i c l e  d e n s i t y  o f  t h e  porous 
m a t e r i a l s  is less than 1/2 t h a t  o f  p r e c i p i t a t e d  s i l i c a  spheres. A 3- 
cm X 0.46-cm column packed wi th  1.0 um p a r t i c l e s  would have about  2 m 
o f  t o t a l  s u r f a c e  a r e a ,  w h i l e  t h e  same column packed w i t h  Zorbax 300 A 

suppor t  would c o n t a i n  7.2 m2 o f  s u r f a c e .  A m@re r e a l i s t i c  comparison 
t o  a 25-cm column y i e l d s  a 30 f o l d  d i f f e r e n c e .  Data w i l l  be shown i n  
t h e  p r e s e n t  work t h a t  suppor t  t h e  obse rva t ion  t h a t  a loacling c a p a c i t y  
r educ t ion  o f  between 10-50 f o l d  is t o  be  expec ted  when us ing  smal l  
d i ame te r  non-porous sphe res .  Th i s  w i l l  l i m i t  t h e  u s e f u l n e s s  o f  non- 
porous  t o  a n a l y t i c a l  a n a l y s e s  and sma l l  s c a l e  i s o l a t i o n s .  

2 

S y n t h e s i s  of Small  Diameter P r e c i p i t a t e d  S i l i c a  Spheres  

The procedures  f o r  producing s i l i c a  spheres i n  t h e  low um range  
was developed i n  t h e  l a t e  1960's. In 1968, S tobe r  e t  a l .  (21) 
presen ted  a d e t a i l e d  account  of a set o f  r e a c t i o n s  producing s p h e r i c a l  
p a r t i c l e s  w i t h  d i ame te r s  t h a t  ranged from l e s s  t han  0.05 um t o  2.0 

urn. While t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  were very  narrow a t  t h e  

v e r y  smal l  diameters, the  d i s t r i b u t i o n s  inc reased  s u b s t a n t i a l l y  a t  t h e  

l a r g e r  diameters, ( i . e . ,  > l  um). The p a r t i c l e s  were syn thes i zed  v i a  
t h e  h y d r o l y s i s  o f  a l k y l  s i l icates  and the subsequent condensa t ion  bf 
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2726 COLWELL AND HARTWICK 

s i l i c i c  a c i d  i n  a l c o h o l i c  s o l u t i o n s .  Ammonia concen t r a t ion  was used 

( e m p i r i c a l l y )  t o  c o n t r o l  t h e  s i z e  and shape o f  t h e  p a r t i c l e s .  

The purpose o f  our i n v e s t i g a t i o n  was t o  prepare  two types  o f  non- 

porous s u p p o r t s ,  and t o  examine t h e i r  chromatographic p r o p e r t i e s  i n  

r e l a t i o n  t o  porous s i l i c a  suppor t s .  The f i r s t  type  o f  non-porous 

suppor t  made was t h a t  o f  S tobe r  (21 )  and Unger ( l l ) ,  which were 

syn thes i zed  de novo i n  t h e  range  o f  0.2 t o  c a .  1.5 um i n  d iameter .  

D i f f i c u l t i e s  i n  t h e  s y n t h e s i s  o f  sphe res  l a r g e r  than  2 um l e a d  u s  t o  a 

second procedure ,  which was t h e  product ion  o f  s o l i d  sphe res  from 

conven t iona l  porous s i l i c a  suppor t s .  This  was accomplished by 

p r e c i p i t a t i n g  s i l i c a  wi th in  t h e  po res  o f  t h e  convent iona l  porous 

s i l i c a  p a r t i c l e s  u n t i l  t h e  s u r f a c e  o f  t h e  p a r t i c l e  was comple te ly  

sea l ed .  Unlike t h e  S tobe r  p rocess  which is r e s t r i c t e d  t o  t h e  low 

micrometer r ange ,  t h e  "pore plugging" technology can produce non- 

porous p a r t i c l e s  o f  any s i z e  i n  which porous s i l i c a  is a v a i l a b l e .  The 

r e s u l t i n g  non-porous m a t e r i a l  w i l l  have e s s e n t i a l l y  t h e  same p a r t i c l e  

s i z e  d i s t r i b u t i o n  a s  t h e  pa ren t  g e l ,  wi th  t h e  mean d iameter  s h i f t e d  

upwards some smal l  amount. 

EXPERIMENTAL 

Reagents and Ins t rumen ta t ion  

T e t r a e t h y l  o r tho - s i l ane ,  n-amyl a l coho l  and r eagen t  grade  

ammonium hydroxide were obta ined  from F i she r  S c i e n t i f i c .  T e t r a  n- 

b u t y l  o r t h o - s i l a n e ,  t e t r a c h l o r o s i l a n e ,  t r i m e t h y l c h l o r o s i l a n e ,  

dimethyloctylchlorosilane and dimethyloctadecylchlorosilane were a l l  

ob ta ined  from P e t r a r c h  Chemicals. Baker HPLC-grade methanol and 

e l ec t ro -g rade  i sop ropano l  were purchased through Ace S c i e n t i f i c .  

T r i f l u o r o a c e t i c  ac id  was obta ined  from Aldr ich  Chemical Company. The 

s i l i c a  suppor t  used f o r  pore  p lugging  was 10 urn Spher i so rb  (Phase 

S e p a r a t i o n s ,  Norwalk, CT 06854). Licrospher  S i  300 was obta ined  from 

EM Labora to r i e s  Inc., Elmsford,  NY. Whatman P/300 was donated by 

Whatman Inc . ,  C l i f t o n ,  NJ. 
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NON-POROUS SILICA SUPPORTS 2127 

Ammoniacal a l c o h o l  s o l u t i o n s  were p r e p a r e d  by b u b b l i n g  ammonia g a s  

from a t a n k  t h r o u g h  t h e  a l c o h o l  a t  0 OC.  

was d e t e r m i n e d  by t i t r a t i o n  w i t h  1 N h y d r o c h l o r i c  a c i d .  

The ammonia c o n c e n t r a t i o n  

G r a d i e n t  HPLC a n a l y s e s  were performed w i t h  e i t h e r  a Hewle t t  

Packard  1084B ( H e w l i t t  Packard ,  P a l o  A l t o ,  CA 94304)  o r  a Var ian  5560 

( V a r i a n  A s s o c i a t e s ,  I n c . ,  P a l o  A l t o ,  CA 94303)  l i q u i d  chromatograph .  

S y n t h e s i s  of S o l i d  S i l i c a  S p h e r e s  

S i l i c a  s p h e r e s  were s y n t h e s i z e d  f o l l o w i n g  t h e  p r o c e d u r e  o u t l i n e d  

b y  S t o b e r  ( 2 1 ) .  A f t e r  t h e y  were i s o l a t e d  from a r e a c t i o n ,  p a r t i c l e s  

were resuspended  twice i n  methanol ,  t w i c e  i n  w a t e r ,  t h e n  n e u t r a l i z e d  

t o  pH 2.0 w i t h  h y d r o c h l o r i c  a c i d ,  washed twice more i n  w a t e r  and 

methanol ,  suspended i n  d i c h l o r o m e t h a n e  and r e s e t t l e d .  The 

d i c h l o r o m e t h a n e  was d e c a n t e d  and t h e  p a r t i c l e s  were a i r  d r i e d  and 

p l a c e d  i n  a 110 C oven for 16 h o u r s .  0 

S y n t h e s i s  of Plugged Pore Particles 

Plugged-pore s u p p o r t s  were p r e p a r e d  f o l l o w i n g  t h e  p r e v i o u s l y  

o u t l i n e d  p r o c e d u r e  ( 2 2 ) .  Pore volume d a t a  s u p p l i e d  by t h e  

m a n u f a c t u r e r  was used  t o  d e t e r m i n e  t h e  q u a n t i t y  of t e t r a e t h y l  o r t h o -  

s i l a n e  ( TEOS ) r e q u i r e d  t o  p r e c i p i t a t e  a volume of s i l i c a  j u s t  

s u f f i c i e n t  t o  f i l l  t h e  p o r e s .  A volume of n e a t  TEOS was mixed i n t o  

t h e  s i l i c a  which was j u s t  e q u a l  t o  t h e  p o r e  volume, b u t  which was 

u s u a l l y  less t h a n  h a l f  o f  t h e  t o t a l  TEOS r e q u i r e d  f o r  t o t a l  p o r e  

p l u g g i n g .  The p a r t i c l e s  were t h e n  suspended i n  a s o l u t i o n  t h a t  was 1 

p a r t  ammonium h y d r o x i d e  and 4 p a r t s  3:l i sopropano1:methanol .  The 

s u s p e n s i o n  was s t i r r e d  a t  room t e m p e r a t u r e  w i t h  a p a d d l e  s t i r rer .  
After 24 h r ,  t h e  r e m a i n i n g  TEOS was added a t  a r a t e  o f  2 mL e v e r y  12 

h r  When t h e  r e a c t i o n s  were comple ted ,  t h e  s t i r r e r  was s t o p p e d  and t h e  

p a r t i c l e s  were a l l o w e d  t o  s e t t l e .  The p a r t i c l e s  were t h e n  p r o c e s s e d  

i n  t h e  same manner a s  t h e  m i c r o s p h e r e s .  
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2128 COLWELL AND HARTWICK 

S t a t i o n a r y  Phase  Bonding and Column P a c k i n g  

A l l  of t h e  bonding was per formed u s i n g  t h e  method developed  by 

The s i l i c a  was a c t i v a t e d  b y  d r y i n g  i n  a 12OoC oven Berendsen  (23).  

for  24 h o u r s .  J u s t  p r i o r  t o  bonding ,  t h e  s i l i ca  was p l a c e d  i n  a 

microwave oven for  30 min a t  t h e  h i g h  s e t t i n g .  The d r i e d  s i l i c a  was 

r e a c t e d  w i t h  a m o n o c h l o r o s i l a n e  i n  d r y  t o l u e n e  u s i n g  p y r i d i n e  a s  an 

HC1-scavenging c a t a l y s t .  The r e a c t i o n  was s t i r r e d  a t  80 C for a 

p e r i o d  o f  16 h o u r s .  The bonded p a r t i c l e s  were t h e n  washed w i t h  

t o l u e n e ,  methylene  c h l o r i d e ,  m e t h a n o l ,  50 Z methanol /water ,  methanol ,  

rnethylene c h l o r i d e  and d r i e d  a t  110 OC. 

used  t o  measure  t h e  amount of bonded t r i m e t h y l s i l a n e .  

0 

Gas chromatography (24)  was 

A l l  columns w i t h  10 um p o r o u s  p a r t i c l e s  were packed upward a t  

8 000 p s i g  from a s t i r r e d  r e s e r v o i r  u s i n g  c h l o r o f o r m  a s  t h e  s l u r r y  

s o l v e n t  and methanol  a s  t h e  c h a r g i n g  f l u i d .  The s o l i d  s p h e r e  

p a r t i c l e s  were packed downward a t  13 000 p s i g  u s i n g  a 50-cm l e n g t h  of 

h i g h - p r e s s u r e  t u b i n g  a s  t h e  r e s e r v o i r .  

An a t t e m p t  t o  pack t h e  10 um Si-300 a t  5000 p s i g  w i t h  a c o n s t a n t  

p r e s s u r e  pump r e s u l t e d  i n  c r u s h e d  p a r t i c l e s ,  a s  e v i d e n c e d  b y  a h i g h  

b a c k - p r e s s u r e .  A second column was t h e n  packed u s i n g  a Waters  M- 

6000. The pump was run  a t  10 mL/min u n t i l  t h e  p r e s s u r e  r e a c h e d  4 000 

p s i g ,  t h e n  t h e  flow was g r a d u a l l y  reduced  t o  m a i n t a i n  a c o n s t a n t  

p r e s s u r e .  The Si-500 and Si-1000 s u p p o r t s  were a l s o  packed u s i n g  t h i s  

p r o c e d u r e .  

Chromatography 

G r a d i e n t  a n a l y s e s  o f  t h e  t es t  p r o t e i n s  were performed a t  ambient  

w i t h  a l i n e a r  g r a d i e n t  run  from 0-60% of s o l v e n t  B w i t h  a s l o p e  of 2% 

B p e r  mL o f  m o b i l e  phase .  

t r i f l u o r o a c e t i c  a c i d  i n  d i s t i l l e d  w a t e r .  S o l v e n t  B was n e a t  

i s o p r o p a n o l .  The r u n  time was a d j u s t e d  t o  m a i n t a i n  t h e  same g r a d i e n t  

s l o p e  a t  d i f f e r e n t  flow r a t e s .  S t a n d a r d s  were p r e p a r e d  by d i s s o l v i n g  

a weighed amount i n  s o l v e n t  A. 

S o l v e n t  A c o n s i s t e d  of 0.1% 
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NON-POROUS SILICA SUPPORTS 2129 

RESULTS AND DISCUSSION 

Silica Spheres Synthesis 

The reactions described in the Experimental section produced 

spheres of uniform size, as illustrated in the photomicrograph shown 
in Figure 1. Depending upon batch conditions, particles between ca. 
0.2 to 1.5 um could be grown. Particles up to 1.5 um were made by 
reacting tetrabutoxy ortho-silane (TBOS) in 3:l  isopropano1:methanol 
that was 4.5 M water and 4.6 M ammonia. 

Particles in the range between 0.2-0.4 um were narrowly dispersed 
in diameter, with a relative standard deviation (RSD)  averaging about 

Figure 1: Scanning electron micrograph of 0.2 micrometer non-porous micro- 
spheres produced by the Stober process (21) .  
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2730 COLWELL AND HARTWICK 

10%. The XRSD of p a r t i c l e s  i n  t h e  range  of 1 um inc reased  t o  an 

average  o f  about  25%. In g e n e r a l ,  it was found t h a t  t h e  p a r t i c l e - s i z e  

d i s t r i b u t i o n  inc reased  s i g n i f i c a n t l y  wi th  i n c r e a s i n g  p a r t i c l e  

d i ame te r ,  a s i t u a t i o n  a l s o  observed by S tobe r  (21)  i n  h i s  o r i g i n a l  

work. The a c t u a l  p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  m a t e r i a l s  

produced by Unger (35) were no t  r e p o r t e d ,  however examination o f  t h e  

e l e c t r o n  micrographs publ i shed  i n d i c a t e  p a r t i c l e  d i s t r i b u t i o n s  s i m i l a r  

i n  magnitude t o  t h o s e  observed he re .  

P a r t i c l e  S i z e  Determination 

The low d i s p e r s i o n  and s p h e r i c a l  n a t u r e  o f  t h e s e  s o l i d  p a r t i c l e s  

makes them i d e a l  f o r  s i z e  a n a l y s i s  by sed imen ta t ion .  A comparison o f  

p a r t i c l e  d i ame te r s  ob ta ined  by sed imenta t ion  wi th  scanning  e l e c t r o n  

microscopy (SEMI and Gala i  CIS-1 d a t a  (Table  3)  shows good agreement 

among t h e  t h r e e  techniques .  The d i ame te r s  measured by sed imenta t ion  

were s l i g h t l y  lower ( ca .  l o % ) ,  p robably  due t o  t h e  b i a s  in t roduced  by 

measuring t h e  f a l l  v e l o c i t y  a t  t h e  upper v is ib le -edge  o f  t h e  band 

r a t h e r  t han  a t  t h e  c e n t e r .  

S u r f a c e  Area Measurement 

The use  o f  TMS bonding f o r  sur face-area  e s t i m a t e s  was v a l i d a t e d  

by c a l i b r a t i o n  o f  s e v e r a l  ba t ches  o f  p r e c i p i t a t e d  s i l i c a  sphe res  

a g a i n s t  t h e  n i t r o g e n  BET method. 

assuming a s t e r i c a l l y - l i m i t e d  coverage o f  4 micromoles/m2 f o r  t h e  

bonded TMS molecules ( 2 3 ) .  Gas chromatography (24) was used t o  

de te rmine  t h e  amount o f  TMS bonded. The average  a r e a  of t h r e e  

d i f f e r e n t  porous g e l  samples,  each  analyzed i n  d u p l i c a t e  by t h e  TMS 
2 2 a n a l y s i s  was 208 +/- 5 m /g vs .  202 +/- 6 m /g f o r  t h e  n i t r o g e n  BET 

measurements. S i m i l a r  comparisons f o r  ba t ches  o f  t h e  plugged-pore 

m a t e r i a l s  y i e l d e d  3 m /g for  t h e  n i t r o g e n  BET and 1 m /g for t h e  TMS 
bonding. 

The s u r f a c e  a r e a  was e s t ima ted  by 

2 2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



NON-POROUS SILICA SUPPORTS 2731 

Table 3. Comparison of Particle Diameters obtained by Sedimentation 
with SEM and Galai CIS-1 Results. 

Particle Size (microns) 

Sample SEM CIS-1 Sedimentation 

44-15-0 
44-15-1 
44-20-0 
59-18-1 
59-23-3 
59-24-0 
59-29-2 
59-33-1 

0.9 1.1 
0.9 1.1 
0.9 1.0 

1.2 
1.4 
1.6 
1.1 
1.5 

* 

* 
* 

0.8 
0.8 
0.8 
1.0 
1.3 
1.4 
1.0 
1.3 

Protein Separations 

A primary appl icat ion of non-porous supports is i n  the  separat ion 

of macromolecules. The gradient  separat ion of  three protein standards 

(Figure 2) on a C 

re ten t ion  values comparable t o  a column packed with a porous support 

of 30 nm mean pore diameter. Even though the  1.5 urn p a r t i c l e  column 

was e i g h t  times shor te r  with a t o t a l  of f i f t y  times l e s s  surface a rea ,  

the  re ten t ion  values were not s i g n i f i c a n t l y  d i f f e r e n t .  The f a c t  t h a t  

the  sur face  area of the  support appears t o  have l i t t l e  e f f e c t  on the  

separat ion is  cons is ten t  with the  f a c t  t h a t  p ro te ins ,  and other  

s t rongly  adsorbed macromolecules, tend t o  move qui te  slowly u n d e r  

i s o c r a t i c  condi t ions,  b u t  then e l u t e  w i t h  a subs tan t ia l  veloci ty  

(k'<:2) over a small change i n  mobile phase composition. This 

suggests  t h a t  the e lu t ion  of pro te ins  may be more of a solvent-driven 

phenomenon, a s  suggested by Sadler e t  a l .  (25). Armstrong has 

reported s imi la r  behavior for t h e  non-aqueous separat ion of 

polystyrene (26-28). Others have argued t h a t  c r i t i c a l  adsorption 

theory is not necessary t o  describe the  retent ion of macromolecules 

( 2 9 . 3 0 ) .  A mult i -s i te  adsorption mechanism (31)  has a l s o  been 

proposed t o  account f o r  the  nearly "on-off" re ten t ion  behavior of 

p ro te ins  t y p i c a l l y  observed under reversed-phase conditions. 

phase bonded t o  1.5 um so l id  spheres yielded 18 
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B 

B B 

COLWELL AND HARTWICK 

3.0 cm Column 
1.6 p ODS-Solid Spheres 

16 em Column 
10 p 300A Porous Particles 

r 1 1 t 

0 10 20 30 

Figure 2: Comparison o f  a e q u i v a l e n t  g r a d i e n t  s e p a r a t i o n s  o f  p r o t e i n  s t a n d a r d s  
w i t h  a 3.0 x 0.46 cm column packed w i t h  a 1.5 micron non-porous s u p p o r t  (C18 
s t a t i o n a r y  p h a s e ) ,  upper  f i g u r e ,  and a 15 x 0.46 cm column packed w i t h  10 um 
P a r t i s i l ,  p o r e  d i a m e t e r  30 nm, a l s o  bonded w i t h  C under  i d e n t i c a l  
c o n d i t i o n s .  R = R i b o n u c l e a s e  A; B = Bovine SerumlWlbumin; C = Chymotrysogenin. 
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Table 4. Effect of Column Length and Particle Size on Protein Retention. 

Column 
Length 

(cm) 

25 
15 
15 
10 
4 
3 
3 
1 

Support 

PP-ODS 
300 A-ODs 

80 A-ODs 

300 d-ODs 

PP-ODS 

SS-ODS 

SS-ODS 
SS-ODS 

Particle 
Size 
(4 
10 
10 
10 
3 
3 
10 
1.5 
0.6 

Retention Volume (mL ) 

RNASE BSA CHYM 

13.0 18.8 27.7 
14.6 21.3 22.2 
11.7 18.0 20.0 
16.5 21.0 26.0 
10.1 15.9 19.6 
10.4 13.8 14.7 
14.9 17.8 20.0 
10.3 14.1 16.0 

Gradient Conditions: 0-60% B; 2% B m1-I;  A =  0.1% TFA/HzO; B= 2-PrOH; 

RNASE= Ribonuclease A;  

PP= Plugged Pore Support; SS= Solid Spheres. 

BSA= Bovine Serum Albumin; CHYM= Chymotrypsogenin A ;  

A comparison of the  r e s u l t s  obtained with columns of various 

lengths  packed with p a r t i c l e s  ranging from 0.6 t o  10 urn was performed 

under constant  chromatographic condi t ions.  The r e s u l t s  (Table 4 )  

suggest t h a t  ne i ther  column length o r  t o t a l  ln t ra -par t ic le  surface 

area a re  highly s i g n i f i c a n t  f a c t o r s  i n  the  re ten t ion  of pro te ins  

separated by reversed-phase gradient  e lu t ion  chromatography. This 

behavior is  a l s o  cons is ten t  with the  previous observation t h a t  the 

re ten t ion  of pro te ins  seems t o  be la rge ly  a function of the 

composition of the mobile phase. 

Determination of column e f f i c i e n c i e s ,  espec ia l ly  f o r  protein 

separa t ions ,  proved t o  be  f u t i l e .  Reliable data  f o r  low molecular 

weight t e s t  s o l u t e s  were d i f f i c u l t  t o  obtain,  and were not always a 

r e l i a b l e  ind ica tor  of column ef f ic iency  f o r  protein separat ions.  I n  

addi t ion ,  s ince we were deal ing with several  new mater ia ls ,  it could 
not be determined i f  columns which performed poorly d i d  so because of 

pow packing techniques, o r  because of i n t r i n s i c  performance 
proper t ies .  Further de ta i led  inves t iga t ions  remain underway t o  s t u d y  

t h e  i n t r i n s i c  e f f ic iency  proper t ies  of the non-porous mater ia l s  

developed here. 
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2734 COLWELL AND HARTWICK 

S i n c e  p r o t e i n  s e p a r a t i o n s  must  b e  performed w i t h  g r a d i e n t  

e l u t i o n ,  o n l y  q u a l i t a t i v e  e v a l u a t i o n s  o f  t h e  o v e r a l l  per formance  of 
non-porous s p h e r e s  c o u l d  be o b t a i n e d .  Once t h e  p r o p e r  p a c k i n g  

p r o c e d u r e s  for s m a l l  d i a m e t e r  s o l i d s  were d e t e r m i n e d ,  r e a s o n a b l y  good 

g r a d i e n t  s e p a r a t i o n s  o f  p r o t e i n s  c o u l d  be o b t a i n e d .  For  example,  a 1- 

cm column packed w i t h  0.6 urn s o l i d  s p h e r e s  produced s e p a r a t i o n s  of  

b e t t e r  r e s o l u t i o n  t h a n  a 3-cm column c o n t a i n i n g  10 um d i a m e t e r  

p a r t i c l e s  o f  30 nm p o r e  d i a m e t e r  ( F i g u r e  3, T a b l e  5 ) .  These d a t a  

s u g g e s t  t h a t  s h o r t  columns packed w i t h  s m a l l  p a r t i c l e s  a r e  c a p a b l e  o f  

a c h i e v i n g  g r a d i e n t  e l u t i o n  p r o t e i n  s e p a r a t i o n s  a s  well a s  c o n v e n t i o n a l  

columns.  S i n c e  t h e  peak volumes o f  t h e  s h o r t  columns a r e  s m a l l e r ,  

t h e y  may be  p r e f e r r e d  for  i s o l a t i o n s  where s m a l l  amounts  of p r o t e i n  

a r e  i n v o l v e d .  

E f f e c t i v e  S u r f a c e  Area of Porous  and Non-porous S u p p o r t s  

S y s t e m a t i c  s t u d i e s  were c o n d u c t e d  t o  compare t h e  r e t e n t i o n  of 

b o v i n e  serum albumin (BSA) on s u p p o r t s  of v a r i o u s  p o r e  s i z e s .  A 

s e r i e s  of 15-cm x 4.6-mm columns was packed w i t h  10 um s u p p o r t s  of 

v a r i o u s  p o r e  s i z e s ,  a l l  bonded i n  t h e  same manner w i t h  m o n o f u n c t i o n a l  

C s i l a n e .  The p h a s e s  were c a r e f u l l y  a n a l y z e d  for  bonded p h a s e  

c o v e r a g e .  

nm t o  100 nm ( T a b l e  6 ) .  

a 
The s u p p o r t s  c o v e r e d  a r a n g e  of p o r e  s i z e s  d i a m e t e r s  from 6 

The r e t e n t i o n  of BSA was found t o  be l a r g e l y  i n d e p e n d e n t  o f  t h e  

s u r f a c e  a r e a  of t h e  s u p p o r t .  A t  38% a c e t o n i t r i l e / w a t e r ,  BSA e l u t e d  

u n r e t a i n e d  from a l l  o f  t h e  columns. A t  37% a c e t o n i t r i l e / w a t e r ,  no 

e l u t i o n  was o b s e r v e d  for t i m e s  o f  o v e r  1 hour .  S i m i l a r  o b s e r v a t i o n s  

were made by 

d e s o r p t i o n  i s o t h e r m  o f  human serum albumin on s u r f a c e s  t h a t  d i f f e r e d  

w i t h  r e s p e c t  t o  e l e c t r i c a l  c h a r g e  and h y d r o p h o b i c i t y .  

Norde e t  a l .  (32). who s t u d i e d  t h e  a d s o r p t i o n  and 

T h e r e  was one d i f f e r e n c e  o b s e r v e d  i n  t h e  chromatography o b t a i n e d  

w i t h  t h e  v a r i o u s  s u p p o r t s .  

below 50 nm produced s p l i t  peaks .  

e x t r a p a r t i c l e  vo id  volume w h i l e  t h e  second peak e l u t e d  closer t o  tM. 

A t  38% a c e t o n i t r i l e ,  s u p p o r t s  w i t h  p o r e s  

The l e a d i n g  peak e l u t e d  i n  t h e  
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B 
B 

3 cm Column 
10 p SOOA ODs- Porous Particles 

B 

1.0 cm Column 
0.6 p ODs-Solid Spheres 

r I I 1 

0 10 20 30 

Figure  3: 
column packed wi th  10 um, 30 nm pore  d iameter  C P a r t i s i l  (upper chromatogram) 
compared t o  a 1.0 x 0.46 cm column packed wi th  1.5 micron non-porous C, bonded 
suppor t .  

Gradien t  s e p a r a t i o n s  o f  p r o t e i n  s t a n d a r d s  wi th  a 3.0 x 0.46 cm 

R = Ribonuclease A; B = Bovine Serum Albumin; C I Chymotrysoienin. 
8 
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2736 COLWELL AND HARTWICK 

Table 5. Effect of Column Length and Particle Size on Protein Resolution. 

Column Support Particle Retention Volume (mL 1 
Length Size 

(em) ( P 4  RNASE BSA RESOLUTION 

25 PP-ODS 10 13.0 18.8 2.84 

15 300 A-ODs 10 14.6 21.3 3.04 
3 300 A-ODs 10 10.4 13.8 1.42 
3 SS-ODS 1.5 14.9 17.8 3.55 
1 SS-ODS 0.6 10.3 14.1 4.8 

10 8OA-ODS 3 16.5 21.0 1.20 

Gradient Conditions: 0-60010 B; 2% B rn1-I ;  A =  0.1% TFA/H2O;  B= 2-PrOH; RNASE= Ribonurlease A ;  

B S A =  Bovine Serum Albumin; PP= Plugged Pore Support;  SS: Solid Spheres 

Table 6. Physical Data of Supports Used In Isocratic BSA Study. 

SUPPORT PORE SURFACE SURFACE AREA 
SIZE AREA PERCOLUMN 
( A )  (m2 g - l )  (m2 1 

Lichrosorb SI-60 60 398 623 
Lichrospher SI-100 100 266 313 
Lichrospher SI-500 500 59 68 

Vydac TP 330 82 192 
1.5p Solid Spheres NA 3 1.5 

Lichrospher SI-1000 1000 32 49 

Although it would seem t h a t  some type of k i n e t i c  process must be 

involved f o r  t h i s  t o  occur, we are  present ly  a t  a l o s t  t o  explain t h i s  

phenomenon. I t  is however produced by the  pore network, s ince nei ther  
t h e  very l a r g e  pore supports nor the non-porous supports exhibited 
t h i s  type of behavior. 
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NON-POROUS SILICA SUPPORTS 2131 

D e n a t u r a t i o n  o f  BSA P r o t e i n  on Reversed-Phase S u r f a c e s  

Upon o b s e r v i n g  t h e  " c r i t i c a l "  t y p e  r e t e n t i o n  b e h a v i o r  of BSA on 

a l l  o f  t h e  reversed-phase  columns,  we were c u r i o u s  i f  any long-term 

s t r u c t u r a l  c h a n g e s  might  have  o c c u r r e d  t o  t h e  p r o t e i n  a s  a r e s u l t  o f  

h a v i n g  been adsorbed  t o  t h e  s u r f a c e .  We a l s o  wished t o  d e t e r m i n e  i f  

any  s u c h  s t r u c t u r a l  c h a n g e s  c o u l d  be a s s o c i a t e d  w i t h  d i f f e r e n c e s  i n  

s u p p o r t  p o r e  s t r u c t u r e .  

The U V - V i s  s p e c t r u m  of BSA was used a s  an i n d i c a t o r  o f  s t r u c t u r a l  

c h a n g e s .  S p e c t r a  of BSA were t a k e n  w i t h  a d i o d e - a r r a y  d e t e c t o r  u n d e r  

two c o n d i t i o n s .  I n  t h e  f i r s t ,  BSA was i n j e c t e d  i n t o  a mobi le  p h a s e  of 
40% a c e t o n i t r i l e ,  where no a d s o r p t i o n  t o  t h e  s t a t i o n a r y  p h a s e  was 

presumed t o  have  o c c u r r e d .  These s p e c t r a  were compared t o  t h o s e  o f  

BSA i n j e c t e d  i n t o  37% a c e t o n i t r i l e ,  fo l lowed by e l u t i o n  w i t h  40% 

a c e t o n i t r i l e .  S i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  s p e c t r u m  o f  BSA was 

c o n s i s t e n t l y  o b s e r v e d  w i t h  t h i s  e x p e r i m e n t .  T y p i c a l l y ,  t h e  W 

s p e c t r u m  of  t h e  peak t h a t  was r e t a i n e d  and t h e n  e l u t e d  e x h i b i t e d  a 

much s t r o n g e r  a b s o r p t i o n  band a t  280 nm ( F i g u r e  41, w i t h  a 

hypsochromic  s h i f t  o f  a b o u t  4 nm i n  its a b s o r p t i o n  maximum. No 
a t t e m p t  was made t o  d e t e r m i n e  i f  t h e  BSA c o u l d  be mel ted  back t o  i ts  

o r i g i n a l  c o n f i g u r a t i o n ,  o r  how l o n g  s u c h  m e l t i n g  would t a k e  i f  it d i d  
o c c u r .  

T h i s  e x p e r i m e n t  i n d i c a t e d  t h a t  BSA e l u t i n g  a t  40% a c e t o n i t r i l e  

had n o t  i n t e r a c t e d  w i t h  t h e  s t a t i o n a r y  phase  i n  s u c h  a manner as t o  

p r o d u c e  t h e  long- l ived  s p e c t r a l  changes  b e i n g  m o n i t o r e d .  T h i s  i m p l i e s  

t h a t  on t h e  a v e r a g e ,  few BSA m o l e c u l e s  had adsorbed/desorbed  t o  t h e  

s u r f a c e  u n d e r  t h e s e  c o n d i t i o n s ,  and t h a t  t h e  s t a t i s t i c a l  r a t i o  of 

m o l e c u l e s  i n  the a d s o r b e d / d e s o r b e d  s t a t e  must  have  approached 0,  or a t  

l e a s t  was below t h e  d e t e c t i o n  l i m i t  o f  o u r  o b s e r v a t i o n s .  F u r t h e r m o r e ,  

t h i s  r a t i o  changed from some l a r g e  f r a c t i o n ,  which we c o u l d  n o t  

measure ,  t o  a v e r y  s m a l l  f r a c t i o n  a p p r o a c h i n g  0, w i t h i n  less t h a n  a 1% 

change  i n  m o b i l e  p h a s e ,  which we f e l t  r e p r e s e n t e d  a b o u t  t h e  lowest 
r e l i a b l e  change  i n  mobi le  p h a s e  t h a t  we c o u l d  r e a d i l y  moni tor .  Such 
o b s e r v a t i o n s ,  w h i l e  n o t  d e f i n i t i v e ,  would a r g u e  a g a i n s t  a narmal  

r e t e n t i o n  mechanism based  on p r o b a b i l i t y  d i s t r i b u t i o n s ,  b u t  would be 

c o n s i s t e n t  w i t h  a c r i t i c a l  s o l u b i l i t y  phenomenon. 
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2138 COLWELL AND HARTWICK 

.. . 
---..BSA injected at 40% CH3CN 

I 
I / ’.. \ - BSA retoined. then eluted at 40% CH--CN 

Figure 4: Diode-array UV-spectrum o f  r e t a i n e d  and non-re ta ined  BSA peak u s i n g  

8 a 30 nm porous  s u p p o r t ,  showing p r o t e i n  s t r u c t u r a l  a f t e r  a d s o r p t i o n  on t h e  C 
bonded s u r f a c e .  S i m i l a r  s p e c t r a l  s h i f t s  were o b s e r v e d  on b o t h  t h e  porous  and 
non-porous s u p p o r t s ,  i n d i c a t i n g  t h a t  s u r f a c e  h y d r o p h o b i c i t y ,  r a t h e r  t h a n  p o r e  
s t r u c t u r e ,  was r e s p o n s i b l e  f o r  t h e  d e n a t u r a t i o n .  

It was found t h a t  l i t t l e  or no  d i f f e r e n c e  i n  s p e c t r a l  changes  

c o u l d  b e  a t t r i b u t e d  t o  p o r e  s t r u c t u r e ,  or l a c k  t h e r e o f ,  w i t h  p o r o u s  

and non-porous s u p p o r t s  w i t h  C bonded p h a s e s  p r o d u c i n g  s i m i l a r  

s p e c t r a l  s h i f t s .  S e v e r a l  a u t h o r s  have r e p o r t e d  s i m i l a r  d e n a t u r a t i o n  

of p r o t e i n s  d u r i n g  t h e  a d s o r p t i o n  p r o c e s s  (32-34). Through t h e  u s e  of 

c i r c u l a r  d i c h r o i s m ,  Norde e t  a l .  ( 3 2 )  found a 20% loss o f  a l p h a  h e l i x  

c o n t e n t  of d e s o r b e d  serum albumin.  The d e g r e e  of h e l i x  loss was 

i n d e p e n d e n t  o f  t h e  method of d e s o r p t i o n ,  s u g g e s t i n g  t h a t  t h e  loss  was 

t h e  r e s u l t  of s t r u c t u r a l  r e a r r a n g e m e n t  d u r i n g  a d s o r p t i o n .  F u r t h e r  

e v i d e n c e  of s t r u c t u r a l  r e a r r a n g e m e n t  was p r e s e n t e d  by S o r i a  e t  al. 

(33) ,  who used an immunoenzymological a s s a y  w i t h  a monoclonal  a n t i b o d y  

to  b i n d  an e p i t o p e  p r e s e n t  i n  t h e  D domain of adsorbed  f i b r i n o g e n  t h a t  

is i n a c c e s s i b l e  i n  t h e  n a t i v e  c o n f o r m a t i o n .  

8 
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NON-POROUS SILICA SUPPORTS 2739 

Sample Loading and Pore A c c e s s i b i l i t y  

A sample load ing  s tudy  was a l s o  performed wi th  bovine serum 

albumin us ing  t h e  same chromatographic c o n d i t i o n s  on a s e r i e s  o f  

columns wi th  va r ious  pore  s i z e s ,  and on non-porous suppor t s  o f  va r ious  

p a r t i c l e  sizes.  Column load ing  c a p a c i t y  was de f ined  a s  t h e  onse t  o f  

peak s p l i t t i n g ,  i n d i c a t e d  by t h e  f i r s t  appearance o f  a second peak a t  

t h e  approximate column dead-volume (16)  with i n c r e a s i n g  i n j e c t e d  

mass. The r e s u l t s  o f  t h i s  experiment a r e  shown i n  Table 7. 

Compared t o  columns packed wi th  porous suppor t ,  t h e  e f f e c t i v e  

sample c a p a c i t y  o f  t h e  non-porous m a t e r i a l s  is  less by roughly  an 

o r d e r  of magnitude. For example, a sample c a p a c i t y  o f  21 mg has been 

r e p o r t e d  f o r  BSA on a 10 x 0.8 cm packed wi th  one llwide-pore" suppor t  

( 1 6 ) ,  v e r s u s  our  va lue  o f  1 mg f o r  a 30 x 0.46 cm column packed wi th  

1.5 um s o l i d  sphe res .  Th i s  is e q u i v a l e n t  t o  a 7-fold r educ t ion  i n  
t o t a l  i n j e c t i o n  c a p a c i t y  f o r  t h e  so l id-sphere  m a t e r i a l  when normalized 

t o  column d iame te r ,  o r  a 21-fold r educ t ion  when normalized t o  column 

geometr ic  volume. 

When t h e  sample load ing  is  normalized t o  t h e  t h e  t o t a l  n i t rogen  

BET s u r f a c e  a r e a ,  t h e  role o f  pore s t r u c t u r e  on t h e  a v a i l a b l e  s u r f a c e  

a r e a  becomes apparent .  

pe r  m 2  o f  (BET) s u r f a c e  a r e a  i n c r e a s e s  wi th  pore s i z e ,  up t o  a pore  

d iameter  o f  50 nm, whereas t h e  normalized load ing  o f  bo th  wide-pore 

and non-porous p a r t i c l e s  become i d e n t i c a l  a t  0.1 m /g. 

ob ta ined  a mass l o a d a b i l i t y  o f  0.1 m /g f o r  a 1.5 um non-porous 

suppor t  (35). 
s t a t i o n a r y  phase s u r f a c e  for nominal pore  d i ame te r s  o f  up t o  30 nm. 
Nominal po re  d i ame te r s  o f  50 nm o r  g r e a t e r  were requ i r ed  be fo re  f u l l  

access t o  t h e  suppor t  s u r f a c e  was obta ined  f o r  t h e  BSA molecule.  

Using BSA a s  t h e  t e s t  p r o t e i n ,  load c a p a c i t y  

2 Unger a l s o  
2 

It is  e v i d e n t  t h a t  BSA is  not  access ing  a l l  o f  t h e  

Some c a r e  must be taken  i n  i n t e r p r e t i n g  t h e s e  r e s u l t s  however, 

s i n c e  i n  r e a l  m a t e r i a l s  one is d e a l i n g  wi th  a pore-size d i s t r i b u t i o n ,  

and n o t  a t r u e  pore-s ize .  Based on t h e  dimensions o f  a BSA molecule,  

it is l i k e l y  t h a t  f u l l  access  t o  300 A channe l s  was t a k i n g  p l a c e ,  with 

t h e  p r o t e i n s  be ing  excluded from sub-populations o f  pores  o f  
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2740 COLWELL AND HARTWICK 

Table 7. Normalized Loading Capacity of Bovine Serum Albumin. 

Column Pore  Column 
Support Size Length 

A (cm) 

Spherisorb (ODS) 60 15 
Lichrospher SI-300 (ODS) 300 25 
Lichrosplier 51-500 (C-8) 500 15  

Lichrospher SI-1000 (C-8) 1000 15 
Plugged-Pore (ODS) NA 25 

Column Sample 
Surface Area Loading 

(mZ) (mg) 

786 0.44 
518 11.1 
68 8.6 
49 5.8 

4.0 0.54 

Normalized 
Loading 

(mg  m-2) 

5.6 x 10-4 
2.1 x 10-2 

0.1 
0.1 
0.1 

s i g n i f i c a n t l y  sma l l e r  d iameter .  Thus, t h e  e f f e c t s  observed a r e  l i k e l y  

t o  vary from one p a r t i c u l a r  suppor t  t o  ano the r ,  depending upon t h e  

pore  s i z e  d i s t r i b u t i o n s  p r e s e n t ,  and c a r t e  b lanche  i m p l i c a t i o n s  a s  t o  

t h e  gene ra l  u t i l i t y  o f  nominal 300 A s i l i c a  g $ l s  f o r  c e r t a i n  

a p p l i c a t i o n s  should  be avoided. The same must be 

s a i d  o f  t h e  many publ i shed  r e p o r t s  r ega rd ing  t h e  r o l e  of pore  d iameter  

on macromolecular r e t e n t i o n ,  most o f  which have made no a t t empt  t o  
q u a n t i f y  t r u e  pore s i z e  d i s t r i b u t i o n s .  

Sample Recovery 

Given t h e  complexity and u n c e r t a i n t y  i n  t h e  i n t e r p r e t a t i o n  of 

p r o t e i n  recovery ,  no a t t empt  was made t o  d e v i s e  exhaus t ive  exper iments  

t o  measure recovery .  I n s t e a d ,  a q u a l i t a t i v e  i n d i c a t i o n  of sample 

r ecove ry  was ob ta ined  by performing a blank g r a d i e n t  run immediately 

fo l lowing  t h e  s e p a r a t i o n  o f  a sample. 

performed wi th  a non-porous suppor t  using sample l o a d i n g s  less than  

f u l l  c a p a c i t y ,  no car ry-over  was observed i n  subsequent  b lank  

g r a d i e n t s .  Even  a t  a 250% over load  i n j e c t i o n  o f  BSA, on ly  a smal l  

"ghost" peak was observed (F igu re  5 )  i n  t h e  subsequent blank run. I n  
c o n t r a s t ,  a 50% c a p a c i t y  i n j e c t i o n  on a 30 nm suppor t  re-packed i n t o  
t h e  i d e n t i c a l  column hardware produced a p r o p o r t i o n a l l y  l a r g e r  ghos t  

peak. 

When t h i s  experiment was 

This  l fghos t ingf l  o f  t h e  30 nm pore  suppor t  opera ted  under normal 
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NON-POROUS SILICA SUPPORTS 2741 

Nonporous ODs after 

250% overload 

BLANK 

ODS after 

50% of capacity 

inject ion 

BLANK 

Figure  5: 
support  and a 50% of  capac i ty  i n j e c t i o n  on a 30 nm pore s ize  support .  

Sample carry-over o f  BSA after a 250% overload on a non-porous 

l oad ing  c o n d i t i o n s  was taken as evidence t h a t  pore s t r u c t u r e  might 

p l ay  a r o l e  i n  sample recovery,  along with a c t i v e - s i t e  adsorpt ion and 

o t h e r  e f f e c t s .  
i s o l a t e  where and how p r o t e i n  was being l o s t  in t h e  system. 

Fur the r  experiments w i l l  be r equ i r ed  t o  f u r t h e r  

CONCLUSIONS 

#on-porous suppor t s  p r e s e n t  a v i a b l e  a l t e r n a t i v e  t o  t h e  c u r r e n t  

gene ra t ion  o f  wide-pore s i l i c a  g e l s .  With t h e  template  s y n t h e t i c  
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2142 COLWELL AND HARTWICK 

procedures  deve loped ,  p a r t i c l e  s i z e s  f o r  non-porous suppor t s  a r e  not  

l i m i t e d  t o  1-2 um. However, t h e  weakness of t h e  approach is t h a t  t h e  

p a r t i c l e  s ize  d i s t r i b u t i o n  w i l l  mirror t h a t  of t h e  pa ren t  m a t e r i a l .  

While porous s i l i c a  g e l  was used a s  t h e  seed m a t e r i a l ,  it should be 

p o s s i b l e  t o  use  o t h e r  less expens ive  and more uniform suppor t s  f o r  

such  seed ing ,  e s p e c i a l l y  i f  t h e  s i l i c a  s h e l l  is made t h i c k  enough f o r  
good mechanical s t r e n g t h .  Monodisperse po lys ty rene  and latex 

p a r t i c l e s  are two m a t e r i a l s  t h a t  might be cons idered .  I t  should a l s o  

be p o s s i b l e  t o  c r e a t e  a smal l  d iameter  l l p e l l i c u l a r l l  suppor t  by adding 

a t h i n  porous  l a y e r  o f  s i l ica  g e l  around t h e  o u t s i d e  o f  t h e  s p h e r e s ,  

t h u s  i n c r e a s i n g  t h e  s u r f a c e  a r e a  by probably  a f a c t o r  o f  10, wi th  

n e g l i g i b l e  r e d u c t i o n s  i n  mass t r a n s f e r  r a t e s .  The u t i l i t y  o f  such 

materials t o  low molecular  weight  s o l u t e s  is d o u b t f u l  however, s i n c e  

small d iameter  s u p p o r t s  w i l l  u s u a l l y  be  ope ra t ed  nea r  t h e i r  optimum 

reduced v e l o c i t y  wi th in  r easonab le  p re s su re  d rops ,  t h u s  m i t i g a t i n g  any 

s t a g n a n t  mobile phase mass t r a n s f e r  advantages.  

The r o l e  o f  non-porous sphe res  i n  low molecular-weight 

s e p a r a t i o n s  would seem t o  be l i m i t e d  t o  t h e o r e t i c a l  s t u d i e s ,  such a s  

t h o s e  involved  wi th  bonding d e n s i t i e s ,  d i r e c t  s p e c t r o s c o p i c  a n a l y s e s  

o f  adsorbed s o l u t e s  and i n  t h e  i s o l a t i o n  o f  s t a g n a n t  mobile phase 

effects.  I n  our op in ion ,  t h e  most s i g n i f i c a n t  r o l e  o f  non-porous 

suppor t s ,  r e g a r d l e s s  o f  t h e i r  p a r t i c l e  d i ame te r ,  w i l l  be i n  

macromolecular s e p a r a t i o n s ,  and i n  b a s i c  r e s e a r c h  i n t o  t h e  r e t e n t i o n  

mechanisms o f  bo th  macromolecules and low molecular weight s o l u t e s .  
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