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PREPARATION OF VARIOUS BONDED PHASES FOR HPLC USING 

MONOCHLOROSILANES 

G e r t  E .  Berendsen,  K r i j n  A. P i k a a r t  and Leo de Galan 

Labora tory  f o r  A n a l y t i c a l  Chemistry 

D e l f t  U n i v e r s i t y  o f  Technolopy 

J a f f a l a a n  9 ,  2628  BX D e l f t  

The N e t h e r l a n d s  

ABSTRACT 

Yonochloros i lanes  have been p r e p a r e d  w i t h  y i e l d s  of about  802 through a 
c a t a l y t i c  h y d r o s i l y l a t i o n  of t e r m i n a l  o l e f i n s .  Subsequent ly ,  t h e  s i l a n e s  are 
c h e m i c a l l y  bonded t o  s i l i c a  t o  o b t a i n :  ( i )  n - o c t y l d i m e t h y l s i l y l  bonded phases  
w i t h  r e p r o d u c i b l e  s u r f a c e  coverage  ranging  from 0.8 t o  3.5 umol/m2, ( i i )  
p r o p y l d i m e t , i y l s i l y l  bonded p h a s e s  w i t h  d i f f e r e n t  f u n c t i o n a l  groups  a t  t h e  ~ 

v - p o s i t i o n ,  a l l  showing a n e a r l y  e q u a l  s u r f a c e  coverage of some 3 . 3  umol/m-, 
and ( i i i )  n - a l k y l d i m e t h y l s i l y l  bonded phases  w i t h  c h a i n l e n g t h s  r a n g i n g  from 
1 t o  22 carbon atoms and w i t h  s u r f a c e  coverages  r a n g i n g  from 3.9 umol/m2 f o r  
RP-I t o  3.0 umol/m' f o r  t h e  RP-22 bonded phase .  A s i m p l i f i e d  model based  on 
t h e  p o r e  s t r u c t u r e  of s i l i c a  a l l o w s  an e x p l a n a t i o n  and e s t i m a t i o n  of  t h e  
maximum s u r f a c e  coverage a s  a f u n c t i o n  of  t h e  c h a i n l e n g t h  of  t h e  bonded phase .  

INTRODUCTION 

I n  p r e v i o u s  p u b l i c a t i o n s  I I , ? I  we have advoca ted  t h e  use  of  monochloro- 

s i l a n e s  f o r  t h e  p r e p a r a t i o n  of  r e p r o d u c i b l e  and w e l l  d e f i n e d  c h e v i c a l l y  bonded 

p h a s e s  f o r  l i q u i d  chromatography.  From a g e o m e t r i c a l  model based  on m o l e c u l a r  

dimensions we concluded t h a t  the  maximally a t t a i n a b l e  s u r f a c e  coverage  o f  

s i l i c a  approximated I, m o l / m 2  o r  2 . 1  chains/nm2.  From t h i s  model an i m p r e s s i o n  

could be g iven  about  t h e  s c r e e n i n g  of  remaining hydroxyl  groups by t h e  bonded 

phase I I ' . I n  a c o n s e c u t i v e  paper  ' 2 !  we d e s c r i b e d  t h e  p r e p a r a t i o n  of  some 
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s h o r t - c h a i n  bonded phases  and t h e  minor i n f l u e n c e  of  r e s i d u a l  s i l a n o l  groups 

on r e t e n t i o n .  The p r e s e n t  paper  r e p o r t s  t h e  p r e p a r a t i o n  of  a v a r i e t y  of  

chemica l ly  bonded phases  d e r i v e d  from monochloros i lanes .  

BFJENDSEN, PIKAART, AND DE G W  

Although the  p r e p a r a t i o n  of chemica l ly  bonded phases  h a s  been d e s c r i b e d  

i n  many papers  most a t t e n t i o n  h a s  been pa id  t o  d i c h l o r o -  and t r i c h l o r o s i l a n e s  

( 3 - 1 5 1 ,  whereas o n r y  a few s t u d i e s  r e p o r t  t h e  use  o f  monochloro compounds ' 1 . 2 ,  

16-19!. 

Although i n  e i t h e r  case  t h e  e x t e n t  o f  t h e  bonding r e a c t i o n  can be 

expressed  by the  carbon c o n t e n t  o f  t h e  end p r o d u c t ,  we a g r e e  w i t h  Unger '201 

and Col in  and Guiochon ' 2 1 1  t h a t  t h e  carbon p e r c e n t a g e  i s  a poor  measure o f  

t h e  s u r f a c e  coverage o f  the  packing  m a t e r i a l .  The convers ion  of  t h e  carbon 

percentage  t o  the  more s i g n i f i c a n t  s u r f a c e  coverage can only be made r e l i a b t y  

f o r  monochloros i lanes  121 and even then only when t h e  p r o p e r t i e s  of t h e  s t a r t -  

ing  s i l i c a s  a r e  known. As long a s  t h e  r e s p e c t i v e  i n f l u e n c e s  of  s u r f a c e  coverage ,  

the  n a t u r e  of the  bonded phase and t h e  remaining silanol groups ,  a r e  n o t  

q u a n t i t a t i v e l y  e s t a b l i s h e d  one should  be  c a r e f u l  in comparing r e t e n t i o n  d a t a  

of  c l e a r l v  d i f f e r e n t  covered phases .  Hence t h e  d a t a  of Hemetsberger e t  al. 

' 10, I I ,  l 5 !  , who s t u d i e d  the  i n f l u e n c e  o f  c h a i n l e n g t h  - f  bonded a l k v l  c h a i n s  

a t  maximum s u r f a c e  coverage ,  a r e  n o t  d i r e c t l y  comparable w i t h  t h o s e  o f  Hennior. 

e t  a l . I l 3 1 ,  who s t u d i e d  t h i s  e f f e c t  ac c o n s t a n t ,  b u t  l e s s  t h a n  paximum covernge  

f i . e .  2.1 omol/m2). I n  o u r  o p i n i o n ,  c o n c l u s i o n s  on optimum c h a i n  l e n g t h  ' 1 2 '  

and opt imized p r e p a r a t i o n  c o n d i t i o n s  ~ 1 4 '  a r e  premature i f  they a r e  hased on 

s t u d i e s  us ing  d e c i d e d l y  undercovered phases .  In f a c t ,  a mutual  comparison o r  

d i f f e r e n t  cha in  l e n g t h s  prepared  from mono-, d i -  and t r i c h l o r o s i l a n e s  i s  o n l v  

j u s t i f i e d .  i f  the i n f l u e n c e  of remaining hydroxyl  groups a t  c o n s t a n t  s u r f a c e  

coverage and cha in  l e n g t h  i s  t aken  i n t o  account  ' 1 7 ' .  

EXPC R I!'E YTAL 

Chemicals used f o r  the  p r e p a r a t i o n  of  t h e  bonded packings  were o b t a i n e d  

from d i f f e r e n t  s o u r c e s ,  S i l a n e s  from P e t r a r c h  Systems (Levi t town,  Penna. ,  U S ) ,  

except  t r i m e t h y l c h l o r o s i l a n e  ( X l d r i c h ) ;  o l e f i n s  mainly from F l u k a ,  and A l d r i c h ,  

t h e  c a t a l y s t  hexachloroplatinum(1V)acid-hexahydrate from D r i j f h o u t ,  Amsterdam, 

The Nether lands .  

All bonded packings  were p r e p a r e d  from b a t c h e s  of  LiChrosorb SI 100 s i l i c a  

of  Yerck. Two b a t c h e s  of 10 u m  p a r t i c l e s  ( b a t c h  n r .  EF 7 2  w i t h  charge n r .  

5 2 7 . 1 3 0 2 .  and b a t c h  nr .  EH 2 3 ,  charge  nr .  8 5 4 . 6 & 6 ) ,  and one ba tch  o f  5 : m  

p a r t i c l e s  (ba tch  n r .  EH 2 ,  charge n r .  6 3 2 . 2 7 1 2 ) .  
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BONDED PHASES USING MONOCHLOROSUANES 1439 

The s p e c i f i c  s u r f a c e  a r e a s  o f  t h e  t h r e e  b a t c h e s  were de te rmined  i n  
2 d u p l i c a t e  w i t h  t h e  BET n i t r o g e n  a d s o r p t i o n  method a t  77K 122) as 299 m / g  f o r  

2 2 
b a t c h  EF 72. 313 m / g  f o r  EH 23 and 273 m / g  f o r  t h e  5 u m  p a r t i c l e s ,  b a t c h  EH 2 .  

A gas  expans ion  a p p a r a t u s  was used w i t h  gauged volumes, 

Pore  s t r u c t u r e  parameters  such  a s  s p e c i f i c  pore  volume, p o r e  s i z e  d i s t r i -  

b u t i o n  and mean pore  s i z e  were o b t a i n e d  from t h e  n i t r o g e n  a d s o r p t i o n  i s o t h e r m  

a c c o r d i n g  t o  t h e  c y l i n d r i c a l  model d i s c u s s e d  by De Boer 1231, Broekhoff  1141 

and L i n s e n  1251,  The i so therms were o b t a i n e d  w i t h  a S o r p t o m a t i c  model 1826. 

Car lo  Erba,  Milan. I t a l y .  

E lementa l  a n a l y s i s  of  carbon,  hydrogen and,  i f  p r e s e n t ,  c h l o r i n e  o r  

n i t r o g e n ,  were performed under  d r y  n i t r o g e n  i n  two independent  L a b o r a t o r i e s .  

The d a t a  were conver ted  t o  t r u e  s u r f a c e  coverages  u s i n g  t h e  e x p r e s s i o n  d e r i v e d  

p r e v i o u s l y  I 2 1 . 
l o 6 *  P, I 

1200nC-PC(M-I) S 

where Pc i s  t h e  measured carbon p e r c e n t a g e ,  S t h e  s p e c i f i c  s u r f a c e  a r e a  
1 

( i n  m’ /g ) ,  Y t h e  molecular  v e i g h t  o f  t h e  bonded molecule  and nC t h e  number o f  

carbon atoms i n  t h e  bonded s i l a n e  molecule .  In e q .  ( 1 )  t h e  f a c t o r  Pc!?’(-l) 

c o r r e c t s  f o r  t h e  weight  i n c r e a s e  of t h e  s i l i c a .  A s i m i l a r  e x p r e s s i o n  can  be 

formula ted  f o r  o t h e r  e lements ,  buc f o r  hvdrogen t h e  c o n t r i b u t i o n  of remain ing  

s i l a n o l  groups must be taken  i n t o  account  , 1 ~. 
Thermoqravimetry - Mass Spec t romet ry  measurements  were performed w i t h  a 

combined TG-DTA-ECA apparacus  of S a c o r i u s ,  coupled t o  a Topatron-B mass spec-  

t r o m e t e r  of Leybold-Heraeus. Some 50 mg sample was heated  a t  a r a t e  of 6 K/min 

under vacuum o r  i n  hel ium ( 2 0  mL/min) .  Weight l o s s  and h e a t  change were recur- 

ded c o n t i n u o u s l y ,  and t h e  evolved g a s e s  were f e d  i n t o  t h e  i o n i z a t i o n  chamber of 

t h e  mass s p e c t r o m e t e r ,  t h a t  could be t r i g g e r e d  t o  r e c o r d  a 10 s mass spec t rum 

s ..I e r 7: T 1 nut  e . 
PREDAIWTION OF CHEYICALLV BONDED PACKINCS 

P r e p a r a t i o n  of  a chemica l lv  bonded s t a t i o n a r y  phase i n v o l v e s  s u r f a c e  

m o d i f i c a t i o n  o f  a porous s l l i c a  s u p p o r t  by chemical  r e a c t i o n  o f  s i l a n o l  g r o u p s  

w i t h  an a p p r o p r i a t e  s i l a n e  r e a g e n t .  

A s  has  been d i s c u s s e d  p r e v i o u s l y  I ’ t h e r e  a r e  enough a c t i v e  s i l a n o l  groups  

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

number ‘ 2 , 1 3 1  is  unnecessary  and n o t  a d v i s a b l e ,  because  t h i s  t r e a t r e n t  may i n t r o -  

duce p o s s i b l e  s t r u c t u r a l  changes i n  t h e  s i l i c a  suuporc  121.  !loreover, a d d i t i o n a l  

s i l a n o l  groups will n o t  enhance t h e  s u r f a c e  coverage ,  b u t  pay reduce  t h e  non- 

p o l a r  c h a r a c t e r  of t h e  bonded packing .  
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1440 BERENDSEN, PIKAART, AND DE GALW 

The dimethylmonochlorosilane r e a g e n t  (C1Si(CH3)2-R) can  be s y n t h e s i z e d  i n  

s e v e r a l  ways. Unger e t  a l .  1161 used a tvo-s tep  Gr ignard  r e a c t i o n .  

(CH3)2SiC12 __.I, C n H Z n + ,  S i  (CH3) , C 1  

monomer 

The obvious p o s s i b i l i t y  of  dimer format ion  a d v e r s e l y  a f f e c t s  t h e  r e a c t i o n  

y i e l d .  

Ve used a r a p i d  and s imple  one-step c a t a l y t i c  h y d r o s i l y l a t i o n  o f  te rmina l  

o l e f i n s  f o r  t h e  p r e p a r a t i o n  of monochloro- and monoalkoxys i lanes .  T h i s  r e a c t r o n  

favours  the  format ion  o t  an "anti-Harkovnikov"-addition product .  A review o f  

v a r i o u s  h y d r o s i l y l a t i o n  r e a c t i o n s  is given  by S e y f e r t h  and Kin? I 2 6 !  . 
c a t a l y s t  

R-(CH,)  -CH=CH, + (CH3)?C1SiH - R-(CH,)m+ZSi(CH3),CL I - *  I 
inwhich R = H  o r  f u n c t i o n a l  group.  The c a t a l y s t  used was h e x a c h l o r o p l a c i n u r -  

ac id-hexahydra te  (H,PtCl,,,.hH,O). In g e n e r a l .  t h i s  r e a c t i o n  type  i n v o l v e s  s h o r c z r  

r e a c t i o n  times and h i g h e r  y i e l d s  i n  comparison w i t h  t h e  Gr ignard  r e a c t i o n  c-:pe 

' 2 7 1 .  Note t h a t  o n l y  f u n c t i o n a l  groups can be used which do  not  r e a c c  w i t h  the  

monochloro- O K  ponoalkoxys i lanes .  Other  f u n c t i o n a l  proups,  v i z .  -OH. must 5 e  

p r o t e c t e d  by s o c a l l e d  " p r o t e c t i n g  groups" which have t o  be removed a f t e r  t h e  

bonding r e a c t i o n .  

The p r e p a r a t i o n  of monochloros i lanes  proceeds  under r e f l u x  and i n  a dr-r  

n i t r o g e n  atmosphere.  

To 0.2 v o l e  o l e f i n  add about  2 mg hexachloroplatinumacid-hexahydrate c a t a l y s t .  

Heat t h e  s o l u t i o n  under cont inuous  s t i r r i n g  t o  a tempera tore  o t  90JC ( e x c e p t  r:e 

o l e f i n  I-hexene ( b o i l i n g  p o i n t  6 3 . j o C ) ;  t h i s  s o l u t i o n  was h e a t e d  t o  ?Oar:). 

Add an e q u i v a l e n t  (or smal l  e x c e s s )  of d i m e t h y l c h l o r o s i l a n e  i n  about  3 0 - G O  min, 

The r e a c t i o n  i s  h i g h l y  exothermic  as  i s  shown by an i n c r e a s e  i n  t e m p e r a t u r e .  

To p r e v e n t  o v e r h e a t i n g  t h e  r e a c t i o n v e s s e l  i s  cooled .  The dimethylmonochloro-  

s i l a n e  product  is  p u r i f i e d  by f r a c t i o n a l  d i s c i l l a c i o n  under  vacuum and s t o r e d  

i n  s e a l e d  g l a s s  ampoules. The y i e l d s  of  t h e  s y n t h e s i z e d  monochloros i lane  

p r o d u c t s  a r e  p r e s e n t e d  i n  t a b l e  I.  

Some monochloros i lanes  w i t h  v a r i o u s  t e r m i n a l  f u n c t i o n a l  groups a r e  c o m e r -  

c i a l l v  a v a i l a b l e .  i . e .  Cl-Si(CH ),-(CH ) -Y,  inwhich X=H, C Y  o r  C1; and CH3>)-'ii 
3 -  2 3 .  
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BONDED PHASES USING MONOCHLOROSILANES 

TABLE I 

1441 

Yields  and physical propert ies  of mnochlorosilanes 

silane compound 

X-(CH2)n-Si(CH3)2Cl 

X n 

H 6 

10 

14 

18 

22 

phenyl 3 

cyclohexyl 3 
dimethylamine 3 

vinyl 3 

boiling and 

melting points (OC) 

bplnun Hg "p 

65-61112.5 

1 30-1 33/ 15 

152-15312 
182-18510.2 25-30 

- 40-45 

5 )  1.65 I1 2 . 5  

~ j 5 1 l 2 . 5 ~ )  
- 

5 2 - 5 4 1  I a 

YIELD 

( Z )  

~~ 

a2 

a6 

a4 

a2 

66 

(CH ) -(CH ) -CH,NH2 with a reactive methoxy group instead of a chlorine atom. 

Some other silanes were synthesized from their corresponding olefins (i.e. 
CH,-CH,CH,-X, inwhich X= phenyl, cyclohexyl, dimethylamine and vinyl). Obviously, 

silanes frotr olefins with cyanide or halogen terminal functional groups can also 
be easily prepared. Tabel I presents data of silane compounds with functional 
groups. 

3 2  2 3  - 
- - -  

P r o t o n  .W-Spectroscopy (60 ?Mz) is eminently suitable to follow the 
conversion of the olefin into the monochlorosilane compound. 

'Vanishing of the signals from olefinic hydrogens at 5 1 4 . 6 - 5 . 9  ppm is accompanied 

by the appearance of a singlet at 6 4 . 4 1  ppm arising from methylgroups bonded t o  

the silicon atom. The methylene groups, except the one directly bonded to the 

silicon atom, cause a sharp signal at 611.30 ppm. The silicon bonded methylene 

group and the terminal methylgroup (for n-alkyl chains) give rise to a complex 

signal between 5-0.60 and 6 1 1 . 1 7  ppm. 
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1442 BERENDSEN, PIKAART. AND DE GALAN 

The s p e c t r a  o f  monochloros i lanes  w i t h  f u n c t i o n a l  groups a l l  show a d i s t o r t e d  

2-proton t r i p l e t  a t  6-0.95 ppm f o r  t h e  methylene group bonded t o  s i l i c o n .  

Chemical s h i f t s  of  t h e  o t h e r  methylene groups ( a  m u l t i p l e t  and a t r i p l e t )  depend 

upon t h e  Eunct ional  group. S i m i l a r  r e s u l t s  have been found by Xourey and S i g g i a  

1301. 

S y n t h e s i s  3: 5oncied pack ings  

Various chemica l ly  bonded m a t e r i a l s  were prepared  from t h r e e  d i f f e r e n t  

s i l i c a  b a t c h e s .  One b a t c h  was used € o r  p r e p a r i n g  packinps  w i t h  d i f f e r e n t  c h a i n  

l e n g t h s ,  another  f o r  p r e p a r i n g  b o t h  d i f f e r e n t  c h a i n  l e n g t h s  and undercovered 

phases ,  and a t h i r d  one €or s y n t h e s i z i n g  s h o r t  c h a i n  phases  w i t h  v a r i o u s  t e r m i n a l  

f u n c t i o n a l  groups.  

Bonded packings w i t h  d i f f e r e n t  n-alkyl  c h a i n  l e n g t h s  were prepared  using a r e v i s e d  

v e r s i o n  of  the  bonding r e a c t i o n  d e s c r i b e d  p r e v i o u s l y  1 ? I  , 
The bonding r e a c t i o n  i s  c a r r i e d  o u t  i n  a dry  atmosphere.  To a m i x t u r e  o f  

100 P L  to luene  ( d r i e d  over  sodium),  4 gram s i l i c a  ( a c t i v a t e d  f o r  I ?  hours  a t  

2 0 0 O C  and 1.1.5 t o m )  and 2 . 5  m l  p y r i d i n e  ( d r i e d  over  KOH) a f o u r  f o l d  e x c e s s  o f  

s i l a n e  reagent  ( c a l c u l a t e d  € o r  1.4 s i l a n o l  groups  p e r  nm') i s  added. This  mixcare 

is h e a t s d  € o r  40-150 hours  (depending on c h a i n l e n g t h )  a t  a cempersture  about 1q517 

below t h e  b o i l i n g  p o i n t  of  t h e  most v o l a t i l e  component. O c c a s i o n a l i y .  t h e  n i x r u r ?  

is g e n t l y  s t i r r e d  o r  shaken wich c a r e  t o  p r e v e n t  damaging of  t h e  p a r t i c l z s .  The 

bonded packing was washed a s  d e s c r i b e d  p r e v i o u s l y  121 and d r i e d  f o r  I 2  hours  ac 

1 5 O o C  i n  vacuo, b e f o r e  samples were taken  f o r  t h e  e lementa l  a n a l y s i s .  

7 

Except €or  some RP-3,  RP-I0 and RP-18 m a c e r i a l s ,  which were o n l y  used fo r  

t e s t  purposes ,  a l l  bonded packinps  were p o s t - t r e a t e d  w i t h  t r i m e t h y l c h l o r o s i l a n e  

in the  same way as d e r c r i b e d  above, 

Undercovered phases  were p r e p a r e d  from n-octyldimethylchlorosilane a t  9- 
t empera ture .  Appropr ia te  amounts o f  silane r e a g e n t  ( c a l c u l a t e d  on t h e  b a s i s  o f  

2 . 4  s i l a n o l  groups per nm') were added t o  t h e  mixture  o f  t o l u e n e ,  p y r i d i n e  3nd 

s i l i c a .  A l l  manipula t ions  and r e a c t i o n s  were c a r r i e d  o u t  i n  a glove %ox, f iL le , z  

w i t h  a b s o l u t e l y  dry  n i t r o g e n .  The r e a c t i o n  t i m e  was one week. 

7 

The s h o r t  cha in  phases  w i t h  var ious  t e r m i n a l  f u n c t i o n a l  groups were a l s o  

s y n t h e s i z e d  a f  roomtemperature w i t h  a r e a c t i o n  time of  one week, b u t  w i t h  a f o u r  

f o l d  excess  of s i l a n e  reagent .  A c t u a l l y ,  t h i s  r e a c t i o n  t i m e  is e x c e s s i v e .  

According t o  Van de  Venne 1191, a maximum coverage w i t h  n - o c t y l d i m e t h y l s i l a n e  is 

r e a l i z e d  s l i g h t l y  over  f o u r  hours .  For aminobutyldimethylrnonomethoxysilane w e  

fol lowed t h e  bonding procedure  a s  d e s c r i b e d  f o r  trimethylmonoethoxysilane, us ing  

a c t i v a t e d  s i l i c a  and N,N-dimethylani l ine a s  r e a c t i o n - s t i m u l a n t  ! 21 . 
A f t e r  Washing 121 and d r y i n g  ( a t  150°C/1.5 t o r r  € o r  12 h o u r s ) ,  samples  f3r 

t h e  e lementa l  a n a l y s i s  were taken  under d r y  n i t r o g e n  and s t o r e d  i n  s e a l e d  g i a s s  

ampoules. 
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BONDED PHASES USING MONOCHLOROSILANES 1443 

RESULTS AND DISCUSSION 

Surface coverage 
S u r f a c e  coverages  of  t h e  bonded m a t e r i a l s  were c a l c u l a t e d  from t h e  d a t a  of  

t h e  e lementa l  a n a l y s i s  usiflg eq. ( I )  and a r e  p r e s e n t e d  i n  t a b l e  11. 

l e n g t h .  Apparent ly ,  t h e  s u r f a c e  coverage d e c r e a s e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h  

from about  4 umol/m- f o r  RP-I t o  about  3 umol/m' f o r  RP-22. t h e  l o n g e s t  c h a i n  

p r e s e n t l y  prepared .  The maximum v a l u e  o f  3.9 Umol/m o b t a i n e d  f o r  an RP-I 

packing ,  t a b l e  I1 2, a g r e e s  w i t h  t h e  v a l u e  found p r e v i o u s l y  121 f o r  TMS w i t h  

a n o t h e r  s i l i ca  b a t c h  (EF 72 .  i .e .  t h e  same b a t c h  a s  used f o r  packings  i n  t a b l e  

I1 d) .  However, t h e  RP-I coverage i n  t a b l e  I1 a ( b a t c h  EH 2 )  i s  somewhat h i g h e r ,  

4 . 2  umol/m-. This  d i f f e r e n c e  appears  t o  be s y s t e m a t i c .  For most RP-phases t h e  

s u r f a c e  coverage i s  a few p e r c e n t  h i g h e r  on t h e  EH-2 b a t c h ,  d e s p i t e  t h e  lower 

carbon percentage .  This  proves o u r  p r e v i o u s  s t a t e m e n t  t h a t  t h e  carbon p e r c e n t a g e  

i s  a poor  measure t o  c h a r a c t e r i z e  chemica l ly  bonded phases ,  s i n c e  i t  i g n o r e s  t h e  

s u r f a c e  a r e a  o f  t h e  s i l i c a  eq.  ( I ) .  The coverages  p r e s e n t e d  i n  b o t h  t a b l e s  a r e  

i n  e x c e l l e n t  agreement w i t h  those  publ i shed  by Unger e t  a l .  1161 ,  who used a 

d i f f e r e n t  bonding procedure  a t  a much h i g h e r  tempera ture  (250' a g a i n s t  9 5 O C ) .  

I t  is r a t h e r  remarkable  t h a t  t h e s e  v a l u e s  appear  n o t  t o  have been reproduced i n  

a l a t e r  p u b l i c a t i o n  1 1 7 1 .  

Table  I1 a and show t h e  r e s u l t s  f o r  n-alkylbonded phases  of  v a r i a b l e  cha in  

7 7 

2 

7 

I n  view of  the  u n c e r t a i n  c o r r e c t i o n  a p p l i e d  t o  t h e  hydrogen p e r c e n t a g e  I ? ' ,  
t h e  s u r f a c e  coverages  o b t a i n e d  from the  hydrogen percentage  a g r e e  f a i r l y  w e l l  

w i t h  t h o s e  from t h e  more r e l i a b l e .  cor responding  carbon p e r c e n t a g e s .  

With i n c r e a s i n g  cha in  l e n g t h  t h e  s u r f a c e  coverage d e c r e a s e s  and hence.  the  

number of  remaining s i l a n o l  groups on t h e  s i l i c a  s u r f a c e s  i n c r e a s e s .  I n  an 

a t t e m p t  t o  cap some a d d i t i o n a l  s i l a n o l  groups ,  a l l  n-a lkyl  banded phases  were 
p o s t - t r e a t e d  w i t h  a l a r g e  excess  o f  t r i m e t h y l c h l o r o s i l a n e  (TMCS). However, as 

i n d i c a t e d  i n  Table  I1 5, the  carbon and hydrogen p e r c e n t a g e  do n o t  raise. If 

we assume, t h a t  pos t - t rea tment  w i t h  T?CS would produce t h e  same coverage ( i n  

c h a i n s  per  nm-) f o r  a l l  p h a s e s ,  then  t h e  carbon percentage  would have i n c r e a s e d  

by 0.35: f o r  W-3, 0.51% f o r  RF-10. and 0 .92 :  f o r  RP-18. Such changes would have 

been r e a d i l y  observed in the  e lementa l  a n a l y s i s .  which i s  p r e c i s e  t o  0.1% 

a b s o l u t e  f o r  t h e s e  d u p l i c a t e  measurements. Consequent ly ,  we d i s a g r e e  w i t h  Karger  

e t  a l .  I 181  t h a t  t h e  carbon p e r c e n t a g e  i s  a poor  and i n a c c u r a t e  measure of  t h e  

e f f e c t  of  p o s t - s i l a n i z a t i o n .  

7 

Fur thermore ,  t h e  n e g a t i v e  r e s u l t  of t h e  e l e m e n t a l  a n a l y s i s  i s  confirmed by 

chromatographic  exper iments .  As h a s  been found p r e v i o u s l y  f o r  s h o r t  c h a i n  phases  

' 2 1 ,  p o s t - s i l a n i z a t i o n  of f u l l y  covered phases  does n o t  change t h e  r e t e n t i o n  o r  

peak shape  o f  s o l u t e s  measured under  r e v e r s e d  phase  c o n d i t i o n s .  The d a t a  f o r  

RP-10, p r e s e n t e d  i n  f i g u r e  I ,  a r e  i l l u s t r a t i v e  f o r  a l l  comparisons made. I t  can 
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1444 BERENDSEN, PIKAART, AND DE G W  

Suq-ace coverages of n - a l k y l s i t y l  bonded ?bases 
( s i Z i c a  support ,  9 2.3, SEE?= 313 m','?, I0 ;trn ?articles) 

WNOCHLORO 

SILANES 

H-(CH,) -SL(CH 1 C1 
. n  I ?  

n 

I 

1 

6 

I 0  

t i .  

, A  

d i r e c t  

I 
c - 

1.01 

6.91  

9 . 2 1  

I:.?: 

1 5 . 5 1  

H 

- 
1.29 

1.51 

I .92 

: . 5 "  

I. I0 

l frcr  treatment 

uc s 

H - 
- 

I . b 9  

2 . 0 1  

: . 0 1  

1 .  19 

1 . 1 -  

ES !GSAT I@! 

sp-l 

'P- 

v-* 

9P- 

JP-, . 
i". , 

-y-.. 

be concluded ,  t h e r e f o r e ,  t h a t  p o s t - t r e a t m e n t  w i t h  TYCS o f  f u l l y  covered s i l i c a s  

i s  unnecessary ,  a t  l e a s t  f o r  use under  r e v e r s e d  phase c o n d i t i o n s .  A p o s s i b l e  

i n f l u e n c e  of  p o s t - s i l a n i z a c i o n  under  s t r a i g h t  phase  c o n d i t i o n s  h a s  n o t  been  

i n v e s t i g a t e d .  

Table  11 5 p r e s e n t s  d a t a  of r e v e r s e d  phase  (RP-8) o a c k i n g s  ::Lth i n c r e a s i n x  

s u r f a c e  coverage.  p repared  a t  roomtemuerature .  F igure  2 shows the  r e t a t L o n  

between the  expec ted  s u r f a c e  coverage  c a l c u l a t e d  from t h e  added o c t y l s i l a n e  i n d  

t h e  coverage d e r i v e d  from e l e m e n t a l  a n a l y s i s .  E v i d e n t l y  f o r  coverages  up to  

2 Jmol/m- a l l  added s i l a n e  r e a c t s ,  whereas a t  h i g h e r  c o n c e n c r a t i o n s  t h e  coverape  

i s  l e s s  than  expec ted .  I t  i s  remarkable ,  however, t h a t  even under  such mi ld  

r e a c t i o n  c o n d i t i o n s  of roomtemperacure and only 36% e x c e s s  o f  s i l a n e  a s u r f d e  

coverage of  3.28 umol/m' i s  r e a l i z e d .  T h i s  is only  5 %  l e s s  than  t h e  maximum 

coverage o f  3.45 UDIOl/m- r e a l i z e d  by r e a c t i n g  a f o u r  € o l d  e x c e s s  of  s i l a n e  a t  

9 S 0 C .  The maximum coverage o f  3 . S 5  umol/m a g r e e s  w i t h  t h e  coverage  o b t a i n e d  for 

R P - R  on che same s i l i c a  b a t c h  i n  t a b l e  I1 a. Hence w e  a g r e e  w i t h  Van de 'Jenne 

, 

7 

7 

2 

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



BONDED PHASES U S I N G  MOBOCMOROSILANES 

TABLE 11k 

Sueace coverages of n-atky ls i ly l  bonded phases 
2 ( s i l i c a  support, EX 2 ,  SaET= 273 m /g, 5 par t ic les )  

SURFALT COKfUGE 

I 
1.14 ' 0 . 9 R  I L.16 

I 
I 
I 

0 .97  I 0 . 9 7  3.56 

0.98 I 0.93 3.60 

fl.95 I 0.91, 1 . L 9  
I 

I 

I 
f l . 9L  I 0.81, 1.43 

- 2  nm 

- 
2 . 5 1  

2 . 1 5  

2 . 1 7  

2.10 

: . n h  

I . 9 i  

- 

- 
ISICNATIOI 

RP- I 

w- I 

RP-6 

RP-R 

UP-14 

RP- I R 

1445 

1191 t h a t  c h e n i c a l l y  bonded phases  can be s y n t h e s i z e d  w i t h  a good r e p r o d u c i b i l i t y  

on t h e  same s i l i c a  s u p p o r t .  A f u r t h e r  i n d i c a t i o n  f o r  t h i s  r e p r o d u c i b i l i t y  i s  t h e  

absence of  s c a t t e r  of t h e  d a t a  p o i n t s  around t h e  smooth curve i n  f i g u r e  2 .  

F i n a l l y ,  t a b l e  I1 2 p r e s e n t s  r e s u l t s  f o r  p r o p y l s i l y l  bonded phases  w i t h  

d i f f e r e n t  f u n c t i o n a l  groups a t  the  Y - p o s i t i o n .  A l l  t h e s e  phases  show a n e a r l y  

equal  s u r f a c e  coverage of  sotre 3 . 3  ,mol/m-, except  the  butviamino-phase,  wnich 

shows a lower coverage of  2 . :  'xnol/rn-. However, t h e  l a t t e r  bonded packing was 

prepared  from a monomethoxysilane compound and w i t h  a c t i v a t e d  s i l i c a .  Apparent ly ,  

t h e  methoxy group i s  Less r e a c t i v e  than  the  c h l o r i n e  atom, a s  has  a l s o  been 

found p r e v i o u s l y  f o r  t r i m e t h y l s i l a n e  phases  1 2 1 .  

7 

7 

The s u r f a c e  coverages c a l c u l a t e d  from t h e  p e r c e n t a g e s  of  hydrogen and of  

t h e  hetero-atoms a r e  i n  a c c e p t a b l e  agreement w i t h  those  from t h e  carbon p e r c e n t -  

ages .  
2 

The coverage of 3 .36  umol/m f o r  t h e  n-propylbonded phase prepared  w i t h  a 

f o u r  f o l d  excess  a t  roomtemperature ,  i s  s l i g h t l y  l e s s  than t h e  coverage of  

3 . 5 6  mol/rn 2 f o r  the  RP-3 phase i n  t a b l e  I1 2. prepared  a t  95OC w i t h  a s i m i l a r  
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M I l A C E  

o l i m -  
1 

0.83 

I . 7 L  

2 . 0 8  

2 . 6 2  

Z.9h 

3 . 2 8  

) . i s  

BERENDSEN, PIKAART, twD DE G U  

- 7  
nm 

0.50 

1.05 

1 . 2 5  

i . s e  

1.78 

I . 9 7  

:.SR 

TABLE I1 5 

v-Octy Ldimethy I s i t y l  ?kase w i t h  increasing surface c m e r q e  

i s i%ica  support, % 2, SQET= 273 m" /g ,  5,um p a r t i c l e s )  
" 

WNOCHLORO 

S X U V E S  

Z I C X T  

'E.QCE.'IZA Gis 

I 

.1 
I 

I H  

2 . 6 2  I 1 . 2 7  

I 
5 . 2 7  I 1.18 

I 
I 

6 . 2 0  I 1 . 5 7  
I 

7 . 6 4  1 . 7 7  

I 

I 

I 

I 

3 . 5 2  1 1 . 9 3  

3 . 3 2  2.06 

9 . 7 3  1 2 . 1 :  

EURFALT 

m o  I 

C 

- 
c.23 

0 . 4 7  

0 . 5 7  

0.11 

0.81 

0.90 

0 . 9 4  

- 

H 

- 
0 . A 6  

0 . 5 2  

0 . 6 2  

0 . 7 4  

o.e* 

0.92 

0.96 

- 

excess  of s i l a n e .  T h i s  smal l  b u t  s i g n i f i c a n t  d i f f e r e n c e  is  a t t r i b u t e d  t o  a change 

i n  r e a c t i o n  tempera ture  r a t h e r  than  t o  a v a r i a t i o n  i n  t h e  type  o f  s i l i c a  used.  

Indeed ,  the  s u r f a c e  coverage f o r  RP-I i n  t a b l e  I1 5 a g r e e s  w e l l  w i t h  t h e  v a l u e  

found p r e v i o u s l y  f o r  t h e  same s i l i c a  b a t c h  a s  used f o r  phases  i n  t a b l e  I1 4, and 

t r e a t e d  a t  t h e  same tempera ture  121. 

The s u r f a c e  coverages o b t a i n e d  under r e l a t i v e l y  mild c o n d i t i o n s  f i . ? .  3 5 ° C  

i n  l i q u i d  environment)  a r e  e q u a l l y  h igh  as  t h o s e  r e o o r t e d  by Unger  and 

Boumeliot is  1 7 1 ,  i n  t h e i r  gas-phase r e a c t i o n  a t  ? 5 O o C  dr! 'ICZLO. 

Structure of chemically jondecl paclrinqs 
Three chemica l ly  bonded phases  ( i . e .  R P - 3 ,  RP-I0 and RP-10, t a b l e  XI 21, 

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

cha in  length  on s p e c i f i c  s u r f a c e  a r e a .  pore  volume. pore  r a d i u s ,  pore  d i s t r i b u t : o n  

and pore  shape. These d a t a  can be o b t a i n e d  from t h e  complete  i so therm of t h e  

adsorbed volume of n i t r o g e n ,  V a ,  expressed  i n  m l  gas NTP/g a d s o r b e n t ,  a t  77  K as 

a f u n c t i o n  of t h e  p r e s s u r e  between 0 and 1 arm ( f i g u r e  3 )  1 2 3 1 .  
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0.88  

1.03 

n.86' 

TABLE I1 

&*ace cavercges of phaaes wi th  terminal functionaZ groups 
(siZica support, EF 7 2 ,  SBET= 299 m /g, 1 0 p m  particles) 2 

3 .11  

3.32 

3 .49  

1.36 

3 . 2 7  

1.17 

1447 

BONDED SILANE 

MOIETY 

X-(CH ) -Si(CH3)2- 

- X  " 
2 n  

-m2 4 

-N(CH3)2 3 

-CN 3 

-c1 3 

-H 1 

- S I C  3 

o 1  

Y E I G X 7  

P E R C E N T I C E S  

C 

L . 6 1  

6.89 

6 . 4 3  

5.49 

5 .48  

7 . 3 2  

10.66 

I O . R I  - 

H I N  
I + 
I 

1 . 3 8  I 0 . 8 8  

I 
2.08 I 1.09 

I 

I 
1.28 I 2.735 

I 
I 

1 . 5 5  I 
I 

1.67 I 
I 

2 . 1 2  I I 
I 

1.80 I 
I 

1.25 I 1.29 

~~ 

S V R F A C E  C O V E f i A C E  

0..70 

0.93 

0 . 9 9  

I .OL 

1.01 

0.9R 

0 . 7 5  

0.96 

- 

1.20 

0.89 

0 .95  

1.10 

I .07 

0 . 9 5  

I 

1.09 1 1 3.20 

-2 nm 

I . L I  

1 .87  

2.00 

2.10 

2 . 0 3  

I .97 

1.91 

1 . 9 )  - 

The s p e c i f i c  s u r f a c e  a r e a ,  SBET, i s  c a l c u l a t e d  from t h e  volume o f  adsorbed  

n i t r o g e n ,  vm, which is r e q u i r e d  t o  cover  a sample o f  (modi f ied)  s i l i c a  w i t h  a 
unimolecular  l a y e r .  This  l a y e r  i s  r e a l i z e d  a t  a r e l a t i v e  p r e s s u r e ,  p / p o ,  of about  

0 .1 ,  and is determined from t h e  i n t e r c e p t  and s l o p e  of the  "BET-plot'' measured 

between p/p o f  0.05 and 0.30 ' 2 2 1 .  

A f t e r  t h e  unimolecular  l a y e r  i s  completed,  m u l t i m o l e c u l a r  l a y e r s  are formed, 

and i f  the  adsorbent  i s  porous ,  c a p i l l a r y  condensa t ion  w i l l  t a k e  p l a c e  i n  t h e  

p o r e s ,  The l a t t e r  r e s u l t s  i n  a s t r o n g  i n c r e a s e  of  t h e  adsorbed volume, V a .  and 

s t a r t s  a t  a s m a l l e r  p / p o  r a t i o ,  t h e  s m a l l e r  the  p o r e s  a r e .  T h i s  e f f e c t  i s  indeed 

observed from t h e  i so therms i n  f i g u r e  3. For l o n g e r  bonded c h a i n  l e n g t h ,  t h e  pore  

r a d i u s  d e c r e a s e s  and t h e  p /po  r a t i o ,  where c a p i l l a r y  condensa t ion  m a n i f e s t s  i t s e l f ,  

s h i f t s  t o  lower v a l u e s .  The s t a r t  o f  t h e  condensa t ion  is p r e s e n t e d  by t h e  s tar t  of  

the  h y s t e r e s i s  loop between p/p of  0 .6  and 0.7,  and d e c r e a s e s  f o r  l o n g e r  c h a i n s .  
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BERENDSEN, PIKAART, AND DE G M I  

FIGURE 2 
Difference between the pred ic t ed  and obtained 

m f l a c e  coverage of tha undercarered .QP-3 vackings 
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BONDED PHASES USING MONOCHLOROSILANES 1449 

00 0.2 04 0.6 08  10 
Relative pressure. p/p0 

FIGURE 3 
.*.'<treen a d s o n t i o n  and J e s o n t i o n  isotherms gf three n-aZkyis i :y :  

Scnc'eE 3kases and 0.' the siZlcc ssppcrt; discussion i n  the text 

The o t h e r  p o r e  s t r u c t u r e  q u a n t i t i e s ,  such a s  volume, r a d i u s  and shape  were 

o b t a i n e d  from t h e  a d s o r p t i o n  branch  ( i . e .  t h e  r ight-hand branch)  of  t h e  h y s t e r e s i s  

loop,  accord ing  t o  t h e  c a p i l l a r y  condensa t ion  e q u a t i o n  of  Kelv in  / 2 3 ( .  The l e f t -  

hand branch  p r e s e n t s  t h e  d e s o r p t i o n  branch.  The shape of  t h e  h y s t e r e s i s  loop 

provides  informat ion  on the pore shape 1 2 3 1 .  When t h e  two branches  a r e  p a r a l l e l ,  

as  i s  oDserved i n  f i g .  3 f o r  pure  s i l i c a ,  then  t h e  pores  a r e  c y l i n d r i c a l l y  sha- 

ped. The non p a r a l l e l  branches observed f o r  RP-I8 i n d i c a t e  a tendency towards 

ink-bot t le-shaped p o r e s ,  p o s s i b l y  a r i s i n g  from c l u s t e r s  of RP-chains. 

The average r a d i u s  of  t h e  p0res.R can be  o b t a i n e d  from t h e  pore  r a d i u s  

d i s t r i b u t i o n  curve.  A l l  f o u r  m a t e r i a l s  s t u d i e d  e x h i b i t  s i m i l a r  d i s t r i b u t i o n  c u r v e s ,  

but  t h e  p o s i t i o n  of the  curve maximum s h i f t s  t o  h i g h e r  v a l u e s  w i t h  i n c r e a s i n g  c h a i n  

l e n g t h .  The pore  r a d i i  of the  unmodified s i l i c a  s u p p o r t  vary  from 3 t o  12 nm, w i t h  

an average  va lue  of 8.0 nm. For t h e  l o n g e s t  c h a i n  s t u d i e d ,  t h e  RP-18 packing .  t h e  

r a d i i  vary from 2 t o  I 1  nm, and t h e  average  is reduced t o  6.0 nm. 

P' 

The absence of  micropores  s m a l l e r  t h a n  I nm i s  concluded from t h e  "t-method" 

d e s c r i b e d  by De Boer and coworkers 1 3 1 - 3 3 ) .  I n  t h i s  method t h e  n i t r o g e n  a d s o r p t i o n  
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1450 BEXNDSEN, PIKAART, AND DE G U V  

isotherm obta ined  f o r  a porous s o l i d  i s  compared with a s tandard  i s o t h e r n  

corresponding v i t h  a nonporous s o l i d  of t h e  same type. 

The s p e c i f i c  pore volume, V i s  decennined from the  f i n a l  p a r t  o f  rhe 
P '  

so rp t ion  isocherm when the  r e l a t i v e  p re s su re  i s  c lose  t o  un i ty .  A t  t h i s  ;>oinr , 

pores a re  f i l l e d  v i ch  l i q u i d  nicrogen. 

The d i f f e r e n t  pore parameters a re  presented  i n  t ab l e  L I T  The l a r g e  d i sc r i  

pancy between the measured pore diameter of 16 nm, whi .5ured in dupl i i  

f o r  the o r i g i n a l  s i l i c a  suppor t .  SI 100, and the dip - I0 run StaKad by  !!r 

is  remarkable. The same dav ia t ion  was observed 'y .. ;e [ '=me ! 1 9 '  , who used  . 
mixture of  t h r e e  s i l i c a  batches.  F o r  anochdr S - - ~ L ~  !EH 2 ;  V 1 1 . 1 5  ml/g), ehe 

measured rad ius  of 8.7 nm a l s o  exceeas the nominal value of 5 nm. 
P 

Obviously, mutual comparison of s p e c i f i c  su r face  a reas  and pore votdmes F: 
only poss ib l e  afKer a co r rec t ion  o f  the primary d a t a  f o r  the weight increase  0 1  

TABLE I11 

?ore 3 t r u c t i i  parmeters -:gr sore ?cci-lng 

materials measured by n-ltmgen adsoF;<sn 

DESIGNATION 

OF 

PACKING 

MATERIM 

ORIGINAL 
S I L I C A  

RP-3 

RP-I0 

RP- I 8 

R 
P 

(nm) 

8.0 

7.3 

6 . 6  

6.0 

~ 

!! E A S U R -F 3 

3 1 3  

259 

220 

I82 

V 
P 

mllg 

material 

1.10 

0.86 

0.72 

0.51 

CORRECTION 

FOR WEIGHT 

INCRZASI 

(IcNIY-l 1 )  

' r e f .  ? I  

- 

1 . 1 1 1  

1.212 

I . 2 9 5  

'SET 
2 

s i l i c a  

m / g  

3 1 3  

2 88 

267 

236 

~ 

1.10 

0.95 

0.87 

0 . 6 6  
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BONDED PHASES USING HONOCBLOROSILANES 1451 

the  modified s i l i c a  1 2 ) .  This co r rec t ion  i s  shown i n  the  f i f t h  column of t a b l e  

111. It i s  not  su rp r i s ing  t h a t  SBET, V 

l ength .  

and R decrease with increas ing  cha in  
P P 

I n  agreement v i t h  the  c y l i n d r i c a l  shape of the pores the  BET-surface 

decreases  i n  d i r e c t  p ropor t iona l i t y  with the measured pore r ad ius ,  whereas the  

pore volume, V decreases v i t h  the  square of the  pore rad ius .  In  f a c t ,  i t  i s  

e a s i l y  poss ib l e  t o  convert the  BET-surface and the  pore volume t o  equiva len t  

pore r a d i i .  using eq. ( 2 ) .  

P '  

'BET, RP R 
P.W 

Rp, s i l i c a  'BET, s i 1 i ca 'p, s i 1 i c a  

These d a t a  a re  presented i n  t a b l e  I V  and demonstrates the consistency of 
the  th ree  independently measured pore parameters: Rp ,  SBET and V 

da ta  do not  provide an in s igh t  i n  the  pos i t i on  o f  the  bonded chains on the  s i l i c a  

su r face .  This i s  provided by the f i n a l  two c o l u w s  i n  t ab le  I V .  Here, the pore 

radius f o r  bonded packings is derived f o r  two d i f f e r e n t  models. I n  the l a s t  bu t  

one coLumn i t  is assumed t h a t  t he  bonded phase i s  packed so c l o s e l y  t h a t  i t  

resembles a l i qu id  o f  hydrocarbons phys ica l ly  coated onto the su r face .  The thick- 

However. t he  
P '  

TABLE IV 
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1452 BERENDSEN, PIKAART, AND DE GALAN 

n e s s  o f  t h e  l i q u i d  l a y e r  i s  t h e n  equal  t o  t h e  r a t i o  o f  t h e  l i q u i d  volume and the  

BET-surface. In t u r n .  t h e  l i q u i d  volume ( p e r  gram s i l i c a )  can be w r i t t e n  a s  

where N is t h e  s u r f a c e  coverage ( i n  m l / g )  taken  from t a b l e  I1 5 and v i  t h e  

molar  volume ( i n  cm /mot) of  t h e  bonded c h a i n s  c a l c u l a t e d  from d a t a  p u b l i s h e d  by 

Fedors  1341. For RP-3, RP-I0 and RP-18. v e q u a l s  0.15, 0 . 2 6  and 0.36 cm /g ,  

r e s p e c t i v e l y .  

3 

3 
SP 

F i n a l l y ,  t h e  pore  r a d i i  p r e s e n t e d  i n  t h e  l a s t  column o f  t a b l e  IV a r e  d e r i v e d  

from a model p r e s e n t e d  i n  f i g u r e  4. Here,  t h e  bonded c h a i n s  a r e  assumed t o  s t a n d  

u p r i g h t  on t h e  s i l i c a  s u r f a c e .  The remaining pore  r a d i u s  o f  pure  s i l i c a  ( i . e  

8 nm) minus t h e  c h a i n  l e n g t h  c a l c u l a t e d  from c o v a l e n t  and Van d e r  Waals r a d i i ,  

r a k i n g  t h e  Si-0-Si  

t h e  BET-surface a r e a  of  pure  s i l i c a  is measured on top  of t h e  hvdroxyl  groups.  

The e f f e c t i v e  c h a i n  l e n g t h .  L ,  i s  then  equal  t o  t h e  t o t a l  l e n g t h  o f  the ?.P-chain 

minus t h e  l e n g t h  of  a hydroxyl  group. The c h a i n  l e n g t h s ,  L ,  d e r i v e d  f o r  t h e  R P - 3 ,  

RP-I0 and RP- I8  bonded packings  a r e  0 . 5 6 ,  1.41, and 2 . 4 5  nm, r e s n e c t i v e l v .  

bond angle  a s  130 degrees  I 1  1 . In t h i s  model we assume t h a t  

The two models cons idered  f o r  t h e  bonded phases  r e p r e s e n t  two limicine 

s i t u a t i o n s .  For t h e  d e n s i l y  packed l i q u i d - l i k e  c o a t i n g .  t h e  l a v e r  t h i c k n e s s  i s  

minimal and hence che remaining pore  r a d i u s  i s  maximal, For the  u p r i g h t , S r u s h -  

type  cha ins  the  l a y e r  t h i c k n e s s  i s  maximal and thus  the remaining pore  r a d i u s  

is minimal. Indeed,  the  d a t a  i n  t h e  f i n a l  c o l u m  of t a b l e  CV a r e  all s m a l l e r  

t h a n  the  cor responding  v a l u e s  i n  t h e  l a s e  b u t  one column. 

I t  i s  more i n t e r e s t i n g  t o  compare t h e s e  two s e t s  o f  d a t a  w i t h  the  e x p e r i -  

menta l  va lues  i n  t h e  preceedine  t h r e e  columns. F o r  the  RP-3 phase the theoret:- 

silica AP-3 phase 

FIGURE 4 
.’?ode 2 for calm Zating n-aZkylsiZg 2 Ilor.&d &nin lerg:hs 
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BONDED PHASES USING HONOCEiLOROSILANES 1453 

c a l  models show l i t t l e  v a r i a t i o n ,  b u t  t h e  exper imenta l  d a t a  seem t o  f a v o u r  a 

l i n e a r  model. For t h e  RP-I0 phase  t h e  t h r e e  e x p e r i m e n t a l  d a t a  vary  between t h e  

two l i m i t i n g  v a l u e s  o f f e r e d  by t h e  models. For t h e  RP-18 phase  t h e  t h r e e  

exper imenta l  v a l u e s  agree  q u i t e  w e l l  and f a l l  midway between t h e  two t h e o r e t i c a l  

l i m i t s .  It seems, t h e r e f o r e .  t h a t  t h e  s m a l l e r  c h a i n s  s t a n d  u p r i g h t  on t h e  s i l i c a  

s u r f a c e ,  whereas  t h e  l o n g e r  c h a i n s  a r e  more b e n t  and i n t e r t w i n e d .  

We, t h e r e f o r e .  d i s a g r e e  w i t h  the  s t r a i g h t f o r w a r d  c o n c l u s i o n  of  Unger ~ 1 7 , 2 0 1  

t h a t  a l l  RP-chains are bonded s t r a i g h t  t o  t h e  s u r f a c e .  Unger d e r i v e s  t h i s  

conclus ion  from t h e  agreement h e t v e e n  t h e  p o r e  r a d i i  c a l c u l a t e d  from l i n e a r  

c h a i n s  and t h e  v a l u e s  measured d i r e c t l y .  However, h i s  e m e r i m e n t a l  d a t a  do n o t  

apree  w i t h  v a l u e s  found from BET-surface areas and pore  volumes. 

The d isagreement  b e t w e e n ' t h e  exper imenta l  d a t a , o n  t h e  one hand,and t h e  p o r e  

r a d i i  d e r i v e d  from t h e  phase molar volume,on t h e  o t h e r  h a n d , ( l a s t  b u t  one column 

i n  t a b l e  IV) proves t h a t  t h e  bonded phase does n o t  behave as a l i q u i d ,  Note t h a t  

e q u a l l y  l a r g e  pore  r a d i i ,  Rv , would a l s o  be measured, i f  t h e  bonded c h a i n s  a r e  

comple te ly  p e n e t r a b l e  by t h e s P n i t r o g e n  molecules .  The f a c t  t h a t  -for Longer 

chains- t h e  exper imenta l  d a t a  f a l l  midwav between the  two s e t s  of  model d a t a ,  

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

a r e  o n l y  p a r t i a l l y  p e n e t r a b l e  f o r  n i t r o g e n .  Apparent ly ,  t h i s  s i t u a t i o n  p r e v a i l s  

under t h e  f reeze-dr ied  c o n d i t i o n s  of  the  n i t r o g e n  s o r p t i o n  measurements ( - 1 9 6 O C ) .  

I n  f a c t ,  t h e  d i s s i m i l a r i t y  between t h e  chromatographic  c o n d i t i o n s  and t h e  

c o n d i t i o n s  dur ing  t h e  s o r p t i o n  measurements i s  one reason  t o  be  c a r e f u l .  

Undoubtedly, the  bonded c h a i n s  w i l l  n o t  behave r i g i d l y  a t  roomtemperature .  Also ,  

t h e  hydrocarbon c h a i n s  may be s e n s i t i v e  t o  t h e  p o l a r i t y  o f  t h e  mobile  phase ,  

such a s  methanol-water. In o t h e r  words, bonded phases  t h a t  assume an u p r i g h t  

p o s i t i o n  i n  c o n t a c t  w i t h  l i q u i d  n i t r o g e n  a t  - 1 0 6 O C ,  need n o t  do so i n  c o n t a c t  

w i t h  w a t e r  a t  roomtemperature .  A s  w i l l  b e  d i s c u s s e d  i n  a for thcoming paper  ' 3 5 1 ,  

t h e  nonpolar  c h a i n s  tend  t o  d iminish  t h e i r  s u r f a c e  a r e a  i n  a s t r o n g l y  p o l a r  

environment .  

The v a i n  conclus ion  t o  be drawn from the  d a t a  i n  t a b l e  I V  i s  the  c l o s e  

apreement between the  exper imenta l  pore r a d i i  on the  one hand, and t h e  

t h e o r e c i c a l l y  c a l c u l a t e d  va lues  on the  o t h e r  hand. These s e t s  o f  d a t a  do not 

a l low t o  make a d i s t i n c t i o n  between brush-type,  u p r i g h t  c h a i n s  and i n t e r t w i n e d ,  

1 iqu id-  1 i k e  phase.  

SeorezricaZ pore modeZ of cherricaZly bonded s tat ionary phases 
Since  99.9Z of  t h e  s p e c i f i c  s u r f a c e  a r e a  of  pure  s i l i c a  i s  i n s i d e  t h e  

p a r t i c l e s ,  the  s u r f a c e  coverage w i t h  bonded phase i s  n e a r l y  e x c l u s i v e l y  c o n f i n e d  

t o  the  p o r e s  of  the  p a r t i c l e s .  Now, f o r  c y l i n d r i c a l  pores  t h e  s u r f a c e  i s  n o t  

f l a t  b u t  curved,  t h e  more so a s  t h e  average pore  r a d i u s  of pure s i l i c a  i s  s m a l l e r .  
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1454 BERENDSEN, PIKAART, AND DE G U  

The d a t a  of s u r f a c e  coverage ( t a b l e  TI 5). p o r e  s t r u c t u r e  and c h a i n  geometry 

( t a b l e s  111 and IV), can b e  c o l l e c t e d  i n t o  a pore-model f o r  t h e  chemica l ly  

bonded phase.  This  model i s  p r e s e n t e d  i n  f i g u r e  5 for t h e  RP-3, RP-I0 and RP-18 

phases ,  where i t  i s  assumed t h a t  a l l  c h a i n s  s t a n d  u p r i g h t  on t h e  s i l i c a  s u r f a c e .  

F i r s t ,  t h e  mutual  d i s t a n c e  be tveen  t h e  c h a i n s ,  dRp, is c a l c u l a t e d  from t h e  

s u r f a c e  coverage by assuming t h e  c l o s e s t  d e n s i t y  o f  t h e  c h a i n s  on the  s i l i c a  

s u r f a c e ,  so thac  every  i n d i v i d u a l  c h a i n  o c c u p i e s  an e q u a l  hexagonal  s u r f a c e  a r e a , .  

The d i s t a n c e  between t h e  c e n t r e  of t h e  c h a i n s  is t h e n  g iven  by 

dw = 1.075 N-* 

where dRP is e x p r e s s e d i n n m ,  when t h e  s u r f a c e  coverage N i s  expressed  in 

a s  i n  t a b l e  11 2. The s u r f a c e  coverage of hydroxyl  groups  on t h e  s i l i c a  -2 nm 

s u r f a c e  is taken as 4 . 0  nm . -2  

Next, w e  c o n s i d e r  t h e  space  occupied by t h e  cha ins .  To t h i s  o r d e r  we draw 

i n  f i g u r e  5 the  c a l c u l a t e d  pore  r a d i i .  Rv 

and maximum t h i c k n e s s  of the  bonded phasesPlayer .  I f ,  under  chromatographic  

c o n d i t i o n s  t h e  a c t u a l  pore  r a d i u s  vould be e q u a l  t o  R , t h e  bonded phase 

r e s e r b l e s  a l i q u i d  of hydrocarbons.  

and %, t h a t  i n d i c a t e  t h e  minimum 

SP 

On the  o t h e r  hand. i f  t h e  c h a i n s  a r e  s t r e t c h e d  p e r p e n d i c u r l a r l y  t o  the  

s u r f a c e ,  t h e  pore rad ius  is  s h o r t e n e d  t o  % and t h e r e  is  some s p a c i n g  between 

i n d i v i d u a l  c h a i n s ,  as shown i n  f i g u r e  5. Under chromatographic  c o n d i t i o n s  t h e  

s p a c i n g  w i l l  be  f i l l e d  up by mobile  phase molecules  because no c a v i t i e s  o r  vo ids  

can e x i s t  in a chromatographic  colunm. 

In r e a l i t y ,  of  course ,  t h e  c h a i n s  a r e  n o t  evenly  d i s t r i b u t e d .  b u t  r a t h e r  

more randomly w i t h  some c h a i n s  grouped t o g e t h e r  and o t h e r  c h a i n s  more widely  

s e p a r a t e d .  Such a random d i s t r i b u t i o n  has  been p r e s e n t e d  p r e v i o u s l y  t o r  an ?.P-I 

phase 1 1 1 .  - 
I f  the average  exper imenta l  pore  r a d i u s ,  R a s  measured ,ar der i - led  f rom 

t h e  BET-surface a r e a  and the  pore  volume ( t a b l e  IV), i s  a f a i r  represencac:on 

o f  the chromatographic  p r a c t i c e ,  then i t  fo l lows  from f i g u r e  5 thac  t h e  c o n c i -  

t i o n s  a r e  somewhat i n  between the  foregoing  extremes.  There would be  some space  

between t h e  bonded c h a i n s  a v a i l a b l e  for p e n e t r a t i o n  by mobile  phase molecules .  

P '  

The preceeding  remarks a r e  v a l i d  f o r  each  bonded phase ,  independent  ol i t s  

c h a i n  length .  I f  we now compare d i f f e r e n c  c h a i n  l e n g t h s ,  we s e e  t h a t  t h e  surface 

coverage d e c r e a s e s  and hence t h e  i n t e r s p a c i n g  i n c r e a s e s  w i t h  i n c r e a s i n g  cha in  

l e n g t h .  Consequent ly .  for l i n e a r ,  brush-type c h a i n s  t h e  s p a c e  between i n d l v 1 d u a l  

c h a i n s  i n c r e a s e s  w i t h  c h a i n  l e n g t h .  The s c h e m a t i c  molecules  drawn i n  f i g u r e  j 

show t h a t  f o r  t h e  Rp-3 phase and - t o  a l e s s e r  e x t e n t -  t h e  RP-I0 phase . the  s u r f a c e  

coverage i s  r e s t r i c t e d  by t h e  t v o  bulky methyl  groups bonded t o  the  s i l i c m  atom. 
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BONDED PHASES USING MONOCRLOROSILANES 1455 

F I G U R E  5 
PGPZ MODEL FOR CHEMICALLY BONDED S?ATIONARY PHASES 

??- denotes average experimentally measured pore r a d i i  ( t a b l e  IV); RSmD P 
represent  pore r a d i i  c a l m l u t e d  frcm molar uolumes m d  chain l e n g t h ,  

and R, 
resp .  

d 
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1456 BERENDSEN, PIKAART, AND DE GALAN 

However, f o r  t h e  long RP-I8 c h a i n s  t h i s  i s  no longer  t r u e  and h e r e  t h e  maximum 

s u r f a c e  coverage is thought  t o  be determined by t h e  c l o s e  approximat ion  of t h e  

ends of t h e  u p r i g h t  c h a i n s .  T h i s  e f f e c t  can  o n l y  become m a n i f e s t  f o r  curved 

s u r f a c e s  a s  found in c y l i n d r i c a l  pores .  I f  t r u e ,  i t  would mean t h a t  t h e  pore  

r a d i u s  of t h e  s i l i c a  suppor t  i n f l u e n c e s  t h e  s u r f a c e  coverages  f o r  longer  c h a i n  

l e n g t h s .  The s m a l l e r  t h e  pore  r a d i u s ,  t h e  smaller t h e  coverage  w i l l  be. Rever- 

s e l y ,  € o r  a g iven  pore  r a d i u s  of t h e  s i l i c a  s u p p o r t ,  t h e  coverage  d e c r e a s e s  

w i t h  i n c r e a s i n g  c h a i n  length .  Thus,  t h e  d e c r e a s e  i n  coverage  i s  n o t  determined 

by t h e  a v a i l a b l e  BET-surface a r e a  of t h e  b a r e  s i l i c a  s u p p o r t ,  bu t  by t h e  a r e a  

a t  t h e  p o i n t  where t h e  bonded c h a i n s  end. 

Estimate of surface cmerclge 
In f i g u r e  6 w e  have a t t e m p t e d  t o  p u t  t h e  preceeding  arguments  o n  a q u a n r i -  

t a t i v e  b a s i s ,  Here, w e  have p l o t t e d  exper imenta l  and c a l c u l a t e d  v a l u e s  f o r  t h e  

s u r f a c e  coverage as a f u n c t i o n  o f  t h e  RP-chain l e n g t h  (expressed  i n  carbon num- 

4.0 x 
pore radius tnml 

I 8 I 1 5.0 
I 5 10 15 20 

RP-chain ler?gth 

FIGURE 6 
%$ace coverage as a funct ion of RP-chdn length f o r  v a r i o u s  average pore m&i 
07’ the support materiat. Thin so l id  a w e s  are calculated a8 d i smssed  i n  the 
text. Other cumes re f e r  t o  aperimentat  data: 

a table 1: 2, o table TI 5, rt L’nger a t  3 2 .  / 1 6 / ,  ~L’nger  et a l .  / 17 ,20 /  
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BONDED PHASES USING MONOCHLOROSILANES 1457 

b e r )  f o r  c y l i n d r i c a l  p o r e s  of  v a r i o u s  d iameter .  I n  t h e  c a l c u l a t i o n  we assume 

t h a t  long-chain molecules  cover  t h e  s u r f a c e  t o  such  an e x t e n t ,  t h a t  t h e i r  ends 

( a t  l e n g t h  L)  touch.  I n  o t h e r  words, t h e  s e p a r a t i o n  between two c h a i n s  a t  t h e  

top  i s  assumed t o  b e  c o n s t a n t .  To f i n d  t h e  cor responding  i n t e r s p a c e  between two 

a d j a c e n t  c h a i n s  a t  t h e  s i l i c a  s u r f a c e ,  we must m u l t i p l y  t h i s  c o n s t a n t  s e p a r a t i o n  

w i t h  R / ( R  -L), where R i s  t h e  p o r e  r a d i u s  of  p u r e  s i l i c a  and L t h e  a l k y l  

c h a i n  l e n g t h .  The s u r f a c e  coverage  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h i s  f a c t o r ,  

s o  t h a t  

P P  P 

N (R - L)/R ( 4 )  
P P 

Indeed,  i t  can  be seen  i n  f i g u r e  6 t h a t  t h e  e x p e r i m e n t a l  d a t a  from t a b l e  

I1 a and I1 a show a l i n e a r  d e c r e a s e  of t h e  s u r f a c e  coverage w i t h  i n c r e a s i n g  

c h a i n  l e n g t h ,  L, a t  l e a s t  from RP-3 upward. 

The p r o p o r t i o n a l i t y  f a c t o r  i s  d e r i v e d  from t h e  e x p e r i m e n t a l l y  observed  

coverage  of  2 . 9 8  umol/m2 f o r  RP-22 (L = 2 . 9 5  nm) on s i l i c a  w i t h  an a v e r a g e  pore  

r a d i u s  of  R - 8 nm. Hence, t h e  s u r f a c e  coverage w i t h  W-22 on s i l i c a s  w i t h  p o r e s  

of  d i f f e r e n t  r a d i u s  is  found a s  
P 

R - 2 . 9 5  a 
* 2 . 9 8  - 4 . 7 2  - - 2.95)/R ( 5 )  

R 8 - 2 . 9 5  (RP P 
=P. w-22 S 

P 

F i n a l l y ,  we assume t h a t  t h e  coverage w i t h  RP-3 i s  de te rmined  by t h e  two 

bulky  methyl  groups and independent  of t h e  pore  r a d i u s .  The s u r f a c e  coverage  

w i t h  i n t e r m e d i a t e  c h a i n  l e n g t h  i s  t h e n  c a l c u l a t e d  by l i n e a r  i n t e r p o l a t i o n ,  be- 

tween t h e  c o n s t a n t  coverage of 3 . 6  umol/m' f o r  RP-3 and t h e  v a l u e  d e r i v e d  from 

eq.  ( 5 )  f o r  RP-22. The r e s u l t i n g  s t r a i g h t  l i n e s  a r e  i n d i c a t e d  i n  f i g u r e  6 f o r  

average  pore  r a d i i  of  5 ,  6 ,  7 and 9 nm. 

? 

The h i g h e r  coverages  from t a b l e  I1 a i n  comparison t o  t a b l e  I1 5, can now 

be e x p l a i n e d  from t h e  l a r g e r  pore r a d i u s  o f  8 . 7  nm. A c t u a l l y ,  t h e  d a t a  p o i n t s  

i n  f i g u r e  6 s l i g h t l y  exceed the  t h e o r e t i c a l  l i n e  c a l c u l a t e d  f o r  an average  pore  

r a d i u s  of  9 nm, bur  t h i s  can be a t t r i b u t e d  t o  t h e  i n f l u e n c e  of  the pore  s i z e  

d i s t r i b u t i o n ,  which i s  n o t  taken i n t o  account  i n  t h e  above a n a l y s i s .  

A s i m i l a r  comparison can be made f o r  exper imenta l  d a t a  p u b l i s h e d  by Unger 

e t  a l .  1 1 6 , 1 7 , 2 0 1 .  The d a t a  r e f e r r i n g  t o  a pore  r a d i u s  of  6 . 3  nm and a BET- 

s u r f a c e  a r e a  of 301 m /g, f a l l  n i c e l y  i n  between the  curves  c a l c u l a t e d  f o r  pore  

r a d i i  of 6 and 7 n m , r e s p e c t i v e l y .  By c o n t r a s t ,  t h e  d a t a  of  Unger f o r  a pore  

r a d i u s  of 6 . 7  nm !17 .201  f a l l  s h o r t  of  t h e  coverage  expec ted  f o r  t h i s  r a d i u s ,  

a l t h o u g h  they  do show t h e  expec ted  d e c r e a s e  w i t h  c h a i n  l e n g t h .  We c o n s i d e r  i t  

l i k e l y  t h a t  t h e  d isagreement  a r i s e s  from an  e r r o n e o u s l y  measured BET-surface 

2 
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1458 BWENDSEN, PIKAART, XND DE GALAN 

a r e a .  Indeed,  i f  Unger's r e p o r t e d  h i g h  v a l u e  o f  376 m-/g i s  changed t o  a v a l u e  

of  3 1 5  m /g  (compare t a b l e  111). t h e  s u r f a c e  coverage of  an  RP-4 phase would 

i n c r e a s e  from Unger ' s  va lue  of  2 .97  umol/m- t o  3 . 5 5  umollm , and a l l  o t h e r  d a t a  

would a g r e e  b e t t e r  w i t h  t h e  e x p e c t e d  curve .  

7 

2 
7 2 

1 
A value  of  315 m-/g  f o r  t h e  BET-surface a r e a  of  the  s i l i c a  s u p p o r t  would 

a l s o  a g r e e  b e t t e r  wi th  t h e  BET-surface a r e a s  o f  Unger ' s  bonded phases ,  and 

w h e n  s u b s t i t u t e d  i n t o  eq.  (2) -  y i e l d  pore  r a d i i  i n  b e t t e r  agreement  w i t h  

d i r e c t l y  measured v a l u e s  1 1 7 , 2 0 ( .  
The p i c t u r e  developed i n  f i g s .  5 and 6 p r o v i d e s  an  e x p l a n a t i o n  f o r  t h e  

p r e s e n t l y  observed d e c r e a s e  i n  S u r f a c e  coverage  of porous s i l i c a  w i t h  l o n g e r  

RP-chains. I t  is  t r u e ,  however, t h a t  t h e  s i l i c a s  inc luded  i n  t h i s  s t u d y  cover  

o n l y  a smal l  range  i n  pore r a d i u s .  I t  would b e  a d v i s a b l e  t o  ex tend  t h e  o b s e r -  

v a t i o n s  t o  s i l i c a  wi th  much narrower o r  much wider  p o r e s .  I f  o u r  s i m p l i r l r d  

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

i n c r e a s i n g  c h a i n  l e n g t h  i s  more u a n i f e s t  f o r  smaller p o r e s .  Reverse ly ,  we ex- 

p e c t  t h a t  s i l i c a s  w i t h  a pore  r a d i u s  over  1 2  m show n e a r l y  equal  c o v r r a ; r s  

f o r  RP-3 up t o  RP 2 2 .  

The i n c r e a s e  i n  s u r f a c e  coverage  observed  in Eig.  6 between RP-3 (3.6 

, m o l / m - )  and RP-I ( a b o u t  A m o l / m - )  is  3 t r o n g e r  than  expec ted  t r o m  r a .  4 .  T h i s  

r e l a c i v e l y  s t r o n g  i n c r e a s e  might  be a t t r i b u t e d  t o  the  i n f l u e n c e  ,>f  ,mal!rr 

p o r e s .  Although a i c r o p o r e s  ( < I  nm) a r e  a b s e n t ,  t h e r e  i s  a s u b s t m t i a l  f r l c . c : z n  

o r  pores  w i t h  r a d i i  down t o  3 m. Such narrow p o r e s  a r e  f u l l y  covered w i t h  

smal l  t r i m e t h y l s i l v l  molecules ,  b u t  o n l y  s p a r s e l y  w i t h  l a r g e r  a l k v l  s i l a n e s .  

N e v e r t h e l e s s ,  even such  a meagre coverage  p r e v e n t s  t h e  small c r imechvlchloro-  

s i l a n e  molecule  t o  approach t h e  s i l i c a  s u r f a c e  a s  ev idenced  b y  t h e  impercep- 

t i b l e  e f f e c t  of p o s t - s i l a n i t a t i o n .  

7 7 

T h e n a l  stabizity of bonded packings 
The thermal s t a b i l i t y  of s e v e r a l  RP-Tackings ( t a b l e  11 5) was t e s t e d  b y  

Thermogravimetry coupled t o  'lass Spec t romet ry  (TG-XS). In t h i s  combinat ion ::ie 

thermogravimet r ic  a p p a r a t u s  a c t s  a s  t h e  sample s o u r c e  € o r  t h e  !.lass S p e c t r o m e t e r .  

During the  g r a d u a l  i n c r e a s e  of  t h e  tempera ture  t h e  decomposi t ion  can be C l o s e l v  

watched wi th  the  ?is. Two d i f f e r e n t  exper iments  were performed t o  de te rmine  t h e  

tempera ture  a t  which decomposi t ion s t a r t s .  

The E i r s t  experiment  was performed under  vacuum. From t h e  measurements i t  

appears  t h a t  decomposi t ion of all RP-packings s ta r t s  between 305 and 32OoC. The 

same temperature-range was found by Rehsk and Smlkov5 1361, whereas  Van d e  Venne 

found 25OoC 1191. These i n v e s t i g a t o r s  on ly  a p p l i e d  Thermogravimetry and conclude  

t h a t  the  bonds between s i l i c o n  and carbon a r e  broken sooner  than  the  Si -0-Si  

bonds. Unger 1201 a g r e e s  w i t h  t h i s  o p i n i o n  on t h e  b a s i s  oE a comparison between 

the  bond e n e r g i e s  of C-C, S i -C  and Si-0,  i . e .  3 4 8 ,  306 and I r 4 i  kJ/mol .  r e s p .  
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BONDED PHASES USING MONOCHLOROSILANES 1459 

Our d a t a  do n o t  conf i rm t h i s .  A s  a n  example, f i g u r e  7 p r e s e n t s  *-spectra  

f o r  a RP-I0 bonded packing  s u b j e c t e d  t o  two d i f f e r e n t  t e m p e r a t u r e s .  
0 Obvious ly ,  decomposi t ion  s t a r t s  a t  31OoC and i s  much more pronounced a t  420 c .  

Note, t h a t  bo th  s p e c t r a  show t h e  same f ragment  i o n s .  P a r t i c u l a r l y  notewor thy  

a r e  t h e  smal l  peak a t  m/e 199 c o r r e s p o n d i n g  t o  Si(CH3)2CloH21,  and t h e  peak a t  

m/e 7 4  c o r r e s p o n d i n g  t o  OSi(CH3)2. The p r e s e n c e  of t h e s e  peaks  i n  both  s p e c t r a  

i n d i c a t e s  t h a t  che Si-0-Si bond is a l r e a d y  r u p t u r e d  a t  a r e l a t i v e l y  low tempe- 

r a t u r e  of 30OoC. T h e r e  i s  no i n d i c a t i o n  t h a t  t h e  S i -C  bond i s  r u p t u r e d  b e f o r e  

t h e  Si-0-Si bond. P o s s i b l y ,  t h e  l i n k a g e  of t h e  Si-0-Si bond between t h e  i n o r -  

g a n i c  s i l i c a  and an o r g a n i c  moie ty  reduces  i t s  bond-s t rength  below t h e  v a l u e  
of 44L kJ/mol quoted by Unger !20/. 

r a t u r e  of 205OC a CO -peak q u i c k l y  s t a r t s  t o  grow. Only small f ragment  i o n s  

(< m/e 85) a r e  observed  i n  v e r y  small amounts. No f ragment  i o n s  w i t h  mass 7 4  

appear .  T h i s  i n d i c a t e s  t h a t  t h e  c h a i n s  b u r n  o f f  under  t h e s e  c o n d i t i o n s .  Thus ,  

bonded m a t e r i a l s  from which samples  are t a k e n  f o r  e l e m e n t a l  a n a l y s i s  o r  which 

Another  exper iment  was performed i n  a i r  w i t h  a n  Rp-14 packing ,  A t  a tempe- 

2 

j :  

i i  
j :  
I .  , .  , .  , .  
I .  

< i :  
< :  
? .  .. . :np j 
. .  . .  

RP- 10 

FIGURE 7 
Jkss s?ectm of ?rater"lal released f r o m  an -decy ld ime thy l s i l y l  bonded phase at two 

tmperatures  (&r ing  a thennogrwimetric run) 
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1460 BERENDSEN. PIKAART, AND DE G U X  

a r e  s u b j e c t e d  t o  p o s t - s i l a n i t a t i n g  v i t h  a small s i l y l a t i n g  a g e n t ,  may not be 

d r i e d  over  15OoC ( i n  a i r ) .  

CONCLUSIONS AND RECOMMENDATIONS 

Chemical ly  bonded s t a t i o n a r y  phases  c a n  be e a s i l y  and r e p r o d u c i b l y  be svn-  

t h e s i z e d  v i t h  r e l a t i v e l y  h igh  s u r f a c e  coverages  independent  of t h e  type  of  bonded 

phase ( v i t h  o r  w i t h o u t  a f u n c t i o n a l  end-group) .  With monochloros i lanes  h i g h e r  

s u r f a c e  coverages  a r e  reached than  v i t h  monoalkoxys i lanes  under  e q u a l  c o n d i t i d n s . ,  

The n e c e s s a r y  monochloro- and monoalkoxys i lanes  can be e a s i l y  s y n t h e s i z e d  

by a v e r y  s imple  one-step c a t a l y t i c  h y d r o s i l y l a t i o n  r e a c t i o n  of  o l e f i n s .  p r o v l -  

d i n g  a h igh  y i e l d  of  80%. 

Chemical ly  bonded phases  p r e p a r e d  a t  roomtemperature  ( i n  an e r lenmeyer)  

shoved a s l i g h t l y  l o v e r  s u r f a c e  coverage ("20.2 umol/m') than  t h o s e  p r e p a r e d  at d 

h i g h e r  tempera ture  (%lOO°C). 

7 

Provided t h e  bondins  r e a c t i o n  i s  run  t o  complet ion.  p o s t - s i l a n i z a c i o n  ( ~ " 2 .  

v i t h  t r i m e t h y l c h l o r o s i l a n e )  does noc enhance t h e  carbon p e r c e n t a g e  and l e a v e  c5.r 

chromatographic  p r o p e r t i e s  u n a f f e c t e d ,  a t  l eas t  under r e v e r s e d  phase c o n d i t i o n s ,  

Thermogravimetry - Uass Spec t romet ry  d a t a  i n d i c a t e  t h a t  not onlv t h e  Si-. 

bond, bu t  a l l  bonds i n  t h e  bonded n - a l k y l d i m e t h y l s i l y l  c h a i n ,  i n c l u d i n g  t h e  5 i - l  

bond, s t a r t  t o  break  a t  31OoC <n 'JCCJC. I n  a i r  t h e  a l k y l  c h a i n  s t a r t s  co b u r n  

o f f  a t  205 '~.  

Phys ica l  a d s o r p t i o n  measurements p r o v i d e  a c l e a r  and c o n s i s t e n t  p i c t u r e  ~f 

t h e  pore  s t r u c t u r e  of s i l i c a .  I n  LiChrosorb SI 100. v h i c h  forms t h e  supporr  r a c e -  

r i a l  i n  t h e  p r e s e n t  s tudy ,micropores  ( < I  nm) a r e  a b s e n t  and a l l  p o r e s  a r e  c y l i n -  

d r i c a l l y  shaped v i t h  pore  r a d i u s .  BET-surface a r e a  and p o r e  volume consistently 

d e c r e a s i n g  v i t h  i n c r e a s i n g  l e n g t h  of t h e  bonded hydrocarbon cha in .  S h o r t e r  c h a i n s  

scand a p p r o x i r a t e l y  u p r i g h t  on t h e  s i l i c a  s u r f a c e .  Longer c h a i n s  a r e  more c l o s e l v  

packed,  h u t  never  a s  c l o s e l y  a s  the  cor responding  l i q u i d  ?base. 
The d a t a  on pore r a d i u s  and s u r f a c e  coverage can be c o l l e c c e d  i n t o  a ? e w e -  

t r i c a l  model f o r  t h e  bonded c h a i n s .  For  very  s h o r t  c h a i n s  (up t o  t h r e e  carbon 

a t o m s ) ,  t h e  maximum coverage i s  de termined  by  t h e  c l o s e s t  p o s s i b l e  approach  of 

t h e  methyl groups bonded t o  t h e  s i l i c o n  atom. This  coverage  is  thus  indepenaenc 

of the  type of s i l i c a  (provided  t h a t  enough r e a c t i v e  s i l a n o l  groups a r e  a v a i l a b l e )  

and amounts t o  about  4.0 umol/rn2 f o r  RP-I. For  l o n g e r  c h a i n  l e n g t h s  t h e  c o v e r a r e s  

depend upon t h e  p o r e  r a d i u s  o f  t h e  s i l i c a  s u p p o r t .  The l o n g e r  t h e  c h a i n  and t5.e 

s m a l l e r  t h e  pore  r a d i u s .  t h e  more t h e  coverage  d e c r e a s e s ,  and c o n s e q u e n t l y  the  

more b a r e  s i l i c a  s u r f a c e  remains.  and v i t h  t h a t  remaining s i l a n o l  groups .  

Consequent ly .  i f  a c c e s s i b l e ,  t h e  l a t t e r  i n f l u e n c e  t h e  r e t e n t i o n  o f  p o l a r ,  and 

p a r t i c u l a r l y  b a s i c  s u b s t a n c e s  1 3 7 1 .  
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The same type of  bonded packing prepared  from two b a t c h e s  w i t h  d i f f e r e n t  pore  

s i z e .  may y i e l d  d i f f e r e n t  r e t e n t i o n s  due t o  a d i f f e r e n c e  i n  t h e  r a t i o  o f  s i l a n o l  

groups t o  bonded c h a i n s .  I f  t h e  average  pore  r a d i u s  of  a g i v e n  s i l i ca  s u p p o r t  i s  

known, coverages can  be e s t i m a t e d  f o r  every  c h a i n  length .  A pore  r a d i u s  o f  about  

12  nm is e s t i m a t e d  as a r a d i u s  a t  which equal  coverages  of  about  3.6 umol/mL can 

be reached  f o r  c h a i n  l e n g t h s  up t o  RP-22. As an e x c e p t i o n ,  t h e  RP-I phase  always 

shows a s l i g h t l y  h i g h e r  s u r f a c e  coverage of  about  4.0 u m o l / m 2 ,  which enhancement 

must be  caused by t h e  smaller p o r e s  ( > I  nm) i n  t h e  s i l i c a  s u p p o r t .  

F o r  a s i l i c a  s u p p o r t  w i t h  a p o r e  r a d i u s  of 8 nm coverages  were o b t a i n e d  of  
2 3.9 umol/m f o r  t h e  RP-I,  d e c r e a s i n g  t o  3.0 umol/m2 f o r  an  RP-22 bonded packing.  

T h i s  a n a l y s i s  would n o t  have been p o s s i b l e  from t h e  l i m i t e d  i n f o r m a t i o n  

provided  w i t h  commercial s i l i cas  o r  bonded phase packings.  It  r e q u i r e d  e x t e n s i v e  

a d s o r p t i o n  measurements w i t h  p h y s i c a l  i n s t r u m e n t a t i o n  n o t  a v a i l a b l e  t o  e v e r y  

l a b o r a t o r y .  Consequent ly ,  we c o n s i d e r  i t  e s s e n t i a l  t h a t  t h e  i n f o r m a t i o n  provided  

by manufac turers  becomes more d e t a i l e d  and more a c c u r a t e .  The more so a s  we  and 

o t h e r s  I 1 9 1  have noted  t h a t  t h e  v a l u e  s t a t e d  f o r  t h e  (average)  pore s i z e  of  t h e  

s i l i c a  s u p p o r t  does n o t  a g r e e  w i t h  measured v a l u e s .  We s u s p e c t  t h a t  such d a t a  

a r e  not measured f o r  each ba tch  s e p a r a t e l y ,  b u t  a r e  s imply a r e p e t i t i o n  of  

e a r l i e r  v a l u e s ,  p o s s i b l y  r e f e r r i n g  t o  a q u i t e  d i f f e r e n t  s i l i c a  ba tch .  

According t o  Karger  and Giese t h e r e  i s  a growing awareness  about  t h e  

q u a l i t y  of the  bonded packings .  T h e i r  o v e r a l l  performance can be improved, p a r t i -  

c u l a r l y  w i t h  r e s p e c t  t o  e f f i c i e n c y ,  s t a b i l i t y  and r e p r o d u c i b i l i t y  i n  r e t e n t i o n  

and s e l e c t i v i t y  ! 3 7 1 .  

We b e l i e v e  t h a t  t h e  technology of making i d e a l  s i l i c a  s u p p o r t s  is n o t  y e t  

a v a i l a b l e  so t h a t  every  s i l i c a  b a t c h  y i e l d s  a ( s l i g h t l y )  d i f f e r e n t  c h e m i c a l l y  

bonded packing,  which may i n t r o d u c e  d i f f e r e n c e s  i n  r e t e n t i o n  and s e l e c t i v i t y .  

This  emphasizes  t h e  need f o r  a s  much i n f o r m a t i o n  a s  p o s s i b l e .  

I n  o r d e r  t o  f u l l y  d e s c r i b e  a chemica l ly  bonded phase and a corrmercial 

? a c k i n g ,  the  fo l lowing  q u a n t i t i e s  should be provided  f o r  each i n d i v i d u a l  ha tch .  

I . ,  

I, wcrc ?roper$ies cer siZica support 
- the  mean va lue  and t h e  d i s t r i b u t i o n  of t h e  p a r t i c l e  s i z e  

- t h e  p a r t i c l e  shape ( r e g u l a r l i r r e g u l a r )  

I . '  
t t i  micro  properfies of s i l i c a  support  

2 - t h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  o r i g i n a l  s i l i c a  s u p p o r t  (SBET i n  m /g)  

- t h e  average  pore  r a d i u s  of t h e  o r i g i n a l  s i l i c a  suppor t  i n  o r d e r  t o  

e s t i m a t e  whether  t h e  geometr ica l  maximum s u r f a c e  coverage i s  reached 

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



1462 BERENDSEN. PIKAART, AND DE G U Y  

- the  pore s i z e  d i s t r i b u t i o n  of  t h e  o r i g i n a l  s i l i c a  s u p p o r t  f o r  uniformit.? 

( a r e  micropores  p r e s e n t ? )  

- t h e  pore  shape  

- the  pore  volume of t h e  o r i g i n a l  s i l i c a  s u p p o r t ,  which can be used f o r  t i e  

c a l c u l a t i o n  of the  column p o r o s i t y  1351 

i i i i l  chemical modification 
- s i n c e  t h e  carbon p e r c e n t a g e  i s  n o t  s u f f i c i e n t l y  s p e c i f i c ,  t h e  s i l a n e  

reagent  used i n  t h e  bonding r e a c t i o n  must be s p e c i f i e d .  Only then  t h e  

bonding type  and t h e  s u r f a c e  coverage can be  d e r i v e d .  

- the  r e s u l t s  of  e l e m e n t a l  a n a l y s i s  i n  weight  p e r c e n t  per  gram modif ied  

s i l i c a .  I f  t h e  bonded m a t e r i a l  i s  p o s t - t r e a t e d  w i t h  t r i m e t h y l c h l o r o -  

s i l a n e  the  percentages  should  b e  g iven  b e f o r e  and a f t e r  p o s t - s i l a n i -  

zac ion  ( e s p e c i a l l y  impor tan t  when d i c h l o r o -  and c r i c h l o r o s i l a n e s  a r e  

used) .  Carbon d a t a  a r e  of  pr imary i n t e r e s t  b u t  should  be c o r r o b o r a t e d  

wi th  r e s u l t s  f o r  hydrogen and he tero-e lements .  i f  p r e s e n t .  

7 
W i t h  t h e s e  q u a n t i t i e s  the  s u r f a c e  coverages  (N i n  umol/m-) can be c a l c u l s r e d  

and,  assuming t h a t  che s u r f a c e  d e n s i t y  of  hydroxyl  groups i s  approximate ly  4 . 8  

per  nm-, the  r a t i o  of s i l a n o l  groups t o  bonded c h a i n s .  
7 
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