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ON THE CALCULATION OF THE STATIONARY 
PHASE VOLUME IN REVERSED PHASE 

CHROMATOGRAPHY 

Karen B. Sentell and John G.  Dorsey" 
Department of Chemistry 

University of Florida 
Gainesville, Florida 3261 1 

A B S T R A C T  

The vo lume phase  r a t i o  ( s t a t i o n a r y / m o b i l e ,  V s / V m )  
i n  r e v e r s e d  phase l i q u i d  c h r o m a t o g r a p h y  (RPLC) i s  a 
n e c e s s a r y  q u a n t i t y  f o r  o b t a i n i n g  t h e r m o d y n a m i c  
i n f o r m a t i o n  s u c h  as c h r o m a t o g r a p h i c  p a r t i t i o n  
c o e f f i c i e n t s  and changes i n  e n t r o p y  and G i b b s  f r e e  
e n e r g y  as a s o l u t e  p a r t i t i o n s  f r o m  t h e  m o b i l e  t o  t h e  
s t a t i o n a r y  phase. P r e v i o u s  methods  o f  c a l c u l a t i n g  t h i s  
r a t i o  have  u s e d  o n l y  t h e  s u r f a c e  a r e a  o f  t h e  bonded 
s t a t i o n a r y  phase  o r  have  o v e r e s t i m a t e d  t h e  s t a t i o n a r y  
phase  vo lume by  i n c l u d i n g  t h a t  o f  t h e  i n e r t  s i l i c a  
s u p p o r t .  A new method  i s  p r e s e n t e d  f o r  t h e  c a l c u l a t i o n  
o f  t h e  s t a t i o n a r y  phase  vo lume,  V , w h i c h  o n l y  r e q u i r e s  
measurements  o f  c a r b o n  l o a d  and  t;e t o t a l  w e i g h t  o f  
p a c k i n g  i n  t h e  co lumn.  A p r i m a r y  a d v a n t a g e  o f  t h i s  
me thod  i s  t h a t  k n o w l e d g e  o f  t h e  p a c k i n g  s u r f a c e  a r e a  i s  
n o t  n e c e s s a r y .  When c a l c u l a t e d  by  t h i s  method,  V i s  
t h e  a c t u a l  vo lume o f  t h e  a l k y l  c h a i n s  bonded t o  t 6 e  
s u p p o r t  s u r f a c e ,  b u t  n e g l e c t s  i n t e r c a l a t e d  s o l v e n t  
vo lumes.  

1875 
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1876 SENTELL AND DORSEY 

I N T R O D U C T I O N  

R e v e r s e d  phase  l i q u i d  c h r o m a t o g r a p h y  ( R P L C )  i s  

c u r r e n t l y  one o f  t h e  mos t  w i d e l y  p r a c t i c e d  methods  o f  

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

s t a t i o n a r y  phase  i n t e r a c t i o n s  t o  r e t e n t i o n  i s  becoming  

b e t t e r  u n d e r s t o o d .  A l t h o u g h  much work  has been done on 

m e a s u r i n g  t h e  vo lume o f  t h e  m o b i l e  phase,  V, [l-43, 

measurement  o f  V s ,  t h e  vo lume o f  t h e  s t a t i o n a r y  phase  

has  r e m a i n e d  more  ambiguous C5-101. I n  d e t e r m i n i n g  a 

me thod  f o r  t h e  measurement  o f  V,, a c o n v e n t i o n  f o r  

d e f i n i n g  V, mus t  be chosen,  s i n c e  t h e  c h o i c e  o f  t h e  

phase  r a t i o  mus t  be c o m p a t i b l e  w i t h  t h e  d e f i n i t i o n  o f  K 

t h a t  i s  i n  ag reemen t  w i t h  t h e  m o l e c u l a r  mechan ism o f  

r e t e n t i o n .  G u i o c h o n  e t  a l .  have  d e f i n e d  t h e  s t a t i o n a r y  

phase  vo lume a s  t h a t  f r a c t i o n  o f  t h e  co lumn vo lume t h a t  

i s  n o t  o c c u p i e d  by  t h e  m o b i l e  phase  C5l. W h i l e  t h i s  

c h o i c e  i s  c e r t a i n l y  c o n v e n i e n t  and can  be r e a d i l y  

d e t e r m i n e d ,  i t  i s  a t  b e s t  a c r u d e  measure ,  as  s i m i l a r  

( o r  even  i d e n t i c a l )  v a l u e s  o f  V s  w o u l d  be  o b t a i n e d  f o r  

s t a t i o n a r y  phases  made f r o m  t h e  same b u l k  s i l i c a  b u t  

w i t h  d i f f e r e n t  b o n d i n g  d e n s i t i e s  o f  a l k y l  c h a i n s ,  o r  

p o s s i b l y  even  o f  d i f f e r e n t  c h a i n  l e n g t h s .  Any 

d e t e r m i n a t i o n  o f  s t a t i o n a r y  phase  vo lume based  s o l e l y  on 

m o b i l e  phase  vo lume measuremen ts  i s  f r a u g h t  w i t h  

d i f f i c u l t y  as  s u c h  a measurement  may n o t  be s u f f i c i e n t l y  

s e n s i t i v e  t o  a s c e r t a i n  b o n d i n g  d e n s i t y  o r  s m a l l  c h a i n  
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STATIONARY PHASE VOLUME IN RPLC 1877 

phase  r a t  

a d s o r b e n t  

C121. Wh 

l e n g t h  d i f f e r e n c e s .  A l t h o u g h  A r m s t r o n g  and Nome El13 

have  used  t h i s  d e f i n i t i o n  o f  V s  i n  t h e i r  d e t e r m i n a t i o n  

o f  p a r t i t i o n  c o e f f i c i e n t s  i n  m i c e l l a r  l i q u i d  

c h r o m a t o g r a p h y ,  t h e y  a d m i t  t h a t  t h e  u s e  o f  t h e  e n t i r e  

vo lume o f  t h e  co lumn p a c k i n g  f o r  t h e  vo lume o f  t h e  

s t a t i o n a r y  phase i s  m e r e l y  f o r  c o n v e n i e n c e ,  a d d i n g  "One 

s h o u l d  k e e p  i n  m i n d ,  however ,  t h a t  o n l y  t h e  s u r f a c e  

bonded  l a y e r  i s  a c t u a l l y  i n v o l v e d "  C111. 

M e l a n d e r  and H o r v a t h  have  s u g g e s t e d  d e f i n i n g  t h e  

o as t h e  r a t i o  o f  t h e  s u r f a c e  a r e a  o f  t h e  

(m2) d i v i d e d  by  t h e  co lumn dead vo lume (cm3) 

l e  t h i s  a p p r o a c h  i s  an  i m p r o v e m e n t  i n  

d e f i n i t i o n ,  i t  a g a i n  f a i l s  t o  a c c o u n t  f o r  c e r t a i n  

v a r i a t i o n s  i n  t h e  s t r u c t u r e  o f  t h e  bonded phase  and i t  

i m p l i e s  t h a t  a d s o r p t i o n  i s  t h e  s o l e  mechan ism i n  RPLC 

r e t e n t i o n .  The m a j o r  d rawback  t o  t h i s  p r o p o s e d  phase  

r a t i o  c o n v e n t i o n ,  however ,  l i e s  i n  t h e  a c c u r a t e  

measurement  o f  t h e  t w o  p a r a m e t e r s  i n v o l v e d .  A l t h o u g h  

many methods  have  been u s e d  t o  c a l c u l a t e  co lumn dead  

vo lumes,  c h r o m a t o g r a p h e r s  have  been u n a b l e  t o  embrace 

any  one o f  t h e s e  methods  as b e i n g  a c c u r a t e  and  

c o n s i s t e n t  enough f o r  p r e c i s e  w o r k  C1-41. O t h e r  

p r o b l e m s  e x i s t  as w e l l .  The s u r f a c e  a r e a  o f  t h e  

a d s o r b e n t  i s  u s u a l l y  f o u n d  by  u s e  o f  t h e  BET a n a l y s i s  

method.  I t  s h o u l d  be  n o t e d  t h a t  t h e  s u r f a c e  a r e a  o f  t h e  

a d s o r b e n t  mus t  be d e t e r m i n e d  a f t e r  d e r i v a t i z a t i o n  w i t h  
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1878 SENTELL AND DORSEY 

t h e  a l k y l  l i g a n d ,  as t h e  s u r f a c e  a r e a  o f  t h e  d e r i v a t i z e d  

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

u n d e r i v a t i z e d  s u p p o r t .  A l t h o u g h  u s e  o f  t h e  B E T  me thod  

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

me thod  i s  i n a p p r o p r i a t e  i n  a s s e s s i n g  t h a t  s u r f a c e  a r e a  

o f  d e r i v a t i z e d  s i l i c a  p a c k i n g s  w h i c h  i s  

c h r o m a t o g r a p h i c a l l y  s i g n i f i c a n t .  The BET me thod  

measures  t h e  a r e a  o f  s u r f a c e  t h a t  i s  a c c e s s i b l e  t o  a 

s m a l l  m o l e c u l a r  p r o b e  s u c h  as n i t r o g e n .  Y e t  i n  an  

i r r e g u l a r  s u r f a c e  s u c h  as p o r o u s  s i l i c a ,  t h e r e  may e x i s t  

many p o r e s  w h i c h  a r e  l a r g e  enough t o  a l l o w  n i t r o g e n  i n ,  

b u t  w h i c h  a r e  t o o  s m a l l  t o  a l l o w  t h e  passage  o f  any  

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

C h r o m a t o g r a p h i c  s u p p o r t  s u r f a c e  a r e a  d a t a  b a s e d  on B E T  

a n a l y s i s  i s  u s u a l l y  o v e r e s t i m a t e d ,  and t h e  amount o f  

o v e r e s t i m a t i o n  i s  by  no  means a c o n s t a n t ,  d e p e n d i n g  on  

t h e  b a s e  s i l i c a  s t r u c t u r e  and t h e  d e r i v a t i z a t i o n  method.  

H o r v a t h  s t a t e s  t h a t  "...any e s t i m a t i o n  o f  ' s t a t i o n a r y  

phase v o l u m e '  on  t h e  b a s i s  o f  B E T  s u r f a c e  a r e a  o f  t h e  

s u p p o r t  i s  l i k e l y  t o  be  i n a c c u r a t e "  Cl2l. Due t o  t h e  

e r r o r s  i n  d e t e r m i n i n g  b o t h  a d s o r b e n t  s u r f a c e  a r e a  and  

co lumn dead  vo lume,  t h e r e  w i l l  c o n s e q u e n t l y  be a l a r g e  

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

phase  r a t i o  i f  M e l a n d e r  and H o r v a t h ' s  c o n v e n t i o n  i s  

used. 

Sander  and  F i e l d  have  e s t i m a t e d  t h e  phase  r a t i o  by  

c o n s t r u c t i n g  p h y s i c a l  m o d e l s  o f  t h e  bonded phase  u s i n g  
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STATIONARY PHASE VOLUME IN RF'LC 1879 

m a n u f a c t u r e r ' s  d a t a  r e g a r d i n g  s i i a n o l  s u r f a c e  cove rage  

a n d  p e r c e n t  carbon l o a d i n g  C 7 3 .  T h i s  approach  i s  q u i t e  

r e a s o n a b l e  from a t h e o r e t i c a l  s t a n d p o i n t ,  a s  i t  a c c o u n t s  

f o r  v a r i a t i o n  i n  bonding d e n s i t y  and a l k y l  c h a i n  l e n g t h .  

However, t h e  c o n s t r u c t i o n  of such  p h y s i c a l  models i s  

q u i t e  t ime  consuming. 

I n  d e t e r m i n i n g  t h e  s t a t i o n a r y  phase  volume, t h e  

p e r t i n e n t  volume shou ld  be t h e  volume of t h e  a l k y l  

c h a i n s  bonded t o  t h e  s i l i c a  s u r f a c e .  D i l l  has  performed 

s t a t i s t i c a l  mechanical  c a l c u l a t i o n s  based o n  a l a t t i c e  

i n t e r p h a s e  model o f  RPLC s t a t i o n a r y  phases  which 

d e s c r i b e s  ch romatograph ic  r e t e n t i o n  i n  r e v e r s e d  phase  

sys tems C133. A f t e r  c a r e f u l  c o n s i d e r a t i o n  of both 

p a r t i t i o n i n g  and a d s o r p t i o n  r e t e n t i o n  mechanisms i n  

c o n j u n c t i o n  wi th  h i s  i n t e r p h a s e  model and a v a i l a b l e  

expe r imen ta l  e v i d e n c e ,  D i l l  conc ludes  t h a t  t h e  p r i n c i p a l  

r e t e n t i o n  mechanism f o r  sma l l  nonpo la r  s o l u t e s  i n  R P L C  

i s  p a r t i t i o n i n g .  He s t a t e s  t h a t  two d r i v i n g  f o r c e s  

dominate  t h e  r e t e n t i o n  p r o c e s s ;  ( i )  t h e  d i f f e r e n c e  i n  

t h e  chemis t ry  of t h e  c o n t a c t s  of t h e  s o l u t e  wi th  i t s  

s u r r o u n d i n g  m o l e c u l a r  ne ighbors  i n  the s t a t i o n a r y  and 

mobi le  p h a s e s ,  and ( i i )  t h e  p a r t i a l  o r d e r i n g  of t h e  

g r a f t e d  c h a i n s  which l e a d s  t o  an e n t r o p i c  e x p u l s i o n  of 

t h e  s o l u t e  r e l a t i v e  t o  t h a t  which would be expec ted  i n  a 

s i m p l e r  amorphous o i l / w a t e r  p a r t i t i o n i n g  p r o c e s s .  We 

have tes ted  t h e  v a l i d i t y  of (i) a g a i n s t  an e x t e n s i v e  
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1880 SENTELL AND DORSEY 

d a t a  base  o f  n e a r l y  350  s e t s  o f  e x p e r i m e n t s  C141. We 

have  a l s o  t e s t e d  t h e  v a l i d i t y  o f  ( i i )  by  e x p e r i m e n t a l  

measurements  o f  t h e  c h r o m a t o g r a p h i c  p a r t i t i o n  

c o e f f i c i e n t s  o f  s m a l l  n o n p o l a r  s o l u t e s  as a f u n c t i o n  o f  

s t a t i o n a r y  phase  a l k y l  b o n d i n g  d e n s i t y  C151.  The 

p a r t i t i o n  c o e f f i c i e n t  i n c r e a s e s  as a f u n c t i o n  o f  a l k y l  

b o n d i n g  d e n s i t y  u n t i l  a c e r t a i n  c r i t i c a l  b o n d i n g  d e n s i t y  

has  been r e a c h e d  w h e r e i n  c h a i n  p a c k i n g  c o n s t r a i n t s  

become a p p r e c i a b l e .  A t  t h e s e  h i g h e r  b o n d i n g  d e n s i t i e s ,  

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

d e n s i t y  s i n c e  t h e  e n e r g y  r e q u i r e d  t o  c r e a t e  a s o l u t e  

s i z e d  c a v i t y  i n  t h e  s t a t i o n a r y  phase  becomes 

i n c r e a s i n g l y  p r o h i b i t i v e  due t o  s t a t i o n a r y  phase  c h a i n  

c o n f i g u r a t i o n a l  c o n s t r a i n t s .  T h i s  i n d i c a t e s  t h a t  

p a r t i t i o n i n g  i s  t h e  d o m i n a n t  mechan ism i n  RPLC 

r e t e n t i o n ;  a d s o r p t i o n  s h o u l d  be u n a f f e c t e d  by t h e  

s u r f a c e  d e n s i t y  o f  t h e  bonded  c h a i n s .  These  

c a l c u l a t i o n s  and e x p e r i m e n t s  h a v e  shown t h a t  i n  a w e l l  

endcapped co lumn c h a i n  i n t e r a c t i o n s  w i t h  s o l u t e s  a r e  t h e  

most  i m p o r t a n t  s t a t i o n a r y  phase  c o n t r i b u t i o n  t o  s o l u t e  

r e t e n t i o n .  

o n l y  t h e  a c t u a l  vo lume o f  t h e  a l k y l  c h a i n s  bonded  t o  t h e  

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

bonded s t a t i o n a r y  phase vo lume i s  a c c e s s i b l e  t o  t h e  

s o l  U te .  

T h e r e f o r e  t h e  c a l c u l a t i o n  o f  V s  s h o u l d  g i v e  
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STATIONARY PHASE VOLUME IN RPLC 1881 

RESULTS AND D I S C U S S I O N  

A s i m p l e  method f o r  c a l c u l a t i n g  t h e  s t a t i o n a r y  

phase  volume has  been d e v i s e d  i n  ou r  l a b o r a t o r y .  The 

only  measurements n e c e s s a r y  a r e  t h e  carbon l o a d  of t h e  

packing  and t h e  a c t u a l  weight  of packing  c o n t a i n e d  i n  

t h e  chromatographic  column. I n  o r d e r  t o  d e f i n e  t h e  

s u r f a c e  coverage  of t h e  bonded s i l i c a  i n  an unambiguous 

a n d  p e r t i n e n t  manner,  t h e  s u r f a c e  cove rage  shou ld  be 

expres sed  a s  t h e  number of s i l a n e  molecules  a t t a c h e d  t o  

t h e  s u r f a c e ,  u s u a l l y  a s  micromoles  of bonded s i l a n e  

molecu le s  p e r  s q u a r e  me te r  of s i l i c a  s u r f a c e ,  t a k i n g  

i n t o  accoun t  t h e  i n c r e a s e  i n  weight  of t h e  s i l i c a  a f t e r  

t h e  bonding r e a c t i o n .  These s u r f a c e  cove rages  a r e  

c a l c u l a t e d  from the p e r c e n t a g e  of carbon a s  o b t a i n e d  

from e lemen ta l  a n a l y s i s  of t h e  bonded phase  [16]. T h i s  

c a l c u l a t i o n  i s  q u i t e  s t r a i g h t f o r w a r d  f o r  monoreac t ive  

s i l a n e s  and f o r  monoch lo ros i l anes  ( t h e  most commonly 

used monoreac t ive  r e a g e n t s )  can be expres sed  by e q u a t i o n  

1: 

a =  %C) (1061 
(12.011)  ( n c )  ( s )  ( l o h - C ( % c / ( l 2 . 0 1 1 )  ( n c ) l ( M - 3 5 . 5 ) )  

where a i s  t h e  s u r f a c e  coverage  (pmoles/m*);  %C i s  grams 

carbon pe r  100 g rams  bonded s i l i c a ,  a s  o b t a i n e d  from 

e lemen ta l  a n a l y s i s  o r  v i a  a g r a v i m e t r i c  p rocedure  C171; 

nc  i s  t h e  number of c a r b o n a t o m s  p e r  mole s i l a n e ;  M i s  

t h e  molecu la r  weight  of t h e  s i l a n e ;  and S i s  t h e  s u r f a c e  
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a r e a  o f  t h e  n a t i v e  s i l i c a  i n  m2/g.  The vo lume o f  t h e  

s t a t i o n a r y  phase,  V s ,  c a n  be e x p r e s s e d  by  e q u a t i o n  2 :  

where  v i s  t h e  m o l a r  vo lume o f  t h e  bonded a l k y l  g r o u p  i n  

cm3/mole and W p  i s  t h e  w e i g h t  ( 9 )  o f  t h e  bonded  p a c k i n g  

c o n t a i n e d  i n  t h e  c h r o m a t o g r a p h i c  co lumn.  Cheng has  

e x p e r i m e n t a l l y  d e t e r m i n e d  t h e  d e n s i t i e s  o f  t h e  bonded  

a l k y l  g r o u p s  f o r  some commonly u s e d  r e v e r s e d  phases  and 

r e p o r t e d  v a l u e s  o f  0.8607 g/cm3, 0.8625 g/cm3, and 

0.8638 g/cm3 r e s p e c t i v e l y  f o r  t h e  o c t a d e c y l d i m e t h y l -  

s i l y l ,  o c t y l d i m e t h y l s i l y l ,  and t r i m e t h y l s i l y l  bonded 

g r o u p s  C173. S u b s t i t u t i o n  o f  e q u a t i o n  1 and t h e  d e n s i t y  

( p )  and m o l e c u l a r  w e i g h t  (My g / m o l e )  o f  t h e  bonded phase  

a l k y l  g r o u p  f o r  t h e  m o l a r  vo lume i n  e q u a t i o n  2 r e s u l t s  

i n  t h e  vo lume o f  t h e  s t a t i o n a r y  phase,  V s  ( i n  cm3),  as 

e x p r e s s e d  by  t h e  f o l l o w i n g  f o r m u l a  ( e q u a t i o n  3 ) :  

v s  = (%C)(M)(W,) 
( 1 0 0 ) ( 1 2 . 0 1 1 ) ( n c ) ( p )  

T h i s  me thod  p r o v i d e s  a more  a c c u r a t e  c a l c u l a t i o n  o f  

V,  t h a n  has been p r e v i o u s l y  p o s s i b l e .  A p r i n c i p a l  

a d v a n t a g e  o f  t h i s  me thod  i s  t h a t  t h e  s u r f a c e  a r e a  o f  t h e  

p a c k i n g  i s  n o t  u s e d  i n  d e t e r m i n i n g  V s ,  w h i c h  e l i m i n a t e s  

t h e  e r r o r s  a s s o c i a t e d  w i t h  t h i s  measurement .  The 

s t a t i o n a r y  phase  vo lume t h a t  i s  c a l c u l a t e d  i n  t h i s  

me thod  i s  t h e  vo lume t h a t  i s  i m p o r t a n t  i n  t h e  
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c h r o m a t o g r a p h i c  p r o c e s s ,  i . e .  t h e  a c t u a l  vo lume o f  t h e  

bonded a l k y l  c h a i n s  t h e m s e l v e s .  The  p r e c i s i o n  i s  

l i m i t e d  o n l y  by t h e  c a r b o n  l o a d i n g  d e t e r m i n a t i o n  and b y  

t h e  measurement  o f  t h e  mass o f  p a c k i n g  i n  t h e  co lumn.  

C a l c u l a t i o n  o f  t h e  vo lume o f  t h e  s t a t i o n a r y  phase  by 

t h i s  me thod  w i l l  p r o v i d e  t h e  means f o r  a more  a c c u r a t e  

and u n i f o r m  d e t e r m i n a t i o n  o f  t h e  phase  r a t i o .  T h i s  i n  

t u r n  w i l l  a l l o w  i n v e s t i g a t o r s  t o  more  e a s i l y  d e t e r m i n e  

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

g r e a t e r  i n s i g h t  i n t o  t h e  r e t e n t i o n  p r o c e s s  i n  b o t h  

r e v e r s e d  phase  and m i c e l l a r  l i q u i d  c h r o m a t o g r a p h i c  

sys tems .  
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