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ABSTRACT 

As part of the development of a technique to predict retention in high-performance liquid chromato- 
graphy from the molecular structure of analytes by the summation of contributions representing the parent 
skeleton and functional groups, the retention index values for benzene and the substituent indices for 21 
aromatic and 4 aliphatic substituent groups, based on the alkyl aryl ketone scale, have been determined in 
20:80 to 60:40 tetrahydrofuran-pH 7.0 buffer eluents on a Spherisorb ODS-2 column. The results have 
been compared with index values obtained with eluents based on methanol and acetonitrile. 

INTRODUCTION 

In recent years there has been considerable interest in the application of com- 
puter-based systems to predict retention times and relative retention times in high- 
performance liquid chromatography (HPLC) [1]. Previous studies from these lab- 
oratories have examined predictions based on the components of the molecular struc- 
ture of the analyte [2-4]. To increase the applicability of the system the calculations 
were based on the alkyl aryl ketone retention index scale. The retention index (/) of 
the analyte is given by the summation of a series of terms: 

I = Ip +/s,R + FJS,R-X + YJS,Ar-X + YJI,~-z (1) 

These represent the retention index of a parent compound (Ip), a contribution 
for saturated alkyl chains (Is,R), contributions for substituents on saturated aliphatic 
carbons (Is,x_x), contributions for aromatic substituents (Is,At-X), and terms to ac- 
count for any interactions between substituents (I~.v-z) caused by electronic, hydro- 

a For part VI, see ref. 4. 

0021-9673/91/$03.50 (C~ 1991 Elsevier Science Publishers B.V. 



8 R.M. SMITH, R. WANG 

gen bonding and steric effects. Each of  these terms will be sensitive to eluent composi- 
tion and the organic modifier in the eluent and will be related to the percentage of 
modifier using a quadratic equation (I = a x  2 + b x  + c in which x = % organic 
modifier and a, b and c are index coefficients). So far in this study [3,4] the coefficients 
for benzene as a parent compound and for the substituent and interaction indices of  a 
wide range of  aromatic and aliphatic functional groups have been determined for 
separations carried out using methanol-pH 7 buffer and acetonitrile-pH 7 buffer 
eluents. The terms have been included in an expert systems program CRIPES ("chro- 
matographic retention index prediction expert system") which has been tested with a 
range of  substituted analytes [3]. 

In studies to improve or optimise the selectivity of  a separation, 
tetrahydrofuran (THF) has frequently been proposed as a useful alternative organic 
modifier, instead of methanol or acetonitrile, with different interaction and retention 
properties [5,6]. It would therefore be expected that the index values of  the parent 
compound and the different substituents should differ when determined in each of  the 
three eluents. An understanding of  these relative changes for compounds containing 
different groups should make possible the prediction of  the optimum conditions for 
the separation of the components of  a mixture. 

In the present work the parent and substituent index coefficients for a number 
of  aromatic and aliphatic functional groups are reported for separations carried out 
using T H F - p H  7.0 buffer eluents over the range 20-60% T H F  and are compared 
with the indices determined earlier for methanol and acetonitrile-buffer eluents. The 
potential application of the alkyl aryi ketone retention index scale in THF-wate r  
eluents has been demonstrated in a preliminary study [7], which examined the effect of  
different eluent compositions on a small set of  model compounds. 

EXPERIMENTAL 

Chemicals, equipment and procedures were as described previously [2]. T H F  
was HPLC grade from FSA Scientific Apparatus (Loughborough, UK). 

The retention indices were calculated by linear interpolation of  the retentions of  
the model compounds between the log k'  of  the alkyl aryl ketones, which were as- 
signed retention index values of  carbon number x 100. Retention index I = 100 n + 
100(log k~, - log k;,)/(log k~+ 1 - log k;,) in which k~ = capacity factor of  model 
compound and k;, and k~, +, = the capacity factors of the alkyl aryl ketones, contain- 
ing n and n + 1 carbon atoms, respectively, which were eluted immediately before 
and after the analyte. For  compounds which eluted more rapidly than acetophenone 
the scale was extrapolated from the results for acetophenone and propiophenone. 

RESULTS AND DISCUSSION 

The retention times and capacity factors were determined for a series of  alkyl 
aryl ketones from acetophenone to heptanophenone and for three sets of  model 
compounds, alkylbenzenes from benzene to butylbenzene (five compounds), sub- 
stituted benzenes (nineteen compounds) and terminal substituted propylbenzenes 
(four compounds). The last set was used as model for aliphatic substitution as previ- 
ously it has been demonstrated that there were no significant interactions between 
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TABLE I 

CAPACITY FACTORS OF MODEL COMPOUNDS 
ELUENTS 

ON ELUTION WITH THF-BUFFER 

Compound k s 

THF (%) 

20 30 40 50 60 

Acetophenone 7.22 3.48 1.87 1.12 0.69 
Propiophenone 19.25 7.59 3.39 1.73 0.96 
Butyrophenone 45.50 14.35 5.35 2.38 1.20 
Valerophenone 112.42 27.28 8.33 3.21 1.47 
Hexanophenone - 51.31 12.72 4.26 1.78 
Heptanophenone - 93.37 18.90 5.54 2.13 

Benzene 27.63 11.86 5.21 2.54 1.37 
Toluene 64.54 21.24 7.74 3.38 1.68 
Ethylbenzene - 38.37 11.31 4.34 1.98 
n-Propylbenzene - 68.23 16.86 5.61 2.38 
n-Butylbenzene - 124.08 24.16 7.21 2.80 

Acetanilide - 1.45 0.82 0.53 0.33 
Aniline 3.87 2.43 1.51 0.95 0.61 
Anisole 24.75 9.71 4.16 2.04 1.12 
Benzaldehyde 6.89 3.56 1.97 1.16 0.72 
Benzamide 1.11 0.65 0.45 0.37 0.23 
Benzenesulphonamide 1.89 1.21 0.81 0.54 0.35 
Benzonitrile 9.64 4.56 2.29 1.26 0.74 
Biphenyl - 53.28 12.40 4.11 1.76 
Bromobenzene 99. I 1 24.87 7.83 3.14 1.52 
Chlorobenzene 79.50 21.91 7.29 3.01 I. 51 
N,N-Dimethylbenzamide 1.07 0.63 0.46 0.35 0.25 
N-Ethylaniline 27.77 12.32 5.20 2.38 1.21 
Fluorobenzene 35.75 13.61 5.38 2.48 1.30 
Methyl benzoate 18.40 6.87 3.02 1.55 0.88 
N-Methylbenzamide 1.25 0.71 0.50 0.35 0.25 
Naphthalene - 29.50 8.39 3.23 1.51 
Nitrobenzene 20.43 8.35 3.49 1.68 0.91 
Phenyl acetate - 4.78 2.44 1.36 0.80 
Phenol 8.84 4.23 2.07 1.10 0.62 

1-Bromo-3-phenylpropane - 69.26 15.59 4.94 2.00 
1-Chloro-3-phenylpropane - 58.99 13.83 4.57 1.89 
4-Phenylbutyronitrile - 9.88 3.86 1.77 0.92 
3-Phenyl-l-propanol - 3.97 1.76 0.92 0.54 

f u n c t i o n a l  g r o u p s  in  th is  p o s i t i o n  a n d  the  p h e n y l  r ing  [8]. A r a n g e  o f  T H F - p H  7.0 

p h o s p h a t e  buf fe r s  e luen t s  (20:80 to  60:40) gave  c a p a c i t y  f a c t o r s  in t he  r a n g e  0 .2 -1 0 0  

(Tab l e  I). A s  w i t h  t he  p r e v i o u s  s tud ie s  [2], it w a s  i m p r a c t i c a l  to  m e a s u r e  t he  r e t e n t i o n s  

o f  c a r b o x y l i c  ac ids  o r  o f  a l i pha t i c  a m i n e s  as t hese  c o m p o u n d s  w e r e  o f t e n  pa r t i a l ly  o r  

c o m p l e t e l y  i o n i s e d  in  t h e  p H  7.0 buffer .  T h e  s t a t i o n a r y  p h a s e  w a s  S p h e r i s o r b  O D S - 2  

f r o m  the  s a m e  b a t c h  as  t he  ear l ie r  w o r k  [2] to  e n s u r e  a u n i f o r m  se t  o f  r e t e n t i o n  da t a .  
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Fig. 1. Relationship between log k' and carbon number x 100 for the alkyl aryl ketones at different % of 
THF. 

Unlike the previous studies [2] using methanol or acetonitrile as the organic 
modifier, the relationships between the logarithms of  the capacity factors of the alkyl 
aryl ketones and their carbon numbers was not linear as acetophenone was eluted 
more rapidly than predicted in each eluent (Fig. 1). A similar but less pronounced 
effect was also observed in the preliminary studies [7] on a Spherisorb ODS column. 
This effect might be caused by a difference between the empirical value for the column 
void volume, measured using aqueous sodium nitrate solution, and the effective void 
volume experienced by the alkyl aryl ketones. A linear interpolation between the 
logarithms of  the capacity factors of  the alkyl aryl ketones was therefore used to 
calculate the retention indices of  the model compounds (Table II). The retention 
indices were similar to those obtained previously [7] on a Spherisorb ODS column 
(e.g., at 30% THF,  previous values in parenthesis: methyl benzoate, I = 887 (896); 
nitrobenzene, I = 915 (931); toluene, I = 1061 (1049). However, the differences in the 
index values were greater than the expected experimental error of  + 10 units [2] 
indicating a small but significant difference in the retention properties of  the two 
stationary phases. 

In order to determine the coefficients of  the parent index value for benzene (Ie), 
the experimental retention indices were related to the percentage of T H F  (x) using a 
quadratic least-squares correlation to give the equation 1p = 0.0243x 2 + 1.037x + 
913 over the composition range 20-60% THF.  As in the earlier studies, extrapolation 
outside the empirically determined range is likely to be inaccurate. Using this equa- 
tion the predicted retention indices of  benzene in the different eluent compositions 
were calculated (Table II). They showed a close correspondence to the empirical 
values and will be used as the reference values to calculate the effects of  the sub- 
stituents on retention. The values of  the parent indices in the THF-buffer  eluents (Iv 
= 944-1063) are generally higher than those found earlier for the parent indices of  
benzene in methanol-buffer (It, = 888-999) or acetonitrile-buffer eluents (Ip = 910- 
963) [2]. 

The rentention indices for the alkylbenzenes (benzene, toluene, ethylbenzene 
and n-propylbenzene) increased with the chain length as expected (Table II) but the 
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TABLE II 

RETENTION INDICES OF MODEL COMPOUNDS ON 
ELUENTS 

ELUTION 

11 

WITH T H F - B U F F E R  

Compound I 

THF (%) 

20 30 40 50 60 

Benzene 942 970 994 1022 1065 
Calculated 1p 944 966 994 1026 1063 

Toluene 1039 1061 1083 1118 1165 
Ethylbenzene - 1153 1172 1207 1259 
n-Propylbenzene - 1247 1271 1304 1361 

Calculated IR_n ~ 1252 1280 1312 1349 
n-Butylbenzene - 1347 1362 1400 1452 

Acetanilide - 688 661 627 577 
Acetophenone b 800 800 800 800 800 
Aniline 736 753 764 762 762 
Anisole 929 939 945 952 969 
Benzaldehyde 795 803 809 808 812 
Benzamide 609 585 560 545 467 
Benzenesulphonamide 663 665 659 632 594 
Benzonitrile 829 835 834 827 821 
Biphenyl - 1206 1195 1187 1195 
Bromobenzene 1086 1086 1086 1093 1117 
Chlorobenzene 1062 1066 1070 1078 1114 
N,N-Dimethylbenzamide 605 581 564 532 493 
N-Ethylaniline 943 976 994 1000 1004 
Fluorobenzene 972 992 i 001 1014 1039 
N-Methylbenzamide 621 596 578 532 493 
Methyl benzoate 895 887 881 875 873 
Naphthalene - 1112 1101 1102 1114 
Nitrobenzene 907 915 906 893 884 
Phenol 821 825 817 795 767 
Phenyl acetate - 841 845 845 813 

1-Bromo-3-phenylpropane - 1250 1251 1256 1265 
1 -Chloro-3-phenylpropane - 1227 1221 1227 1233 
4-Phenylbutyronitrile - 934 928 905 887 
3-Phenyl- I -propanol - 817 789 755 726 

Calculated as lp + Ii,phcn.R + 3 × 100. 
b Defined as carbon numbei" x 100. 

increases for each additional methylene unit were often smaller than the theoretical 
value of 100 units expected for the increments between homologues (Table III). The 
mean value for the addition of a methylene group to the benzylic carbon was signif- 
icantly smaller (91 units) than the increment for the other methylene groups (95-98 
units). A similar effect was observed earlier in studies with methanol- and acetonitrile- 
containing eluents, when the increments were in the range 92-112 units, except for the 
addition of a methylene group to a benzylic carbon, 87-95 units [9]. These results 
suggest that the methylene increment for the alkylbenzenes in a THF-buffer eluent 
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TABLE III 

RETENTION INDEX INCREMENTS FOR THE ADDITION OF A METHYLENE GROUP TO AN 
ALKYLBENZENE 

Compound Retention index increment 

THF (%) Mean 

20 30 40 50 60 

1p (Benzene) 944 966 994 1026 1063 

Benzene-toluene 95 95 89 92 102 95 
Toluene-ethylbenzene 92 89 89 94 91 
Ethylbenzene-n-propylbenzene 94 99 97 102 98 
Propylbenzene-n-butylbenzene I00 91 96 91 95 

differs from that of  the alkyl aryl ketones. From the Mart in equation, the methylene 
increment should be constant irrespective of  the functional groups. However, similar 
differences have been observed previously, particularly between aliphatic and aro- 
matic homologous series, as in a recent study comparing homologous nitroalkanes 
with 2-alkanones and alkyl aryl ketones [10]. In the present study, an interaction 
index term was therefore included for the addition of  a methylene group to a benzylic 
carbon (Ii,PhCn2R = --14) similar to the correction in methanol and acetonitrile 
eluents (II,ehCIqR = -- 12) [9]. This interaction value ignores the low value for alkyl 
substitution on benzene but would compensate by slightly over-correcting for sub- 
stitution of  toluene. Using this interaction value the predicted retention indices can be 
calculated for n-propylbenzene (Table II) and these will be used as the reference point 
for aliphatic substitution. 

The differences in the effect of  methylene groups on retention could pose prob- 
lems for retention prediction systems and imply that additional correction factors 
might be required for precise results on different homologous series. However, the 
discrepancies are small compared to the effects of  many of  the substituents and are 
similar to the uncertainty in the empirical measurement of  retention indices. Thus, 
they can probably be safely ignored in most predictions. 

Substituent index increments 
Using the calculated parent index values for benzene (Ip) and n-propylbenzene 

(IR-n = Ia + I~,PhCn2R + 3 X 100) the changes in the retention caused by the presence 
of each aromatic and aliphatic substituent were calculated as the retention index 
increments between the substituted model compound and the corresponding parent 
hydrocarbon (61 = IAr--X -- IAr--rl or 61 = IR--X -- /R--n) (Table IV). In each case the 
increments changed systematically with eluent composition. As with the other eluent 
modifiers, there were large differences between the same group as an aliphatic or 
aromatic substituent (e.g, in 40% THF,  6I for Ar -Br  = 92 and R-Br  = - 2 9 ) .  

Although, as expected, the difference between the amino group ( -NH2)  and the 
N-ethyl group ( -NHEt )  in THF-buf fe r  (20:80) was about  200 units, the difference 
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T A B L E  IV 

R E T E N T I O N  I N D E X  I N C R E M E N T S  F O R  S U B S T I T U E N T S  O N  A N  A R O M A T I C  R I N G  I N  T H F -  

B U F F E R  E L U E N T S  

S u b s t i t u e n t  H a n s c h  R e t e n t i o n  index  i n c r e m e n t  
c o n s t a n t ,  
7r [12] T H F  ( % )  

20 30 40 50 60 

A r - X  (~I = IA,-x -- IA~--H) 
S O 2 N H  2 - 1.82 - 281 - 301 - 335 - 394 - 469 
C O N H  z - 1.49 - 335 - 381 - 434  - 481 - 596 

C O N H C H  3 - 1.27 - 323 - 370 - 416  - 494  - 570 
C O N ( C H 3 )  2 - - 339 - 385 - 4 3 0  - 494  - 570 
N H  2 - 1.23 - 208 - 213 - 230 - 264 - 301 
N H C O C H  3 - 0.97 - - 278 - 333 - 399 - 486  
O H  - 0.67 - 123 - 141 - 177 - 231 - 296 
C H O  - 0 . 6 5  - 149 - 163 - 188 - 2 1 8  - 2 5 1  
O C O C H  3 - 0 . 6 4  - - 125 - 149 - 181 - 2 5 0  
C N  - 0 . 5 7  - 115 - 131 - 160 - 199 - 2 4 2  
C O C H 3  a - 0 . 5 5  - 144 - 166 - 194 - 2 2 2  - 2 6 3  
N O  2 - 0 . 2 3  - 37 - 51 - 88 - 133 - 179 
o c n  3 - 0.02 - 15 - 27 - 49 - 74 - 94 
C O 2 C H  3 - 0 . 0 1  - 4 9  - 7 9  - 113 - 151 - 190 
H 0.00 0 0 0 0 0 
N H C H 2 C H  3 0.08 - 1 10 0 - 26 - 59 
F 0 .14 28 26 7 - 12 - 2 4  

C H  3 0 .56 95 95 89 92 102 
C1 0 .72 118 I00  76 52 51 
Br  0 .86 142 120 92 67 54 
P h  1.96 - 240 201 161 132 
( N a p h t h a l e n e )  - - 146 107 76 51 

R - X  ( ~ / =  /R-X -- ]'R--H) 
O H  - 1.64 - - 435 - 491 -- 557 -- 623 
C N  - 1.27 - - 3 l 8 - 352 - 407 - 462 
CI 0 .06 - - 25 - 59 - 85 - 116 
B r  0 .20 - 2 - 29 - 56 - 84 

i n c r e a s e d  t o  2 5 0  u n i t s  a t  h i g h e r  p r o p o r t i o n s  o f  m o d i f i e r ,  s u g g e s t i n g  t h a t  t h e  i n f l u e n c e  

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

s u b s t i t u e n t  i n d e x  c o e f f i c i e n t s  a r e  n e c e s s a r y .  A c o m p a r i s o n  o f  t h e  i n c r e m e n t s  f o r  t h e  

c a r b o x a m i d e  ( - C O N H 2 ) ,  N - m e t h y l c a r b o x a m i d e  ( - C O N H M e )  a n d  N , N - d i m e t h y l -  

c a r b o x a m i d e  [ C O N ( M e ) 2 ]  g r o u p s  s h o w e d  a n  e v e n  m o r e  m a r k e d  e f f e c t .  A t  e a c h  e l u e n t  

c o m p o s i t i o n  t h e  i n c r e m e n t s  f o r  a l l  t h r e e  f u n c t i o n a l  g r o u p s  w e r e  v e r y  s i m i l a r  (i.e., 
T H F - b u f f e r  ( 2 0 : 8 0 ) ,  IS ,Ar -X = - - 3 3 5 ,  - - 3 2 3  a n d  - 3 3 9  u n i t s ,  r e s p e c t i v e l y ,  a n d  a t  

T H F - b u f f e r  ( 6 0 : 4 0 ) ,  IS ,Ar-X = - -  5 9 6 ,  - -  5 7 0  a n d  - 5 7 0  u n i t s )  d e s p i t e  t h e  p r e s e n c e  o f  

t h e  a d d i t i o n a l  m e t h y l  a n d  d i m e t h y l  g r o u p s ,  w h i c h  m i g h t  h a v e  b e e n  e x p e c t e d  t o  m a k e  

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

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

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

t h e m  a s  p r i m a r y  a m i d e s ,  w h i c h  h a v e  b e e n  a l t e r e d  b y  a l k y l  s u b s t i t u t i o n .  D u r i n g  t h e  
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e v a l u a t i o n  o f  t h e  r e t e n t i o n  i n d e x  e x p e r t  s y s t e m  ( C R I P E S )  t h i s  s i m p l e r  a p p r o a c h  w a s  

u s e d  f o r  t h e  p r e d i c t i o n  o f  t h e  i n d i c e s  o f  N , N - d i m e t h y l b e n z a m i d e  a n d  N - m e t h y l b e n -  

z a m i d e  i n  m e t h a n o l  a n d  a c e t o n i t r i l e  e l u e n t s  [3 ] .  H o w e v e r ,  t h e r e  w e r e  l a r g e  d i f f e r e n c e s  

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

a m i d e s  w o u l d  a l s o  n e e d  t o  b e  d i s t i n g u i s h e d  i n  t h o s e  e l u e n t s .  

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

q u a d r a t i c  r e l a t i o n s h i p  b e t w e e n  t h e  i n c r e m e n t  a n d  t h e  p e r c e n t a g e  o f  T H F  i n  t h e  e l u e n t  

T A B L E  V 

C O E F F I C I E N T S  O F  S U B S T I T U E N T  I N D E X  E Q U A T I O N S  F O R  S U B S T I T U E N T S  

IAr-x o r  I R x = ax2 + bx + c, x = % T H F  in e luent .  

S u b s t i t u e n t  Index  coefficients  

a b c 

A r - X  
S O 2 N H  2 - 0 .0964  3 .024 - 303 
C O N H  2 - 0 .1228 4 .009 - 389 
C O N H C H  3 - 0 .0643 - 1.037 - 277 
C O N H - R  a - 0 .0643 - 1.037 - 377 
C O N ( C H 3 )  2 - 0 . 0 5 6 4  - 1.196 - 2 9 4  
C O N - R 2 "  - 0 . 5 6 4  - 1.196 - 4 9 6  
N H  2 - 0 .072 l  3.601 - 259 
N H C O C H  3 - 0 .0800  0 .300 - 215 
N H C O - R "  - 0 .0800  0 .300 - 315 
O H  - 0 .0800 2 .040 - 131 
C H O  - 0 . 0 3 0 7  - 0 . 1 3 3  - 133 
O C O C H  3 - 0 .1125  6.055 - 207 
O C t - R "  - 0 .1125 6 .055 - 307 
C N  - 0 .0457  0 .437 - 105 
C O C H  3 - 0 .027 i  - 0 .769  - 118 
C O - R *  - 0 .0271 - 0 .769 - 218 
N O  2 - 0 .0514  0 .454  - 23 
O C H  3 - 0 . 0 1 2 1  - 1.099 14 
O - R "  - 0 . 0 1 2 1  - 1.099 - 86 

C O 2 C H  3 - 0 .0157  - 2 .283 3 
C O 2 - R "  - 0 .0157  - 2 .283 - 97 
H 0.0 0 .0  0 

N H C H 2 C H  3 - 0.0743 4 .423 - 58 
' N H - R "  - 0 . 0 7 4 3  4 .423 - 2 5 8  

F - 0 .0429 2 .409 - 18 

C H  3 0 .0  0 .0  I00  
C1 0 .0243 - 3 .763 186 
Br  0 .0150 - 3 .490 208 
P h  0 .0250  - 5 .890 395 
( N a p h t h a l e n e )  0 .0350  - 6 .310 304 

R - X  
O H  - 0 .0250  - 4 .050 - 290 
C N  - 0 .0520  - 0 .145  - 265 
C1 0 .0075 - 3 .665 76 
B r  0 .0075 - 3 .535 101 

a Va lues  o f  co re  f u n c t i o n a l  g r o u p s  exc lud ing  a lkyl  g r o u p s  (me thy l  = I00,  e thyl  = 200). 
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Fig. 2. Relationship between retention increments or calculated substituent indices for selected aromatic 
substituents and the proportion of THF in the eluent. Points indicate experimental values (retention index 
increment, 6/) and the lines are calculated substituent indices (Is,At-X) based on the coefficients in Table V. 

were calculated (Table V). For  substituents containing aliphatic, methyl or ethyl 
groups (such as -COMe,  -CONMe2 and -NHE t )  the corresponding coefficients for 
the core functional group ( -CO-,  - C O N  = and - N H - )  were determined by sub- 
tracting 100 or 200 units as appropriate. These coefficients can then be used as general 
terms for the prediction of  the retention indices of  substituted functional groups (such 
as -NHbutyl )  by adding the appropriate alkyl chain substituent contribution (Is,R). 
From the coefficients in Table V the substituent indices (Is,Ar-X and IS,R--X) can be 
calculated and these corresponded closely with the empirical retention increments 
(for examples see Fig. 2). 

The substituents indices in the three different modifiers can now be compared to 
identify those groups which are particularly susceptible to differences in the proper- 
ties of  the eluents (Table VI). As in a typical optimisation procedure approximately 
isoeluotropic conditions were selected for comparison. These were chosen to give 
similar capacity factors for acetophenone (methanol-buffer (50:50), k' = 3.23; aceto- 
nitrile-buffer (40:60), k'  = 2.91; THF-buffer  (30:70), k' = 3.48). The parent index 
values for benzene differed in each eluent (Ip = 913, 927 and 966, respectively). In 
contrast, the value for the phenyl substituents decreased (Is,Ar-Ph = 305, 271 and 241, 
respectively). For  many of  the substituents the differences between the eluents were 
less than 30 units and the aromatic nitro (IS,Ar_NO 2 = -- 54, -- 54 and - 56) and chloro 
groups (IS,Ar-Cl = 105, 98 and 92) had almost identical indices. However, these com- 
parisons are not general and would alter with the strength of  the eluents. For  exam- 
ple, the substituent index of the chloro group (Fig. 3) changed markedly with T H F  
composition, whereas in methanol and acetonitrile eluents it was almost constant 
with eluent composition [2]. 

The largest differences between modifiers was found for the phenolic hydroxy 
group (IS,Ar~a, methanol-buffer = -229 ;  acetonitrile-buffer = - 2 4 3  and T H F -  



16 R . M .  S M I T H ,  R .  W A N G  

T A B L E  V I  

C O M P A R I S O N  O F  S U B S T I T U E N T  I N D I C E S  I N  M E T H A N O L - ,  A C E T O N I T R I L E -  A N D  T H F -  

B U F F E R - C O N T A I N I N G  E L U E N T S  

ls.Ar-X a n d  IS,R-X b a s e d  o n  coe f f i c i en t s  in  [2,8] a n d  T a b l e  V.  

E l u e n t s  se l ec t ed  t o  g i v e  s i m i l a r  c a p a c i t y  f a c t o r s  f o r  a c e t o p h e n o n e ;  50 :50  m e t h a n o l - b u f f e r ,  k '  = 3.23;  4 0 : 6 0  

a c e t o n i t r i l e - b u f f e r ,  k '  = 2 .91;  30 :70  T H F - b u f f e r ,  k '  = 3 .48 

S u b s t i t u e n t  S u b s t i t u e n t  i n d e x  

M e O H - B u f f e r  M e C N - b u f f e r  T H F ~ b u f f e r  

(50 :50)  (40 :60)  (30 :70)  

B e n z e n e  Ip 913 927  966  

A r - X  
C O N H  2 - 321 - 392 - 381 

N H  2 - 2 5 4  - 2 3 0  - 2 1 6  

O H  - 229  - 243 - 142 

C H O  - 138 - 141 - 165 

C N  - 134 - 1 1 1  - 133 

C O C H  3 - 113 - 127 - 165 

N O  2 - 54 - 54 - 56 

O C H  3 - 11 - 19 - 3 0  

C O 2 C H  3 - 10 - 34 - 80 

C1 105 98 95 

B r  135 127 117 

P h  305 271 241 

R - X  
O H  - 362 - 459  - 434  

C N  - 300 - 280  - 316  

C1 - 39 - 49  - 27 

B r  3 - 13 2 

buffer = - 142). In contrast, the aliphatic hydroxyl group behaved very differently 
( I s , R ~ n  = - -  362, -- 459 and - 434, respectively). Although the values for the carbo- 
methoxyl substituent (CO2CH3) were relatively similar in the three isoeluotropic 
eluents the values became markedly different in eluents with higher proportions of  
modifier (Fig. 3). These changes emphasise that differences in the elution order be- 
tween modifiers may be significantly dependent on the composition of each eluent 
and it may not be sufficient to rely on comparisons of  a single set of  isoeluotropic 
eluents to achieve the optimisation of a separation. 

However, even relatively small differences of  less than 50 units in different 
eluents can have a marked influence on the relative retentions of  the components of  a 
mixture. A typical pair of  compounds, e.g., methyl benzoate and nitrobenzene, have 
predicted retention indices of  903 and 859 units, respectively, in a methanol-buffer 
(50:50) eluent but their elution would be reversed to I = 886 and 910 units in T H F -  
buffer (30:70). This predicted change would mirror changes reported previously for 
these compounds by Tanaka et al. [11] on an ODS-bonded Hypersil column. 

Many workers have used HPLC retentions for the approximate determination 
of  octanol-water distribution constants (log P) and close correlations have often been 
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Fig. 3. Comparison of the substituent indices of the aryl chloro group (Ar-CI, solid symbols) and the 
carbomethoxy group (Ar-CO2CH 3, open symbols) in THF-buffer eluents (© and e ) ,  methanol-buffer 
eluents (D and II) and acetonitrile eluents (/x and &) (values from ref. 2). 

found, particularly amongst members of a homologous or pseudohomologous group 
of compounds (such as the alkylsubstituted barbiturates). The substituent indices 
were therefore compared with the corresponding Hansch substituent constants (rr 
values [12], see Table IV). Across the range of aromatic substituents there was a close 
correlation (Fig. 4). Unlike the corresponding comparison in methanol and aceto- 
nitrile eluents [2], the value for the aromatic hydroxyl group in THF-buffer correlated 
with its rc value. However, the carboxamide (as with the other eluent modifiers) and 
sulphonamide groups were outliers, although in different directions. 

i 
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¢.~ 
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i l  ¢ 
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-~N~.• -coN,. 
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- 1 .00 
i r i 
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Fig. 4. Relationship between the magnitude of the calculated substituent indices of aromatic substituents in 
THF-buffer (30:70) eluent and Hansch • values (from Table IV). 
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CONCLUSIONS 

0 

The paren t  re tent ion indices for benzene and  subst i tuent  indices for 21 aromat ic  
subst i tuents  and  4 aliphatic subst i tuents  have been determined and  expressed as the 
coefficients of  quadra t ic  equat ions  covering an eluent  composi t ion  range from 20 to 
60% T H F .  The magni tude  of the subst i tuent  indices corresponded closely to the 
Hansch  r~ values for the groups. 
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