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INFLUENCE OF THE AMOUNT OF BONDED 
NON-POLAR PHASE AND OF THE LENGTH OF ATTACHED ALKYL 
CHAINS ON RETENTION CHARACTERISTICS OF SILICA-BASED 

SORBENTS FOR REVERSED-PHASE HIGH PERFORMANCE 
LIQUID CHROMATOGRAPHY 

P. SpaEek, M. Kubin, S. Vozka" and B. Porsch 
Institute of Macromolecular Chemistry, Czechoslovak 

Academy of Sciences. 162 06 Prague 6 
and 

*Laboratory Instruments Works, Prague 6, Czechoslovakia 

ABSTRACT 
The retention characteristics of two sets of chemically 

bonded non-polar silica packings with a high surface concentration 
of functional groups have been compared in the reversed-phase mode 
of liquid chromatography: (i) the conventional packings prepared 
by chemical modification with trimethylsilyl, heptyl, dodecyl and 
octadecy1 groups, and (ii) mixed-phase materials where differences 
in the amount of organic bonded phase were achieved by bonding 
octadecyl acd trimethylsilyl groups in different proportions. The 
retention data of  two homologous series of solutes show that these 
two classes of packings are distinctly different; in particular, 
the capacity factors and selectivities are always higher on the 
mixed-phase bonded silica packings at the same percentage of carbon 

INTRODUCTION 

In the last several years chemically bonded stationary phases, 
in particular non-polar phases for reversed-phase chromatography, 
have found widespread application in Column and flat-bed chromato- 

graphic techniques, as evidenced by a number of papers ( 1 -  15) and 
review articles ( 1 6 - 1 8 )  devoted to the subject. However, despite 
their success in solving many difficult separation problems, the 
structure and properties as well as the retention mechanism of 
chemically bonded phases are still a matter of dispute (2 ,4 ,6 -  10 ,  
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1466 SPACEK ET AL. 

1 2 -  14,191. I t  i s  known t h a t  t h e  r e t e n t i o n  of a g iven  s o l u t e  a t  

c o n s t a n t  mobile  phase composi t ion  i n c r e a s e s  w i t h  t h e  l e n g t h  of t h e  

chemica l ly  a t t a c h e d  a l k y l  c h a i n s ;  i t  i s ,  however, l e s s  c l e a r  

whether  t h i s  i n c r e a s e  i n  c a p a c i t y  f a c t o r s  i s  e n t i r e l y  due t o  t h e  

i n c r e a s e d  amount of t h e  bonded o r g a n i c  phase ( e x p r e s s e d  e . g .  by 

t h e  carbon percentage)  achieved  w i t h  l o n g e r  c h a i n s .  I n  p r i n c i p l e ,  

t h i s  q u e s t i o n  could  b e  s e t t l e d  by f o l l o w i n g  t h e  r e l a t i v e  r e t e n t i o n  

( s e l e c t i v i t y )  f a c t o r s  9 f o r  d i f f e r e n t  bonded p h a s e s ,  

but  c o n t r o r r e r s i a l  r e s u l t s  have been r e p o r t e d  i n  t h e  l i t e r a t u r e  a s  

t o  t h e  dependence of s e l e c t i v i t y  on t h e  number of carbon atoms 

i n  t h e  bonded c h a i n s :  Unger, Becker and Roumel io t i s  ('r) m a i n t a i n  

t h a t  t h e  s e l e c t i v i t y  f a c t o r s  do n o t  change on v a r y i n g  t h e  c h a i n  

l e n g t h ,  whereas Hemetsberger ,  Naasfe ld  and Ricken ( 6 )  r e p o r t  an 

i n c r e a s e  i n  9 j ' s  w i t h  t h e  number o f  carbon atoms i n  t h e  bonded 

c h a i n s  a t  e s s e n t i a l l y  t h e  same and h igh  s u r f a c e  coverage  ( s e e  a l s o  

Karch, S e b a s t i a n  and H a l i s z  (8)). 

= k f / k !  > 1 i 1 

Hennion, P i c a r d  and Caude (10) a l s o  found a s t r o n g  dependence 

of s e l e c t i v i t y  f a c t o r s  on t h e  c h a i n  l e n g t h  of t h e  bonded m o i e t y ,  

b u t  t h e i r  r e s u l t s  appear  t o  be l e s s  c o n c l u s i v e  because of t h e  low 

(less than o p t i m a l )  s u r f a c e  coverage  i n  t h i s  p a r t i c u l a r  s e r i e s  o f  

s o r b e n t s .  so  t h a t  a mixed r e t e n t i o n  mechanism can be s u s p e c t e d  due 

t o  t h e  presence  of unreac ted  and a c c e s s i b l e  s i l a n o l s  on t h e  s i l i c a  

s u r f a c e .  The danger  t h a t  r e s i d u a l  s i l a n o l s  w i l l  p a r t i c i p a t e  i n  r z -  

t e n t i o n  is common t o  a l l  a t t e m p t s  aimed a t  s t u d y i n g  t h e  dependence 

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

o f  t h e  bonded phase (5 ,10 ,20 ) .  

In t h i s  paper  we r e p o r t  t h e  r e s u l t s  o f  a s t u d y  under taken  

w i t h  t h e  aim of d i s t i n g u i s h i n g  between t h e  e f f e c t s  of t h e  amount 

o f  bonded phase and t h e  l e n g t h  o f  a t t a c h e d  a l k y l  c h a i n s  by com- 

p a r i n g  the  r e t e n t i o n  on two s e r i e s  of reversed-phase  p r e p a r a t i o n s :  

( i )  ;L s e t  of s o r b e n t s  where t h e  d i f f e r e n t  amount of t h e  bonded 

phase (carbon percentage)  was achieved  by bonding o c t a d e c y l  and 

t r i m e t h y l s i l y l  groups i n  d i f f e r e n t  p r o p o r t i o n s  t o  s i l i c a  under con- 

d i t i o n s  of v i r t u a l l y  complete  s u r f a c e  coverage ,  and ( i i )  a s e r i e s  
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RETENTION OF SILICA-BASED SORBENTS 1467 

of s o r b e n t s ,  p repared  from t h e  same b a t c h  of s i l i c a ,  t h a t  d i f f e r e d  

i n  t h e  l e n g t h  of t h e  bonded hydrocarbon moie ty .  

EXPERIMENTAL 

Sorben t s 

The o r i g i n a l  s i l i c a  was a commercial p roduct  marketed under  

t h e  trade-name SEPARON S I  VSK by Labora tory  I n s t r u m e n t s  Works, 

Prague ( s u r f a c e  a r e a  S = 451 m*/g,  i n t e r n a l  p o r o s i t y  E = 2 . O m l / g ) .  

The f o u r  types  of  mixed-phase modi f ied  s i l i ca s  (MX9, MX13, MX15 

and MX20) were e x p e r i m e n t a l  b a t c h e s  prepared  i n  t h e  Chemical R & D  

Department, Labora tory  I n s t r u m e n t s  Works, by bonding o c t a d e c y l  and 

t r i m e t h y l s i l y l  groups i n  d i f f e r e n t  p r o p o r t i o n s  t o  t h e  o r i g i n a l  

s i l i c a  under c o n d i t i o n s  of v i r t u a l l y  complete  s u r f a c e  coverage ( 2 1 ) .  

The c o n v e n t i o n a l  reversed-phase m a t e r i a l s  C 1 ,  C7, C 1 2  and C 1 8  were 

prepared  in our l a b o r a t o r y  from SEPARON S I  VSK by chemica l  modi- 

f i c a t i o n  w i t h  a l k y l  c h a i n s  of d i f f e r e n t  l e n g t h  as d e s c r i b e d  below. 

Chemica Is 

i 

Octadecyltrichlorosilane (ODTS, A l d r i c h  Chemicals Co.). h e p t y l -  

t r i c h l o r o s i l a n e  (HTS) , d o d e c y l t r i c h l o r o s i l a n e  (DTS, b o t h  from PCR 

Research Chemicals ,  I n c . )  and h e x a m e t h y l d i s i l a z a n e  (HMDS, Lachema) 

were used as r e c e i v e d .  Toluene (Lachema, r e a g e n t  g r a d e )  was d r i e d  

by sodium and d i s t i l l e d  from sodium w i t h  t h e  e x c l u s i o n  of m o i s t u r e .  

P y r i d i n e  (P.O.C.M., Poland,  r e a g e n t  grade)  was d r i e d  w i t h  s o l i d  

KOH and d i s t i l l e d  from KOH under  d r y  n i t r o g e n .  The o t h e r  s o l v e n t s  

were r e a g e n t  grade  and were used a s  r e c e i v e d .  

Apparatus  

The chromatograph was assembled from a s y r i n g e - t y p e  p o s i t i v e  

d isp lacement  pump (VLD 30) and a s top-f low sample i n j e c t o r  (pro-  

d u c t s  of Development Workshop, Czechoslovak Academy of S c i e n c e s ) ,  

s t a i n l e s s  s t e e l  columns ( 2 5 0 x 4  mm o r  1 0 0 x 6  mm) marketed by 

Labora tory  I n s t r u m e n t s  Works, Prague,  and R I  d e t e c t o r  (Type 401 ,  

Waters A s s o c i a t e s ,  I n c . ,  M i l f o r d ,  Mass., USA). The d e t e c t o r  o u t p u t  

was f e d  t o  a p o t e n t i o r n e t r i c  r e c o r d e r  (Servogor  2 5 ,  Goerz E l e c t r o ,  

A u s t r i a ) .  
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1468 SPACEK ET AL. 

The columns were s lur ry-packed  a t  40 MPa. The mobi le  phase 

employed throughout  t h e  s t u d y  was methanol  - w a t e r  (70 : 30, v / v ) .  

P r e p a r a t i o n  of  Convent iona l  Bonded Phases  

S i l i c a  was f i r s t  a c t i v a t e d  by b o i l i n g  f o r  30 minutes  i n  d i l u t e  

h y d r o c h l o r i c  a c i d  ( 1  : 10, v / v ) ,  washed w i t h  d i s t i l l e d  w a t e r  u n t i l  

n e u t r a l ,  then  h o i l e d  i n  a f r e s h  p o r t i o n  of d i s t i l l e d  w a t e r  (30 m i -  

n u t e s )  and d r i e d  a t  150'C i n  vacuo f o r  a t  least  12 hours .  A l l  mo- 

d i f i c a t i o n s  were performed i n  r e f l u x i n g  t o l u e n e  under  s t r i c t l y  an- 

hydrous c o n d i t i o n s  i n  a 3-neck f l a s k  equipped w i t h  a mercury-sealed 

s t i r re r ,  condenser  w i t h  a U-tube packed 'wi th  molecular  s i e v e ,  and 

a n  i n l e t  tube  f o r  dry  n i t r o g e n .  

Condi t ions  of t h e  s u r f a c e  m o d i f i c a t i o n  a r e  summarized i n  

Table  1 .  The work-up procedure was always t h e  same: t h e  bonded 

phase was f i r s t  washed q u i c k l y  w i t h  d r y  t o l u e n e ,  then  w i t h  a c e t o n e ,  

methanol and methanol /water  ( 2  : 1 ,  v / v > ,  and l e f t  i n  t h i s  m i x t u r e  

o v e r n i g h t .  F i n a l l y ,  t h e  p a r t i c l e s  were washed by a c e t o n e  and d r i e d  

a t  100.C. 

TABLE 1 

P r e p a r a t i o n  of Convent iona l  Reversed-Phase M a t e r i a l s  

d Bonded Reagent Pyr id ine '  T i m e  
phase 

b Type b o u n  t a C o n c e n t r a t i o n  

7 c 1  HMDS 4.7 10 
c 7  HTS e 4.7  1 1  2 0  6 
c 1 2  DTS e 4 . 7  11 20 6 
C18 ODTSe 6.0 9 12 .1  6 

- 

aAmount i n  mo le  reagent  per gram of d r y  s i l i c a ;  b c o n c e n t r a t i o n  
i n  t o l u e n e ,  volume 7:; %ole per gram of d r y  s i l i c a ;  d r e a c t i o n  
t ime i n  hours ;  e r e s i d u a l  s i l a n o l s  end-capped by HMDS (9 m o l e  p e r  
gram of modif ied s i l i c a ,  1 0  volume 4 i n  t o l u e n e ,  r e f l u x e d  f o r  
900 m i n u t e s ) .  
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RETENTION OF SILICA-BASED SORBEXTS 1469 

RESULTS AND DISCUSSION 

The characteristics of bonded phases are summarized in Table 
2 .  The surface coverage of the C1 conventional material ( 2 . 2 3  

bonded groups per run2) is very close to the maximum value ( 2 . 3 )  

predicted theoretically by Berendsen and Galan ( 1 1 )  from the 
space requirements of the trimethylsilyl group. The surface den- 
sity of the other conventional materials is in agreement with the 
highest values reported by other workers for analogous silylation 

reagents and,assuming that there are about 4.8 silanol groups per 
n m 2  ( 4 , 1 1 ) ,  suggests a bifunctional reaction of trichlorosilanes 
with SiOH groups (6). Any remaining. non-reacted silanols are ef- 
fectively shielded by the bonded aliphatic chains: all bonded 
phases in Table 2 gave negative results in the methyl red adsorp- 
tion test and passed the criterion of "good" reversed-phase ma- 
terials advocated by Karch, Sebastian and Halisz (8) in tests with 
benzene and nitrobenzene as solutes and dry n-heptane as the mo- 
bile phase. 

TABLE 2 

Characteristics of Reversed Phases Investigated 

De s i gnat ion Carbon Surface coverage Surface area 
content 
( X I a  +no 1 e f m2 (groups/nm2) (m2 / s )  

c 1  
c 7  
c 1 2  
C 1 8  

Y x 9  
YX13 
3x15 
3x20  

5 . 3  
13.4 
1 9 . 0  
2 1 . 9  

9 .25  
1 3 . 4  
15 .2  
19 .7  

3.7 2 .23  260  
4 . 5 8  2 .76  - 
4 .07  2 .45  - 
3.22  1 .94  195 

310  

255 
- 

aCarbon percentage P from elemental analysis 
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1470 SPACEK ET tU. 

The s u r f a c e  a r e a  is  c o n s i d e r a b l y  lowered by t h e  chemical  

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

phase ,  i n  agreement w i t h  t h e  f i n d i n g s  of  Unger, Becker and 

Roumeliot is  ( 4 ) .  

A l l  m a t e r i a l s  were t e s t e d  i n  t h e  reversed-phase mode w i t h  

methonol - w a t e r  ( 7 0 :  30. v /v)  a s  t h e  mobi le  phase and two homo- 

logous s e r i e s  of compounds, v i z . .  a l i p h a t i c  a l c o h o l s  and t h e i r  

cor responding  a c e t a t e s .  The c a p a c i t y  f a c t o r s ,  k'. of some s e l e c t e d  

s o l u t e s  a r e  p l o t t e d  i n  Fig.1 a g a i n s t  t h e  amount of bonded phase 

expressed  as t h e  carbon p e r c e n t a g e ,  P,. A f a i r l y  good l i n e a r  cor-  

r e l a t i o n  was found both  f o r  t h e  c o n v e n t i o n a l  and mixed r e v e r s e d  

phases  w i t h  a l l  s o l u t e s  ( i n c l u d i n g  t h o s e  n o t  shown i n  t h e  F i g u r e ) .  

but  t h e  s t r a i g h t  l i n e s  f o r  t h e  two c l a s s e s  of s o r b e n t s  were d i s -  

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

h i g h e r  on t h e  mixed phases .  This  i n d i c a t e s  t h a t  t h e  amount of t h e  

bonded phase,  as measured by t h e  percentage  of c a r b o n ,  i s  i n  i t -  

s e l f  no t  s u f f i c i e n t  t o  c h a r a c t e r i z e  t h e  r e t e n t i o n  on s h r m i c a l l v  

l1 
I 

3 

I I 

/ - /  

k' i 
2 -  

1 1 
5 10 1s 20 e 

FIGURE 1 .  Capac i ty  f a c t o r s  of some s e l e c t e d  s o l u t e s  as  a f u n c t i o n  
of carbon c o n t e n t  of:@ mixed,  0 c o n v e n t i o n a l  phases  
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RETENTION OF SILICA-BASED SORBENTS 1471 

bonded hydrocarbon phases  even when t h e  e f f e c t  of r e s i d u a l  s i l a n o l s  

i s  n o n - e x i s t e n t .  

The mixed phases  can be shown t o  d i f f e r  from t h e  c o n v e n t i o n a l  

m a t e r i a l s  a l s o  accord ing  t o  o t h e r  c r i t e r i a .  I t  is  known t h a t  when 

log  k' i s  p l o t t e d  a g a i n s t  t h e  number of carbon atoms i n  s o l u t e s  

forming a homologous s e r i e s ,  s t r a i g h t  l i n e  dependences a r e  o b t a i n e d  

(5,8,21).  Berendsen and Galan (15)  observed t h a t  t h e s e  s t r a i g h t  

l i n e s  f o r  d i f f e r e n t  reversed  phase m a t e r i a l s  i n t e r s e c t  a t  a common 

p o i n t .  These p l o t s  f o r  t h e  two c l a s s e s  of bonded phases  and f o r  

t h e  two homologous s e r i e s  i n v e s t i g a t e d  are shown i n  F ig .2  f o r  a c e t -  

a t e s  and i n  F i g .  3 f o r  a l c o h o l s .  For  each s e r i e s  of homologs, two 

d i f f e r e n t  bundles  of s t r a i g h t  l i n e s  w i t h  two d i s t i n c t  i n t e r s e c t i o n  

p o i n t s  a r e  o b t a i n e d ,  one f o r  each c l a s s  of s o r b e n t s  ( t h e  l i n e s  f o r  

t h e  C 1 bonded phase do n o t  pass through t h e  common i n t e r s e c t i o n  

p o i n t s  - a s i m i l a r  behavior  has  been observed by o t h e r s  ( 8 , 1 5 ) ) .  

?- 
I 

-.- 
I I I I I I I 1 I I ;  

- 8  - 6  - L  - 2  0 2 6  6 8 " 10 

FIGURE 2 .  Dependence of l o g  k' on the  s e r i a l  number n i n  t h e  homo- 
logous  s e r i e s  of a c e t a t e s  ( n =  1 f o r  methyl  a c e t a t e  e t c . )  
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1 

Log k '  

0 

- 1  

- 2  

0 2 1 6 8 " 10 - I 1 I 

t -. - 
I 

I I I I 1 I I 1 

10 -L -2  0 2 L 6 8 "  

MX 20 
MX I5 
MX 13 
MX 9 

FIGURE 3. Dependence of Log k' on t h e  s e r i a l  number i n  t h e  homo- 
logous s e r i e s  of a l c o h o l s  (1113 f o r  propanol  e t c . )  

This  d i f f e r e n c e  i s  made more g r a p h i c  i n  F i g .  4 ,  where t h e  

s l o p e s  of t h e  s t r a i g h t  l i n e s  i n  F i g s  2 and 3 a r e  p l o t t e d  a g a i n s t  

t h e  carbon percentage .  The r e s u l t s  show t h a t  t h e  mixed phases  have 

a h i g h e r  s e l e c t i v i t y  w i t h  r e s p e c t  t o  members of homologous s e r i e s  

than  the  convent iona l  m a t e r i a l s  a t  t h e  same percentage  of carbon.  

The s l o p e s  f o r  a l c o h c l s  and a c e t a t e s  a r e  t h e  same w i t h i n  t h e  

l imi t s  of exper imenta l  e r r o r .  

Another i n t e r e s t i n g  d i f f e r e n c e  between t h e  two c l a s s e s  of 

bonded phases  is revea led  i n  F ig .  5 ,  which shows t h e  dependence 

o f  t h e  f r a c t i o n a l  dead volume, E m ,  as medsured on t h e  d i f f e r e n t  

t e s t e d  columns, on t h e  carbon percentage  ( t m = V  / V  m t o t '  in 
is t h e  dead volume o b t a i n e d  from t h e  u n r e t a i n e d  peak of methanol  

and V t o t  i s  t h e  volume of t h e  empty column).  

where V 
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L l  I I I I I  
b 20 25 

pc 
10 5 

F I G U R E  4 .  Slope  s of s t r a i g h t  l i n e s  i n  F i g s  2 and 3 a s  a f u n c t i o n  
of carbon c o n t e n t  

0 a l c o h o l s  and 0 a c e t a t e s  on t h e  mixed phases ,  
‘B a l c o h o l s  and 0 a c e t a t e s  on c o n v e n t i o n a l  phases  

0.8 

cnl 

0 7  

0 6  

/ 
/ 

3 

I I I I 

5 10 20 25 l5  pc 

FIGURE 5. F r a c t i o n a l  dead volume of columns p l o t t e d  a g a i n s t  t h e  
carbon c o n t e n t  of O m i x e d  and 0 c o n v e n t i o n a l  phases  
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1474 SPACEK ET AL. 

There is no reason why the dependences in Figs 4 and 5 should 

be linear (on the contrary, if the fraction of octadecyl groups 

in the mixed phase were further decreased, the two dependences 

must go through a common point corresponding to the phase C 1 at 

Pc = 5 . 3 % .  as shown by dotted curves in both Figures), but i t  is 

interesting to notice that straight lines through the points in 

both Figures intersect at P = 2 4 .  This seems to indicate that 

24 percent carbon (i.e., surface coverage 3.68 unole/m*) would b e  

the limiting value obtainable with octadecyltrichlorosilane under 

conditions of exhaustive silylation. (Indeed. when another sample 

of silica was refluved in toluene with ODTS for 26 hours under 

otherwise identical conditions as in Table 1 ,  surface coverage of 

3 . 7  bmole/m* was achieved in excellent agreement with the previous 
figure.) 

C 

It has been observed ( 1 5 )  that if log k' is plotted for a 

series of n-alkanes as solutes against the effective number of 

carbon atoms in the conventional reversed phases prepared by 

chemically bonding alkyl chains of different length to the s i l i c a  

surface, a set of straight lines results which possess a common 

intersection point whose ordinate is virtually equal to the ordi- 

nate of the intersection point of lines obtained by plotting, € o r  

different reversed phase materials, l o g  k '  against the actual 

number of carbon atoms in the homologous series of solutes (see 

Figs 2 and 3 ) .  The effective carbon number of the reversed phase, 

is defined as the nominal number of carbon atoms in the " c , r f  * 
bonded alkyl chain, nc, corrected € o r  the surface density of t h e  

bonded molecules, and is proportional ( 1 5 )  to the expression 

1 Pc!Y- 1 )  

1200 nc - Pc ( M  - 1 )  
"c,efQCPc + c 

where P is the percentage of carbon and H is the molecular weight 

of the bonded group. 

Our data obtained with two different homologous series of 

aliphatic alcohols and their acetates on conventional bonded 
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log k' 

0 -  

- 1  

phases  C7, C12 and C18 a l s o  conform t o  t h i s  p i c t u r e ,  as shown i n  

F ig .  6 .  

For t h e  mixed phases  t h e  e f f e c t i v e  number of carbon atoms 

cannot  be c a l c u l a t e d  i n  a s imilar  manner, as only  t h e  t o t a l  percen-  

t a g e  of  carbon and n o t  t h e  p r o p o r t i o n  of bonded o c t a d e c y l  and tri- 

i n e t h y l s i l y l  groups w a s  known. However, on t h e  b a s i s  of p r e v i o u s  

r e s u l t s  i n  F i g s  4 and 5 i t  seems r e a s o n a b l e  t o  assume t h a t  t h e  

o v e r a l l  s u r f a c e  coverage  was t h e  same f o r  t h e  mixed phases  and 

approximate ly  e q u a l  t o  3.7&mole/m2. We can w r i t e  f o r  t h e  percen-  

t a g e  of carbon of  t h e  mixed phase t h e  r e l a t i o n  

l +  

- 

- 0  

--1 I 
I 

-. 

I I I 

# Akohok - 
5 
L 

3 

n-8 

I 
5 
4 

3 
2 -&k I , -  

L- 

I 

1 I I 1 
-M 0 33 W S  

FIGURE 6.  Dependence of log k' f o r  i n d i v i d u a l  members of homo- 
logous s e r i e s  upon t h e  r ight-hand s i d e  (RHS) of Eq.(l); conven- 
t i o n a l  bonded m a t e r i a l s  
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1476 SPACEK ET AX+. 

pc = 

where the subscr 

N o . 1 2 n  + N  12 nt 
0 t '  00 

1 {No(Mo - 1 )  + Nt(Nt - l)] 

pts refer to the octadecyl and trimethylsilyl 
groups, N's designate the amounts of the corresponding bonded 

moieties (in mole per gram of original silica), M's are the re- 
spective molecular weights and q, - 1 8  and n t = 3  are the nominal 
numbers of carbon atoms. (The term in square brackets in the de- 

nominator corrects for the increase in weight of silica due to the 
chemical modification.) Assuming that 

N ,  + N t  =3.7(~ole/mz).451(mz/g).104= 1.669.1<'(mole/g original ( 3 )  
silica) 

FIGURE 7 .  Dependence of log k' for individual members of homo- 
Logous series plotted against the effective number of  carbon atoms 
in the mixed phases 
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05.5 37 2 i 

a 3 3  2 33 
5 10 20 15 

pc 

FIGURE 8. S e l e c t i v i t y  of mixed (0) and c o n v e n t i o n a l  0 )  bonded 
phases  

correkponding a l c o h o l  ( e . g .  "5 = k'PrAc'k'PrOH) 

a. i s  t h e  r a t i o  c f  c a p a c i t y  f a c t o r s  of i - t h  a c e t a t e  and t h e  

we can s o l v e  E q s  ( 2 )  and (3)  f o r  No and N t  and d e f i n e  t h e  e f f e c t i v e  

number of carbon atoms of  t h e  mixed phase ,  n c , e f .  b y  t h e  e q u a t i o n  

F ig .7  shows log k '  as  o b t a i n e d  on t h e  mixed phases  w i t h  a l c o -  

h o l s  and a c e t a t e s  :$ lo t ted  a g a i n s t  n c a l c u l a t e d  from E q . ( 4 ) .  

The dependences f o r  t h e  i n d i v i d u a l  homologous s e r i e s  a r e  aga in  

l i n e a r ;  moreover, no t  only do they i n t e r s e c t  a t  a common p o i n t ,  

bu t  t h e  o r d i n a t e s  of t h e s e  p o i n t s  a r e  aga in  s i m i l a r  t o  those  of 

t h e  cor responding  i n t e r s e c t i o n  p o i n t s  i n  F i g s  2 and 3 ,  r e s p e c t i v e l y .  

Although no p h y s i c a l  i n t e r p r e t a t i o n  of t h i s  i n t e r e s t i n g  behavior  

can b e  given a t  p r e s e n t ,  i t  i s  c l e a r  t h a t  t h e  r u l e  f i r s t  observed 

c , e f  
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1478 SPACEK ET XL. 

by Berendsen and Galan ( 1 5 )  f o r  n-alkanes holds  a l s o  f o r  o t h e r  

homologous s e r i e s  on o t h e r  types  of bonded phases  i n  r e v e r s e d  

phase chromatography. 

The mixed phases  show h i g h e r  s e l e c t i v i t y  a l s o  w i t h  r e s p e c t  

t o  cor responding  members of t h e  two homologous s e r i e s  i n v e s t i g a t e d .  

This  i s  documented i n  F i g . 8 :  t h e  s e l e c t i v i t y  f a c t o r s @ ;  a r e  p l o t t e d  

f o r  t h r e e  p a i r s  a c e t a t e / a l c o h o l  a g a i n s t  t h e  carbon c o n t e n t  Pc 

( e . g .  4 ,  = k 'prAc/k 'prOH).  The p o i n t s  f o r  t h e  mixed phases  l i e  i n -  

v a r i a b l y  above those  f o r  t h e  c o n v e n t i o n a l  s o r b e n t s .  

The mixed phases  a r e  thus  seen  t o  r e p r e s e n t  a very  i n t e r e s t i n g  

c l a s s  of m a t e r i a l s  f o r  reversed-phase chromatography wi th  h i g h e r  

c a p a c i t y  f a c t o r s  and h i g h e r  s e l e c t i v i t y  than  t h e  c o n v e n t i o n a l  

phases  a t  t h e  same c o n t e n t  o f  carbon.  A s  an example o f  t h e i r  prac-  

t i c a l  u t i l i z a t i o n ,  F ig .9  shows a reversed  phase s e p a r a t i o n  o f  some 

- 
M 15 10 

t , min 

FIGURE 9. S e p a r a t i o n  o f  phenols  on t h e  mixed phase YX 20 
Column 2 5 0  mm l o n g ,  4 nun I . D . ,  methanol  - w a t e r  ( 7 0 : 3 0 ,  v / v )  
a t  0 .5  ml/min. W d e t e c t i o n ,  254  tun 

5 4-cyclohexylphenol 
1 phenol ,  2 m-cresol ,  3 2 ,6-xylenol ,  4 4 - t e r t - b u t y l p h e n o l ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



RETENTION OF SILICA-BASED SORBENTS 1479 

substituted phenols on the mixed phase MX20 (this material is now 

marketed by Laboratory Instruments Works, Prague, under the trade 

-mark SEPARON S; C18). 

REFERENCES 

( 1 )  Novotni, M., Bektesh, S.L., and Grohmann, K., J.Chromatogr., 
83, 25 ,  1973 
c 

( 2 )  Locke, D.C., J.Chromatogr.Sci., 1 1 ,  121 .  1973 

(3)  Twitchett, P.J., and Moffat, A.C., J.Chromatogr., 1 1 1 ,  149 
1975 

( 4 )  Unger, K.K., Becker, N.. and Roumeliotis, P., J.Chromatogr. 
125 ,  115, 1976 

( 5 )  Kikta, E.J., Jr., and Grushka, E.. Anal.Chem., 4 8 ,  1098 ,  
1976 

(6 )  Hemetsberger. H . ,  Maasfeld, W., and Ricken. H., Chromatographia, 
9 ,  303 ,  1976 

( 7 )  Karger, B.L., Gant. J . R . ,  Hartkopf, A . .  and Weiner, P . H . ,  
J.Chromatogr., 128,  6 5 ,  1976 

( 8 )  Karch, K., Sebastian, I., and Halasz, I., J.Chromatogr., 122 ,  
3 ,  1976 

( 9 )  Hemetsberger, H., Kellermann, X., and Ricken, H., Chromato- 
graphia, 10,  7 2 6 ,  1977 

(10 )  Hennion, M.C., Picard, C., and Caude, M., J.Chromatogr., 166 ,  
21 ,  1978 

( t i )  Berendsen, G.E., and Calan, L., J.Liquid Chromatogr., 1 ,  4 0 3 ,  
1978 

(12 )  Rabel, F.X., Butts, E.T.. Hellman, M.L., and Popovich, D.J., 
J.Liquid Chromatogr., 1 ,  631 ,  1978 

(13 )  Colin, H . ,  Ward, N., and Guiochon, G., J.Chromatogr., 1 4 9 ,  
169 ,  1978 

(14 )  Roumeliotis, P., and Unger, K.K., J.Chromatogr., 1 4 9 ,  211 ,  
1978 

(15 )  Berendsen, G.E.. and Galan, L.. J.Liquid Chromatogr., 1 ,  561 .  
1978 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1480 SPACEK ET AL. 

(16) Rehik, V., and Smolkova, E., Chromatographia. 9. 219, 1978 

(17) Colin, H.. and Guiochon, G.. J.Chromatogr., 141, 289. 1977 

(18) Grushka, E., and Kikta, E.J., Anal.Chem., 49, 1004A, 1977 

(19) Scott, R.P.W., and Kucera, P., J.Chromatogr., 142, 213, 1977 

(20) Gilpin, R.K., Korpe, J.A., and Janicki, C.A.. Anal-Chem., A 7 ,  
1498, 1975 

(21) Vozka. S., Spatek. P., Kubin, M., Porsch, B.. and Holler, P., 
patent pending 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


