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EFFECT OF TEMPERATURE ON HPLC 
SEPARATIONS USING C1, C4, c8, and c18 

ALKYL CHAIN BONDED SILICA COLUMNS* 

Haleem J. Issaq**, Stephen D. Fox, Kimberly 
Lindsey, Jon H. McConnell, and Donna E. Webs 

Program Resources, Inc. 
NCIFrederick Cancer Research Facility 

P. 0. Box B 
Frederick, Ma?yyland 21 701 

ABSTRACT 

T h e  effect of temperature on retention in reversed phase high 

performance liquid chromatography was studied using a C 1 ,  C4, C8 and C18 

alkyl chain bonded columns and four groups of compounds: ( 1 )  anthraquinone. 

methyl anthraquinone and ethyl anthraquinone; (2) naphthalene and biphenyl; 

(3) dimethyl phthalate and diethylphthalate, and (4) p-nitroaniline and 

caffiene. The results indicated that the mechanism of separation using the 

f o u r  groups of solutes and the four columns at temperature ranges of O°C to 

77OC is the same and that a linear relationship was obtained for a plot of 
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I n k '  v s  1/T.  E n t h a l p y  v a l u e s  were o b s e r v e d  i n  t h e  f o l l o w i n g  o r d e r s  C18>C8 - 
C q > C 1  depend ing  o n  t h e  s o l u t e s  s t u d i e d .  The r e s u l t s  a l so  showed t h a t  a f o r  

a p a i r  o f  a d j a c e n t l y  e l u t i n g  s o l u t e s  d e c r e a s e d  by a p p r o x i m a t e l y  10% w i t h  

i n c r e a s e  i n  t e m e p e r a t u r e  from 30°C t o  7OoC. The  g r e a t e s t  d e c r e a s e  i n  a 

( 2 5 % )  was o b s e r v e d  between O ° C  a n d  27°C. I t  was a l so  o b s e r v e d  t h a t  i n  o r d e r  

t o  a c h i e v e  t h e  same r e t e n t i o n  time o n  a l l  t h e  c o l u m n s  f o r  a c e r t a i n  

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

column, C , a > C 8 > C q > C , .  F i n a l l y ,  t h e  b e s t  s e p a r a t i o n  was  o b t a i n e d  a t  l o w e r  

r a t h e r  t h a n  h i g h e r  t e m p e r a t u r e .  

INTRODUCTION 

S e v e r a l  s t u d i e s  h a v e  b e e n  p u b l i s h e d  on t h e  e f f e c t  of t e m p e r a t u r e  on 

r e t e n t i o n  i n  h i g h  pe r fo rmance  l i q u i d  c h r o m a t o g r a p h y  (HPLC). C h e m i e l o w i e c  

a n d  S a w a t z k y  ( 1 )  s t u d i e d  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  s e p a r a t i o n  of 

p o l y n u c l e a r  aromatic hydroca rbons  (PAH) o n  a C,* r e v e r s e d  p h a s e  column u s i n g  

a m o b i l e  p h a s e  o f  m e t h a n o l / w a t e r .  S n y d e r  ( 2 )  d i s c u s s e d  t h e  r o l e  o f  

t e m p e r a t u r e  on s e l e c t i v i t y  i n  r e v e r s e d  p h a s e  ( R P )  L C .  C a n t  e t  a l .  ( 3 )  

p r e s e n t e d  a s y s t e m a t i c  a p p r o a c h  to  o p t i m i z i n g  r e s o l u t i o n  (Rs) i n  RPLC w i t h  

emphas i s  on  t h e  r o l e  o f  t e m p e r a t u r e .  The s e p a r a t i o n s  w e r e  p e r f o r m e d  on  C, 

RP columns,  and mob i l e  p h a s e  o f  m e t h a n o l l w a t e r .  Melander  e t  a l .  ( 4 )  s t u d i e d  

t h e  dependence  o f  r e t e n t i o n  on t e m p e r a t u r e  and  e l u e n t  c o m p o s i t i o n ,  u s i n g  C 1 8  

RP  c o l u m n  and  a m o b i l e  p h a s e  o f  a c e t o n l t r i l e / w a t c r .  D i a s i o  and  Wilburn ( 5 )  

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

m e t a b o l i t e s  on C l a  R P  c o l u m n  u s i n g  a m o b i l e  p h a s e  o f  0 . 0 0 2  M p h o s p h a t e  

b u f f e r  (pH 5.7) .  C o l i n  et  a l .  ( 6 )  s t u d i e d  t h e  role of t h e  t e m p e r a t u r e  i n  RP 

H P L C  u s i n g  p y r o c a r b o n  c o n t a i n i n g  a d s o r b e n t s .  They  c o n c l u d e d  t h a t  

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

s y s t e m ,  a n d  t h a t  s e l e c t i v i t y  d e c r e a s e d  s l i g h t l y  w i t h  i n c r e a s e  i n  s e p a r a t i o n  
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ALKYL CHAIN BONDED SILlCA COLUMNS 5 1  

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

s e n s i t i v e  t o  t e m p e r a t u r e .  The major effect o f  t e m p e r a t u r e  is t h e  i n c r e a s e  

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

s o l v e n t  f l o w  r a t e .  A n o t h e r  s t u d y  ( 7 )  d e a l t  w i t h  t h e  i n f l u e n c e  of 

t e m p e r a t u r e  on t h e  r e t e n t i o n  b e h a v i o r  of members of homologous s e r i e s  on RP 

C , 8  u s i n g  m e t h a n o l l w a t e r  e l u e n t s .  Atamna and Crushka ( 8 )  s t u d i e d  t h e  e f f e c t  

of changes  of m o b i l e  p h a s e  and  t e m p e r a t u r e ,  a n d  m o b i l e  p h a s e  v e l o c i t y  a n d  

t e m p e r a t u r e  on  o p t i m i z a t i o n  by i s o c h r o n a l  a n a l y s i s .  They o b s e r v e d  t h a t  a 

i n c r e a s e d  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  ( 5 0 1  m e t h a n o l l w a t e r )  w h i l e  a 

d e c r e a s e d  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  (60% m e t h a n o l / w a t e r )  f o r  t h e  same 

compounds,  m e t h y l b e n z o a t e  and benzene.  

To d a t e ,  a s e a r c h  of t h e  l i t e r a t u r e  r e v e a l s  t h a t  t h e r e  h a s  n o t  been a 

s t u d y  compar ing  t h e  e f f e c t  of t e m p e r a t u r e  and  mob i l e  p h a s e  on t h e  r e t e n t i o n  

u s i n g  d i f f e r e n t  a l k y l  c h a i n  R P  bonded  s u p p o r t s .  T h i s  s t u d y ,  t h e r e f o r e ,  

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

c l ,  C,,, C8 and  C 1 8  bonded s i l i ca  column a t  t e m p e r a t u r e s  r a n g i n g  from Ooc t o  

77OC, u s i n e  a m o b i l e  p h a s e  of m e t h a n o l l w a t e r .  The columns used  had t h e  same 

d i m e n s i o n s  a n d  were m a n u f a c t u r e d  f rom t h e  same b a t c h  of s i l i c a  unde r  t h e  

same e x p e r i m e n t a l  c o n d i t i o n s .  

The d i f f e r e n t  a l k y l  c h a i n  l e n g t h  columns were s e l e c t e d  i n  order t o  g a i n  

some  i n s i g h t  i n t o  t h e  b e h a v i o r  o f  t h e  a l k y l  c h a i n  u n d e r  d i f f e r e n t  

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

u n d e r s t a n d i n g  t h e  mechanism of s e p a r a t i o n  i n  r e v e r s e d  p h a s e  HPLC; d o e s  t h e  

l o n g e r  a l k y l  c h a i n  c o l u m n  g i v e  b e t t e r  o r  worse s e p a r a t i o n  t h a n  a s h o r t e r  

c h a i n  column a t  a h i g h e r  t e m p e r a t u r e  t h a n  a t  room t e m p e r a t u r e ?  Can we 

p r e d i c t  t h e  b e h a v i o r  of t h e  a l k y l  c h a i n  ( s t r e t c h e d  or c u r l e d )  and  its e f f e c t  

o n  t h e  s e p a r a t i o n  p r o c e s s ?  What is t h e  e f f e c t  of t h e  p e r c e n t  o r g a n i c  

m o d i f i e r  on t h e  s e p a r a t i o n s  u s i n g  C , ,  C,,, C8 a n d  C 1 8  columns a t  t h e  same 

t e m p e r a t u r e ?  T h i s  s t u d y  w i l l  t r y  t o  answer t h e  q u e s t i o n s  r a i s e d .  
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5 2  ISSAQ ET AL. 

EX PER IMENTAL 

Materials 

The  s o l u t e s  u s e d  i n  t h i s  s t u d y  were p u r c h a s e d  from A l d r i c h  Chemical  

Co., I n c .  (Milwaukee,  WI). Methanol  was g l a s s  d i s t i l l e d  u v  g r a d e  ( B u r d i c k  

and  J a c k s o n ,  Muskegon, M I ) .  Water was d e i o n i z e d  g l a s s  d i s t i l l e d .  

A p pa r o  t us 

A H e w l e t t - P a c k a r d  Model  1 0 9 0  L i q u i d  C h r o m a t o g r a p h y  e q u i p p e d  w i t h  a 

h e a t e r  ( g ) ,  a p h o t o d i o d e  a r r a y  d e t e c t o r ,  an  a u t o m a t i c  i n j e c t o r ,  s t r i p  c h a r t  

r e c o r d e r ,  a Hewlet L - P a c k a r d  Model  3392A i n t e g r a t o r  and a Hewle t t -Packa rd  

Sodel 85 c o m p u t e r / c o n t r o l l e r  was u s e d .  P r e p a c k e d  RP C , ,  C,,, C 8 ,  C , 8  

columns.  100 mm x 4 . 6  mm, 5 mic ron  s p h e r i c a l  p a r t i c l e s ,  (Advanced S e p a r a t i o n  

T e c h n o l o g i e s ,  Whippany. NJ) were used.  

P r o c e d u r e s  

R e t e n t i o n  times were measured a f t e r  s y s t e m  e q u i l i b r a t i o n  f o r  1 h o u r .  

Column d e a d  time ( t R o )  was m e a s u r e d  by i n j e c t i n g  u r a c i l  s o l u t i o n .  A l l  

s o l u t e s  were r e a g e n t  g r a d e  and  s o l u t i o n s  were p r e p a r e d  i n  m e t h a n o l l w a t e r .  

Subambient  t e m p e r a t u r e s  were a c h i e v e d  by u s i n g  a water b a t h .  

RESULTS A N D  DISCUSSION 

The  C , ,  C 4 ,  C8 and  C18 columns were a l l  m a n u f a c t u r e d  a n d  packed u n d e r  

t h e  same e x p e r i m e n t a l  c o n d i t i o n s  from t h e  same b a t c h  of  s i l i c a  i n  o r d e r  t o  

a v o i d  a n y  column i r r e g u l a r i t i e s  due  t o  column p a c k i n g s  and  p r e p a r a t i o n .  The 

peak s h a p e s  o b t a i n e d  were a l l  s y m m e t r i c a l  a n d  n o  t a i l i n g  of t h e  p e a k s  was 

o b s e r v e d .  T h e  c o l u m n s  were w a s h e d  b e f o r e  u s e  w i t h  m e t h a n o l  t h e n  

e q u i l i b r a t e d  f o r  1 hour  a t  e v e r y  t e m p e r a t u r e  s t u d i e d .  A t  t h e  b e g i n n i n g  t h e  

e x p e r i m e n t  was r u n  a t  t h e  t e m p e r a t u r e  r a n g e  of room t e m p e r a t u r e  t o  77°c .  

L a t e r ,  t h e  e x p e r i m e n t s  were r u n  from O°C t o  77OC. k '  was c a l c u l a t e d  
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ALKYL CHAlN BONDED SILICA COLUMNS 53 

according t o  t h e  equation k' - ( t r  - t ro) / t ro  where tr and tro a r e  retention 

time of t h e  s o l u t e  and u r a c i l  (non r e t a i n s d  peak) r e s p e c t i v e l y .  T h i s  

a r t i c l e  w i l l  not dea l  with the t h e o r e t i c a l  relationships between entropy 

(AS'), enthalpy ( A H " ) ,  capaci ty  f a c t o r  (K'), f r e e  energy  ( A G O )  and 

temperature ( T ) ,  where T i s  absolute temperature, a s  t h i s  has been discussed 

previously (2 -4 ) .  The relationship between k', A H o  and T i s  given b y  the 

following equation 

d ( l 0 g  k ' ) /d ( l /T)  - AH0/4.57 (1) 

Snyder ( 2 )  s t a t e d  t h a t  " s o l u t e s  of s i m i l a r  s t r u c t u r e  have A H o  increases 

linearly w i t h  log k'. If the l inear  dependence of A H n  on log k' i s  exac t ,  

then s o l u t e  r e t e n t i o n  order will be unchanged as  separation temperature is 

varied". 

Equation (11) gives the relat ion between k', A H " ,  ASo and 0 ( the  phase 

r a t i o )  i n  the column (4): 

I n  k' .I - A H " / R T  + ASD/R + 0 (11) 

where R i s  the gas constant .  Equation I1 means t h a t  a change in  e i t h e r  

column temperature or mobile phase composition, methanollwater i n  t h i s  

s t u d y ,  or both should give optimum separation. Therefore, we w i l l  examine 

our resu l t s  w i t h  the above two equations in mind. 

The dependence of retention on temperature is apparent from f i g u r e s  1 -  

4 ,  where p l o t s  of t h e  natural logarithm of the capacity factor against the 

r e c i p r o c a l  of t h e  a b s o l u t e  t e m p e r a t u r e  f o r  a n t h r a q u i n o n e  ( A ) ,  

m e t h y l a n t h r a q u i n o n e  ( M A )  and c t h y l a n t h r a q u i n o n e  ( E A )  gave l i n e a r  

re la t ionships .  The e luent  was 5 5 1  mcthanol/waLer. The f i g u r e s  show a 

decrcilse of retention w i t h  increase i n  temperature. They a l so  show that the 

l inear  relationships for each of the compounds are  nearly p ' i r a l l e l  on each 

of  the columns. This is due t o  the fac t  t h a t  the three solutes have similar 

chemical p r o p e r t i e s .  However, on each column the  i n t e r c e p t s  f o r  t h e  

compound a r e  d i f fe ren t ,  see for example figure 5. The intercept 1s related 

to  the retention of the  s o l u t e  a t  55% methanol/water. I t  was expected, 
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Figure 1. Effect of temperature on the capacity factor of anthraqulnone, 
methylanthraqulnone and ethylanthraquinone using a C1 RP column, 

4.6 x 100 mm, and a mobile phase of 55% MeOH/H20 at a flow rate 
of 1 ml/min. 
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ALKYL CHAIN BONDED SILICA COLUMNS 

F i g u r e  3. Same a s  F i g u r e  1 ,  b u t  C8 RP column was used. 

Figure 4 .  Same as F i g u r e  1 ,  b u t  C,8 RP column was u s e d .  
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56 ISSAQ ET AL. 

ETHYLANTHRAOUINONE 

1/T x 10’3 IV-1 

F i g u r e  5. E f f e c t  of t e m p e r a t u r e  on  t h e  c a p a c i t y  factor of e t h y l -  
a n t h r a q u i n o n e  u s i n g  a C 1 ,  C,,, C 8 ,  C18 R P  columns,  4.6 x 100 mm,  

and  a mob i l e  p h a s e  of 555 MeOH/H20 a t  a f l o w  r a t e  of 1 m l l m i n .  

b a s e d  o n  p r e v i o u s  e x p e r i e n c e  ( l o ) ,  t h a t  a t  t h i s  e l u e n t  c o m p o s i t i o n  t h e  

l o n g e s t  r e t e n t i o n  of t h e  a n t h r a q u i n o n e s  w i l l  be o n  t h e  C 1 8  c o l u m n  a n d  t h e  

s h o r t e s t  r e t e n t i o n  on t h e  C1 column. The s l o p e  of t h e  l i n e  g i v e s  t h e  v a l u e  

f o r  A H n .  T a b l e  I lists t h e  AHo v a l u e s  of t h e  a n t h r a q u i n o n e s  on e a c h  column. 

The  r e s u l t s  c a n  be e x a m i n e d  i n  two w a y s ;  ( a )  how d i d  A H a  v a l u e s  compare 

between t h e  a n t h r a q u i n o n e s  on t h e  same column, a n d  ( b )  how d i d  A H o ,  for  e a c h  

a n t h r a q u i n o n e ,  v a r y  b e t w e e n  t h e  C l ,  C,,, Ca and  C 1 8  columns.  T h a t  is ( a )  

changes  i n  A H n  due  t o  c h e m i c a l  s t r u c t u r a l  c h a n g e s  of t h e  s o l u t e s  a n d  ( b )  

c h a n g e s  d u e  t o  t h e  c o l u m n ’ s  a l k y l  c h a i n  d i f f e r e n c e s  u s i n g  t h e  same e l u e n t  

b u t  v a r y i n g  t h e  t e m p e r a t u r e .  T a b l e  I shows ( a )  t h a t  A H a  v a l u e s  i n c r e a s e d  

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

A H o ,  s u c h  t h a t  E A > M A > A  on  each  o f  t h e  four co lumns ;  ( b )  t h a t  t h e  A H o  v a l u e s  

w h e r e  lowest on t h e  C, column,  b u t  were t h e  same on  C,, a n d  Ca b u t  l n c r e a s e d  
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ALKYL CHAIN BONDED SILICA COLUMNS 

Tab le  I 

AHD v a l u e s  f o r  A ,  MA and EA on C 1 ,  C 4 ,  C8 and  C18 RP COlUmnS 

u s i n g  55% MeOH/H20 a s  t h e  e l u e n t  

AHo (KcalIMole)  
Column A MA EA 

1.26 1.54 1.85 

2.04 2.44 2.81 

c l  

c1, 

2.07 2.45 2.75 c8 

c1 8 2.61 3.07 3.41 

by more t h a n  20% on t h e  C 1 8  column. The l o w e s t  AHo v a l u e  o n  C ,  c o l u m n  may 

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

w h i l e  w i t h  C 1 8  column t h e  s o l u t e s  a r e  f a r t h e s t  away and p r e v e n t e d  by t h e  C , 8  

a f k y l  c h a i n  from i n t e r a c t i n g  w i t h  t h e  r e s i d u a l  s i l i n o l  g r o u p s  on  t h e  s i l i ca .  

F i g u r e  6 shows  t h e  p l o t  of M A  r e t e n t i o n  a t  room t e m p e r a t u r e  a g a i n s t  

mob i l e  phase  compos i t ion .  S i m i l a r  p l o t 3  were o b t a i n e d  f o r  A a n d  EA.  T h e  

r e su l t s  r e v e a l e d  t w o  i n t e r e s t i n g  o b s e r v a t i o n s :  ( a )  t h e  r e t e n t i o n  times a t  

605 m e t h a n o l h a t e r  a r e  i n v e r s e l y  p r o p o r t t o n a l  t o  t h e  c o l u m n  '3 a l k y l  c h a i n  

l e n g t h ;  a n d  ( b )  i n  o r d e r  t o  g e t  t h e  same r e t e n t i o n  time ( s a y  10  min) o n  C , ,  

C4 ,  C8 and C,8 t h e  volume of me thano l  i n  t h e  e l u e n t  is d i r e c t l y  p r o p o r t i o n a l  

t o  t h e  column's  a l i p h a t i c  c h a i n  l e n g t h ,  t h e  l o n g e r  t h e  column t h e  h i g h e r  t h e  

p e r c e n t a g e  of me thano l  a t  t h e  same t e m p e r a t u r e .  The r e s u l t s  a l s o  show t h a t  

r e s o l u t i o n  is 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 e  s e p a r a t l o n  t e m p e r a t u r e .  Best 

r e s o l u t i o n  is o b t a i n e d  a t  t h e  lowest t e m p e r a t u r e .  A p l o t  of  t h e  l o g a r i t h m  

of t e m p e r a t u r e  a g a i n s t  p e r c e n t a g e  of methano l  g i v e s  a l l n e a r  r e l a t l o n s h l p  

( F i g u r e  7 ) .  
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ME THYLANTHRAQUINONE 
m.m - 
l a m  - 

4.m - 
2.00 - 

X METHANOL 

Figure 6. Effect of volume of methanol in the eluent on the retention of 
methyl anthraquinone using C,, C,,, C8 dnd C 1 8  R P  colunns. 

METHYLANTHRAOU INONE 

3,m \ \  

c 

1.m - 
.yI - 

o.m - 

-.yI - a 
td 

X METHANOL 

Figure 7. A plot of the volume of methanol in the eluent against the 
natural logarithm of retention time for methyl anthraquinone 
using a C 1 ,  C,,, C8 and C,8 R P  columns. 
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ALKYL CHAIN BONDED SILICA COLUMNS 59 

The  n e x t  g r o u p  t o  i n v e s t i g a t e  was a m i x t u r e  of n a p h t h a l e n e  (N) and  

b i p h e n y l  (B). The p l o t s  of t h e  l o g a r i t h m  of c a p a c i t y  factor a g a i n s t  i n v e r s e  

t e m p e r a t u r e  f o r  t h e  C , ,  C4, C8 a n d  C 1 8  columns is g i v e n  i n  f i g u r e s  8-11, 

r e s p e c t i v e l y ,  and show l i n e a r  r e l a t i o n s h i p s .  A g a i n  i t  is  c l e a r  t h a t  t h e  

r e s u l t s  o b t a i n e d  w i t h  t h i s  g roup  of compounds are s i m i l a r  t o  t h o s e  o b t a i n e d  

w i t h  t h e  a n t h r a q u i n o n e s .  F i g u r e  1 2  is a p l o t  of c o r r e c t e d  r e t e n t i o n  times 

f o r  N a g a i n s t  p e r c e n t  me thano l  i n  t h e  e l u e n t  a t  room t e m p e r a t u r e .  The p l o t  

shows t h a t  t h e r e  is a l a r g e r  d i f f e r e n c e  i n  t h e  r e t e n t i o n  of t h e s e  compounds  

o n  C 1  t h a n  e i t h e r  of t h e  o t h e r  t h r e e  c o l u m n s  a n d  t h a t  t h e  d i f f e r e n c e  i n  

r e t e n t i o n  u s i n g  C,,, C8 and  C 1 8  is comparable .  T h i s  was a l s o  o b s e r v e d  when 

t h e  r e t e n t i o n  of t h e  a n t h r a q u i n o n e s  on t h e  f o u r  columns were compared. T h i s  

may be  d u e  t o  s t r o n g e r  i n t e r a c t i o n  between t h e  s o l u t e  a n d  a l k y l  c h a i n ,  t h e  

l o n g e r  t h e  a l k y l  c h a i n  t h e  s t r o n g e r  t h e  i n t e r a c t i o n  and as a r e s u l t  l o n g e r  

r e t e n t i o n  times, a n d / o r  t h e  e f f e c t  of r e s i d u a l  s i l i n o l  g r o u p s  on  t h e  s u r f a c e  

of t h e  s i l i c a  p a r t i c l e s ,  which a r e  s h i e l d e d  by t h e  l o n g e r  a l k y l  c h a i n .  

The t h i r d  g r o u p  of compounds t h a t  was used  t o  i n v e s t i g a t e  t h e  e f f e c t  of 

t e m p e r a t u r e  and e l u e n t  on  r e t e n t i o n  was a m i x t u r e  of d i m e t h y l p h t h a l a t e  (MP) 

and d i e t h y l p h t h a l a t e s  ( E P ) .  A l i n e a r  r e l a t i o n s h i p  was  a t t a i n e d  when t h e  

l o g a r i t h m  of t h e  c a p a c i t y  f a c t o r  was p l o t t e d  a g a i n s t  t h e  i n v e r s e  

t e m p e r a t u r e ,  F i g u r e s  13-16. Again t h e  r e s u l t s  of t h i s  g r o u p  are t h e  same a s  

t h o s e  o b t a i n e d  f o r  t h e  o t h e r  two g r o u p s  of s o l u t e s .  A p l o t  of r e t e n t i o n  

time a g a i n s t  a p e r c e n t  me thano l  is g i v e n  i n  F i g u r e  17. which shows t h a t  t h e  

s o l u t e s  w i l l  n o t  b e  r e t a i n e d  by a n y  of t h e  f o u r  co lumns  a t  or above 80% 

methano l  i n  t h e  mob i l e  phase.  O t h e r  c o n c l u s i o n s  are t h e  same  a s  m e n t i o n e d  

e a r l i e r  f o r  t h e  o t h e r  two g r o u p s  of s o l u t e s .  

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

e n t h a l p y ,  w h i c h  w e r e  n o t  ve ry  l a r g e  in most c a s e s ,  d i d  n o t  r e a l l y  draw t h e  

l i n e  and e n a b l e  us t o  conc lude  what is r e a l l y  happen ing  t o  t h e  a l k y l  c h a i n  

a t  t h a t  t e m p e r a t u r e ,  i . e . ,  is i t  s t r e t c h e d  o r  c u r l e d ?  Also, a l l  t h e  columns 
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Figure  8. Effect of temperature on t h e  c a p a c i t y  f a c t o r  of naphtha lene  and 
b ipheny l  u s i n g  a C, RP column, 4.6 x 100 m m ,  and a mobi l e  phase 

of 55% MeOH/H20 a t  a flow r a t e  of 1 ml lmin.  
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Figure  9. Same as  F igure  8 ,  but  C4 RP column was used .  
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t ( D  
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a m  
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- --- ' , 
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61 
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d 

1 / T  x 10-3 K*-1 

Figure 10. Same as Figure 8, but C8 RP column was used. 

Figure 1 1 .  Same as Figure 8, but C,8 RP column was used. 
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NAPHTHALENE 

C 
E 
." t 

' \ '.. 2.50 - 

2.m - 

.YJ - 
n.m - 

-. Y) - 
I 

8 8 8 8 8 
xl d 

-1.m 

- c-l 

- - c-4 

c-a 
c-in 

X METHANOL 

F i g u r e  12.  A p l o t  of volume o f  me thano l  i n  t h e  e l u e n t  a g a i n s t  t h e  n a t u r a l  
l o g a r i t h m  o f  r e t e n t i o n  time fo r  n a p h t h a l e n e  u s i n g  a C , ,  C 4 ,  C8 

and  C,8 RP columns. 

- 
k 
C - 

2' . 
/ 

a 
r* 

I 
R 

, " I  

F i g u r e  13.  E f f e c t  o f  t e m p e r a t u r e  on  t h e  c a p a c i t y  f a c t o r  of d ime thy l -  
p h t h a l a t e  and d i e t h y l p h t h a l a t e  u s i n g  a C, RP column, 4.6 x 

100 mm. and a mobile p h a s e  of MeOH/H20 a t  a f lou  rate of 

1 ml/min. 
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c-4 

63 

l / T  x 10’3 K * - 1  . ~ ANTHRAWINONE 

~ - - MElHILAWTlRAWlMWE 

~ ETHILANTIRAILIIWDE 

Figure 14. Same as F i g u r e  13, but a C4 R P  column was used. 
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Figure 15. Same as F i g u r e  13, but a C8 RP column was used. 
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- 
b 
C - 

c-18 

Figure 16. Same as Figure 13, but a C18 RP column was used. 

DIETHYL PHTHALATE 

\ 'V.. ZOO - 
1.m - 
1.m - 
.9D - 
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-.% - 

-1.00 - 

-1.50 - 
a 8 8 8 8 a 
IQ 9 ul ul d sl 

-2.m ' 
X METHANOL 

Figure 17. A plot of the volume of methanol In the eluent against the 
natural logarithm of retention for dlethylphthalate using a C 1 ,  
C,, CR and C I R  RP columns. 
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65 

111 x 10'3 I(*-1 
+ __ W F E l Y  

Figure 1 8 .  Effect of temperature on the capacity factor of caffeine using 
a C1 RP column and a mobile phase of 10% MeOH/H20 a t  a flow 

ra te  of 1 ml/min. 

gave l inear  relationships when Ink' was p lo t ted  v s .  l/T. I t  was expected 

t h a t  some break i n  t h i s  l inear  relationship would be observed, b u t  did not 

happen. I t  was suggested t o  us ( 1 1 )  t h a t  i f  ( a )  t h e  exper iment  was 

conducted from subamblent rather than room temperature, and ( b )  the volume 

of methanol was decreased i n  the e luent  a non l i n e a r  r e l a t i o n s h i p  may be 

observed. These two suggest ions were accepted and the experiments were 

conducted from O°C t o  7 7 O C  and the volume of  methanol in  t h e  mobile phase 

was decreased t o  10%. Two new compounds, caffeine ( C )  and p-nitroaniline 

" A ) ,  were selected based on the i r  retention times on the four columns. P- 

n i t r o a n i l i n e  was not well retained on the C1 Column t o  give meaningful data 

and caffeine gave very small retention times, 4.9 mln. a t  O°C and a fraction 

of a a i n .  a t  above 47OC. Although, i t  was possible t o  generate a plot of 

1nK'  v s .  1/T fo r  caffiene, figure 18, a sca t te r ,  larger than expected, was 

obtained due t o  the  small values of tR. Figures 19-21 give a plot of l n k '  

v s .  l/T f o r  C and NA on C4, C8 and C18. r e s p e c t i v e l y .  Again a l i n e a r  
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c-4 

ISSAQ ET AL. 

I / T  x 10'3 K * - l  

Figure 19. Effect of temperature on the capacity factor of caffiene and p- 
nitroaniline using a C,, RP column and a mobile phase of 10% 
MeOH/H20 at a flow rate of 1 ml/min. 

l/T x 10'3 K' - l  . - CAFFEINE 
" - - ~ I ~ l L l l €  

Figure 20. Same as Figure 19, but C 8  RP column was used. 
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3.00 

3.m 

3. I0 

z m  

239 

1.00 

1. m 

1. I0 

c-18 

F i g u r e  21. Same as F i g u r e  19 ,  b u t  C 1 8  RP column was used .  

T a b l e  I1 

Summary of (AHo) a n d  Y - i n t e r c e p t s  for  a l l  compounds u s e d  i n  t h i s  s t u d y  
usins C 1 ,  C4, C8 and C18 RP columns and  a mob i l e  p h a s e  of 55% MeOH/H20 

and 10% MeOH/HZO ( C  and  NA) 

A H o  (KCal/mole) 
A MA EA MP EP N B C NA 

c1 1-26  1.54 1.85 0.76 1.19 1.01 1.31 2.69 - 

C4 2.04 2.14 2.81 1.06 1.72 1.68 2.12 2.48 2.14 

c8 2.07 2.45 2.75 0.94 1.48 1.56 3.03 2.66 2.21 

C18 2.61 3.07 3.40 1.12 1.81 2.33 2.83 3.14 2.47 

Y - i n t e r c e p t  

-3.35 -4.03 -4.80 -2.1 -3.16 -2.67 -3.43 -8.97 - c1 

cu -5.17 -6.05 -6.84 -2.04 -4.34 -4.10 -5.10 -5.97 -5.14 

C8 -4.92 -5.65 -6.14 -2.35 -3.38 -3.52 - 4 . 3 4  -6.31 -5.10 

-6.23 -7.91 -7.61 -2.89 -4.26 -5.32 -6.26 -7.69 -6.13 '1 8 
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T a b l e  I11 

a v a l u e s  f o r  A ,  M A ,  EA,  N, B ,  DMP and DEP a t  d i f f e r e n t  t e m p e r a t u r e s  
and columns u s i n g  55% MeOH/H20 a s  t h e  e l u e n t  

Column T ( O C )  a ( I J A / A  a (EA/A) a(B/N) a(EP/MP) 

30 1.27 1.20 1.26 1.42 

40 1.24 1.27 1.23 1.39 
50 1.20 1.22 1.19 1.30 

c1 

c 4  

60 1.17 1.19 1.16 
70 1.09 1 .15 1.13 

30 1.56 1.57 1.62 

40 1.47 1.49 1.53 
50 1 . 4 3  1.45 1.47 
60 1.38 
70 1.33 

30 1.67 

40 1.62 
50 1.56 
60 1.49 

'8 

c1 8 

70 

-40 
.35 

.64 

.60 

.55 
. .  .51 

1.45 1.46 

.42 

.26 

.21 

.96 

.79 

.68 
-61 

.36 1.56 

.80 2.08 

2.02 
* 7 3  .65 1.89 
.59 1.79 
.53 1.71 

30 1 . 9 1  1.81 2.04 2.40 

50 1.72 ' 1.68 1.81 2.08 
60 1.65 1.63 1.76 1.99 
70 1.59 1.59 1.69 1.86 

40 1 . 7 9  1.73 1.96 2.34 

r e l a t i o n s h i p  was o b t a i n e d  and  no b reak  i n  t h e  l i n e  was o b s e r v e d .  T h e r e f o r e ,  

o n e  may c o n c l u d e ,  b a s e d  on t h e  above d a t a ,  t h a t  t h e  mechanism of s e p a r a t i o n ,  

u s i n g  C 1 ,  C 4 ,  C8 a n d  C 1 8  b o n d e d  R P  c o l u m n s ,  is t h e  same i n  each c a s e ,  

however ,  t h e  e n t h a l p y  and i n t e r c e p t  v a . l u e s  a r e  d i f f e r e n t .  T h e  t r e n d  f o r  

e n t h a l p y  v a l u e s  i n  most cases  is C 1 8 > C 8 - C 4 > C 1 ,  d e p e n d i n g  on  t h e  s o l u t e s  

s t u d i e d  ( T a b l e  1 1 ) .  Ano the r  o b s e r v a t l o n  is t h a t  t h e  r a t i o  of a f o r  a p a i r  

o f  a d j a c e n t l y  e l u t i n g  c o m p o u n d s  a t  30°C t o  7OoC ( T a b l e  1 1 1 )  d e c r e a s e d  

s l i g h t l y ,  10% w i t h  increase i n  t e m p e r a t u r e .  These  r e s u l t s  are i n  a g r e e m e n t .  

w i t h  t h o s e  o b s e r v e d  by C o l l n  e t  a l .  (12) .  The g r e a t e s t  d e c r e a s e  i n  a was 

between O o  a n d  27OC. T a b l e  I V ,  which i n d i c a t e s  t h a t  t h e  s e p a r a t i o n  f a c t o r  
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a values f o r  ca f f e ine  and p-n i t roani l ine  a t  d i f f e r e n t  temperatures and 
columns using 55% MeOH/H20 a s  the  e luent  

c4 c1 8 Column 

T ( O C )  (GINA 1 (C/NA) (C/NA) 

0 
10 
27 
37 
47 
57 
67 
77 

1.67 
1.39 
1.23 

1.25 
1.22 
1.22 
1.19 

1.30 

1.71 
1.50 
1.24 
1.30 
1.20 
1 .16 
1.19 
1.16 

2.54 
2.17 
1.89 
1.80 
1.64 
1.56 
1.51 
1.48 

(column e f f i c i e n c y )  f o r  t h e  t e s t ed  so lu t e s  was l e s s  a t  higher than a t  lower 

temperatures and tha t  t he  C8 and C18 columns were the  l e a s t  e f f i c i e n t  a t  the  

h i g h e r  t e m p e r a t u r e s .  The r e s u l t s  a l s o  showed tha t  t he  C18 column requi red  

the  highest  volume of methanol i n  t he  mobile phase ,  whi le  C ,  r e q u i r e d  t h e  

l e a s t ,  which is predic tab le  based on t h e i r  hydrophobic proper t ies .  Also, in 

order t o  achieve the  same re t en t ion  time on a l l  t h e  columns f o r  a c e r t a i n  

compound, t h e  volume of o r g a n i c  m o d i f i e r  shou ld  be d i f f e r e n t  f o r  each  

column, C 1 8 > C 8 > C 4 > C l .  F ina l ly ,  t he  bes t  separa t ion  is o b t a i n e d ,  a s  can  be 

judged from t h e  so lu t e s  i n  t h i s  s tudy ,  a t  t h e  lower than higher temperature. 
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