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J O U R N A L  OF LIQUID CHROMATOGRAPHY, 12(8), 1367-1406 (1989) 

NEW PERSPECTIVES IN MICELLAR 
LIQUID CHROMATOGRAPHY 
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R O N A L D  L. WILLIAMS, J R .  l ,  WILLIE L. HINZE**,  

A N D  FRANK H. Q U I N A ~  
'Department o f  Cheniistry 

li'ake Forest Uiliivrsity 
P.O. Box 7486 

Winstoil-Salem, Nor111 Carolinn 27 109 
'Iilsliltito de  Qiiiniica 

Uriiversidade d e  Sao Paiilo 
Sao Paiilo, Brasil 

ABSTRACT 

T h i s  paper  w i l l  summarize s e v e r a l  new f i n d i n g s  o b t a i n e d  i n  our  
l a b o r a t o r y  on the  use of m i c e l l a r  mobile phases  i n  l i q u i d  chro-  
matography. The t o p i c s  t o  b e  addressed  i n c l u d e  ( i )  s t a t i o n a r y  
phase m o d i f i c a t i o n  by the  mobile phase s u r f a c t a n t  i n  m i c e l l a r  
l i q u i d  chromatography, ( i i )  i n v e s t i g a t i o n  o f  t h e  r e t e n t i o n  mech- 
anism i n  m i c e l l a r  l i q u i d  chromatography (MLC) using a n  a l k y l -  
benzene homologous series,  ( i i i )  e v a l u a t i o n  of  the  e f f e c t s  of 
o r g a n i c  a d d i t i v e s  upon r e t e n t i o n  and e f f i c i e n c y  i n  MLC, and ( i v )  
p r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  s e v e r a l  new c l a s s e s  of s u r f a c -  
t a n t  molecules  f o r  u s e  i n  MLC. The informat ion  gained from 
these  s t u d i e s  provides  new i n s i g h t s  i n t o  t h e  dynamics o f  MLC and 
demonst ra tes  t h e i r  p o t e n t i a l  u s e f u l n e s s  i n  s e v e r a l  new s e p a r a -  
t i o n  a p p l i c a t i o n s  i n c l u d i n g  the  r e s o l u t i o n  o f  o p t i c a l  isomers .  

INTRODUCTION 

During the  p a s t  10 y e a r s ,  the  u t i l i z a t i o n  of  aqueous micellar 

s o l u t i o n s  ( i . e .  s o l u t i o n s  c o n t a i n i n g  a s u r f a c t a n t  a t  a concen- 

I367 
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1368 BORGERDING ET AL. 

t r a t i o n  above i ts  c r i t i c a l  micelle c o n c e n t r a t i o n  (CMC)) as t h e  

mobile phase i n  l i q u i d  chromatography (1,2) h a s  genera ted  con- 

s i d e r a b l e  a t t e n t i o n  and been the  focus o f  numerous s t u d i e s .  

This  g e n e r a l  t o p i c  has  been the  s u b j e c t  of  s e v e r a l  f i n e  reviews 

(3-10). The purpose of  t h i s  a r t i c l e  is  t o  b r i e f l y  summarize t h e  

r e s u l t s  of our  r e c e n t  i n v e s t i g a t i o n s  which shed l i g h t  on t h e  

n a t u r e  of m i c e l l a r  l i q u i d  chromatography (MLC) s e p a r a t i o n  pro-  

cess. Research d i s c u s s e d  i n c l u d e s :  t h e  s t u d y  o f  s t a t i o n a r y  

phase modi f ica t ion  by t h e  mobile phase s u r f a c t a n t ,  e l u c i d a t i o n  

of  the  MLC r e t e n t i o n  mechanism o p e r a t i v e  i n  nonionic  MLC, char -  

a c t e r i z a t i o n  of t h e  e f f e c t s  of d i f f e r e n t  o r g a n i c  a d d i t i v e s  a s  

MLC mobile phase m o d i f i e r s ,  d e f i n i t i o n  of  the  o r i g i n s  of poor 

chromatographic e f f i c i e n c y  c o n s i s t e n t l y  observed i n  MLC, and 

a p p l i c a t i o n  of  unconvent ional  mice l la r - forming  molecules  i n  MLC. 

It i s  hoped t h a t  t h i s  d i s c u s s i o n  w i l l  s p a r k  renewed i n t e r e s t  i n  

MLC and i ts  unique c a p a b i l i t i e s .  

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 240-C Elemental  Analyzer  equipped w i t h  a n  

autosampler ,  AD-6 autobalance ,  and d a t a  s t a t i o n  was used f o r  t h e  

de te rmina t ion  of  % carbon.  

ments were made w i t h  a Micrometr ics  Dig isorb  2600 (11,12)"  

Surface  a r e a  and pore  volume measure- 

The HPLC system employed f o r  the  homologous series work was 

c o n s t r u c t e d  of Waters components and c o n s i s t e d  of a M6000A pump, 

Waters I n t e l l i g e n t  Sample Processor ,  Model 441 f i x e d  W d e t e c t o r ,  

and Model 720 c o n t r o l l e r .  Data a c q u i s i t i o n  and i n t e g r a t i o n  w e r e  

performed w i t h  Computer Automated Laboratory Systems sof tware  and 

HP 1000 hardware. A l l  d a t a  on t h i s  system were acqui red  a t  a 

f low rate  o f  1 .0  mL/min and a d e t e c t o r  wavelength of 254 nm us ing  

a Waters Resolve 5 micron (2-18 s p h e r i c a l  packing s t a i n l e s s  s teel  

3.9 m x 15 cm column (11,13). 

A l l  o t h e r  chromatographic  work r e p o r t e d  w a s  ob ta ined  us ing  

a n o t h e r  Waters system c o n s i s t i n g  o f  an automated Model 680 con- 
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NEW PERSPECTIVES IN MLC 1369 

t r o l l e r ,  Model 510 pumps, UK-6 i n j e c t o r ,  and Model 481 LC spec-  

t rophotometr ic  d e t e c t o r .  The columns u t i l i z e d  i n  t h i s  phase of  

the  work were 100 x 4.6 mm s t a i n l e s s  s tee l  packed w i t h  5 micron 

C - 1 8  s p h e r i c a l  p a r t i c l e s  and were obta ined  from Advanced Separa-  

t i o n  Technologies ,  Inc.  (14,15)0 

Materials 

The s u r f a c  tan  ts , B r i  j -35 (polyoxye thy lene  (23 )dodecano 1) , 
B r i j - 2 2  (polyoxyethylene(lO)dodecanol), NaLS (sodium dodecylsu l -  

f a t e ) ,  CTAC (hexadecyltrimethylammonium c h l o r i d e ) ,  and NaDC 

(sodium deoxychola te )  were used as rece ived  from F i s h e r  S c i e n t i -  

f i c  Co., Sigma Chemical Co., Bio-Rad o r  Boehringer Mannheim Bio- 

chemica ls ,  Eastman Kodak Co., and Kodak o r  Sigma, r e s p e c t i v e l y .  

A l l  t e s t  s o l u t e s  employed were o b t a i n e d  from Kodak or  A l d r i c h  and 

had s t a t e d  p u r i t i e s  of 96% o r  g r e a t e r  and were used a s  r e c e i v e d .  

The HPLC water  u t i l i z e d  was e i t h e r  F i s h e r  HPLC grade o r  in-house 

prepared  d i s t i l l e d  and de- ionized  w i t h  a Barnstead NANOpure sys-  

t e m .  The column packing used i n  t h e  s t a t i o n a r y  phase c h a r a c t e r -  

i z a t i o n  work was Resolve C-18  which was purchased by s p e c i a l  

agreement from Waters Assoc ia tes .  

Methods 

S u r f a c t a n t  Isotherms.  S u r f a c t a n t  a d s o r p t i o n  i so therms were 

c o n s t r u c t e d  by measuring t h e  carbon c o n t e n t  of  Resolve C-18 pack- 

i n g  m a t e r i a l  a f t e r  exposure t o  v a r i o u s  amounts o f  t h e  d i f f e r e n t  

s u r f a c t a n t s  examined and c o n v e r t i n g  t h i s  d a t a  t o  t h e  amount (mg) 

of  s u r f a c t a n t  sorbed p e r  gram o f  Resolve C-18 .  To p r e p a r e  t h e  

samples ,  t h e  Resolve C-18 was e q u i l i b r a t e d  w i t h  aqueous s u r f a c t -  

a n t  t es t  s o l u t i o n s  a t  a r a t i o  o f  1 gram of C-18  packing p e r  25 

mL of t es t  s o l u t i o n .  A l l  samples were a g i t a t e d  f o r  approximate ly  

3 hours  on a w r i s t  a c t i o n  s h a k e r  w i t h  a t o t a l  s u r f a c t a n t  exposure 

p e r i o d  of  1 day. Next, each sample w a s  vacuum f i l t e r e d  o n t o  a 

nylon 66 membrane f i l t e r ,  t r a n s f e r r e d  t o  a sample v i a l ,  and d r i e d  

i n  a vacuum oven a t  60' C f o r  a t  l eas t  48 hours .  

t h e  carbon c o n t e n t  of each sample was determined a c c o r d i n g  t o  

A f t e r  d r y i n g ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1370 BORGERDING ET AL. 

s tandard  procedures  and t h e  amount of s u r f a c t a n t  sorbed  p e r  gram 

of Resolve C-18 c a l c u l a t e d  (11,121. 

Nitrogen P o r o s i m e t r i c  Determina t ion  o f  S t a t i o n a r y  Phase Sur-  

f a c e  Areas and Pore D i s t r i b u t i o n s .  The s u r f a c e  a r e a  and pore 

volume d i s t r i b u t i o n  measurements were made u s i n g  t h e  Dig isorb  

2600, wi th  sample p r e p a r a t i o n  a s  d e s c r i b e d  above. S tandard  ad- 

s o r p t i o n  and d e s o r p t i o n  procedures  were performed under computer 

c o n t r o l  t o  develop the  n i t r o g e n  a d s o r p t i o n  i so therm a t  77 K. The 

s u r f a c e  a r e a s ,  SBET, w e r e  c a l c u l a t e d  u s i n g  the  BET e q u a t i o n  from 

a d s o r p t i o n  isotherm d a t a  between r e l a t i v e  p r e s s u r e s  o f  0.05 and 

0.21 (11,12). Pore volume d i s t r i b u t i o n s  and t h e  cumulat ive pore  

volume, CPV, were a l s o  c a l c u l a t e d  from t h e  a d s o r p t i o n  i so therm 

d a t a  f o r  pore  d iameters  between 20 and 600 A ,  assuming c y l i n d r i -  

c a l l y  shaped p o r e s ,  us ing  the method of  B a r r e t t  e t  a 1  ( 1 7 ) .  

0 

Other Procedures .  The chromatographic  phase r a t i o ,  V, i .e.  

r a t i o  of  t h e  s t a t i o n a r y  phase volume, Vs ,  t o  t h a t  of  t h e  mobile  

phase ,  Vm, was  c a l c u l a t e d  from e q u a t i o n  1, 

W[CPVS - CPV,] 

'm 
(eq. 1) ( D =  

where: W i s  the  weight  o f  t h e  packing m a t e r i a l  i n  t h e  column, 

CPV is the cumulat ive pore volume of unbonded Resolve s i l i c a ,  

and CPV is  the  cumula t ive  pore  volume of  t h e  bonded C-18 Resolve 

packing m a t e r i a l  b e f o r e  o r  a f t e r  exposure t o  t h e  s u r f a c t a n t  (13). 

The samples were prepared a s  d e s c r i b e d  i n  the  p r e v i o u s  s e c t i o n .  

No s i g n i f i c a n t  d i f f e r e n c e s  were observed between cumulat ive pore  

volumes c a l c u l a t e d  from t h e  a d s o r p t i o n  i so therm and from t h e  de- 

s o r p t i o n  i so therm (11,13). 

b 

The c a p a c i t y  f a t o r ,  k ' ,  was c a l c u l a t e d  i n  t h e  u s u a l  manner 

us ing  e i t h e r  u r a c i l ,  n i t r i t e  i o n ,  o r  tetramethylamnonium i o n  as 

void markers. The chromatographic  e f f i c i e n c y  was c a l c u l a t e d  

u s i n g  the  manual procedure  of  Foley  and Dorsey (18), e q u a t i o n  2 ,  

(eq. 2)  

where: 

measured a t  10% peak h e i g h t ,  and B/A i s  the  peak asymmetry factor .  

tr is  the  s o l u t e  r e t e n t i o n  t i m e ,  Wosl0  i s  t h e  peak wid th  
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NEW PERSPECTIVES IN MLC 1371 

The d i f f e r e n t  pseudophase p a r t i t i o n  c o e f f i c i e n t s  i n  MLC, &, 
PEW, and Psm which represent  the  s o l u t e  p a r t i t i o n  c o e f f i c i e n t s  

between the mice l l a r  phase and water ,  s t a t i o n a r y  phase and water,  

and micellar phase and s t a t i o n a r y  phase, r e spec t ive ly ,  were de- 

termined using a modified form of the Armstrong-Nome treatment 

where cp i s  the chromatographic phase r a t i o ,  t is  the  molar volume 

of the  su r fac t an t ,  and Cm is the  concent ra t ion  of mice l l ized  sur- 

f ac t an t .  The i n t e r c e p t  of a p l o t  of l / k '  vs. Cm y i e l d s  PEW while 

the s lope / in t e rcep t  r a t i o  equals  P 

g ives  P (19). 

The r a t i o  of P t o  P,, 

More extensive information on the experimental  procedures 

nlw. S W  

am 

and systems mentioned i n  t h i s  s ec t ion  i s  presented elsewhere (11- 

16). 

RESULTS AND DISCUSSION 

Micel la r  Systems Examined. 

Table 1 lists the d i f f e r e n t  micelle-forming s u r f a c t a n t s  ex- 

amined i n  t h i s  work. Our s tud ie s  have included examination of 

nonionic (Brij 's), an ionic  (NaLS), and c a t i o n i c  (CTAC) s u r f a c t -  

a n t  mice l l a r  systems. 

u t i l i z a t i o n  i n  MLC (3-10). The b i l e  sa l t  sodium deoxycholate 

(NaDC), an an ionic  micelle-forming s u r f a c t a n t ,  has not  been pre- 

v ious ly  employed i n  mice l la r  l i q u i d  chromatography. However, i t  

is a c h i r a l  su r f ac t an t  and can form the re fo re  c h i r a l  micelles. 

Consequently, the p o s s i b i l i t y  of separa t ing  o p t i c a l  isomers wi th  

t h i s  c h i r a l  mice l l a r  mobile phaae e x i s t s .  

In  addi t ion ,  the  micellar parameters, i.e. CMC and aggrega- 

These were se l ec t ed  due t o  t h e i r  previous 

t i on  number, N ,  f o r  some of these  mice l la r  systems i n  water alone 

and i n  some aqueous-alcoholic so lu t ions  are presented  i n  Table 1. 

It is important t o  note the f a c t  t h a t  the presence of add i t ives  

i n  aqueous s u r f a c t a n t  so lu t ions  can a l t e r  both of these two m i -  
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NEW PERSPECTIVES IN MLC 1373 

c e l l a r  parameters. Also, the dynamics and p rope r t i e s  of such 

additive-modified micellar aggregates can be s i g n i f i c a n t l y  a l -  

te red  compared t o  t h a t  of the r egu la r  normal aqueous micelles 

(10,14). 

S t a t iona ry  Phase Modification in Micellar Liquid Chromatovraphy. 

Although mobile phase phenomenon such a s  pseudophase p a r t i -  

t i on ing  and many d i f f e r e n t  s u r f a c t a n t  mobile phase compositions 

have been ex tens ive ly  s tud ied  (3 - lo ) ,  i nves t iga t ions  of the  po- 

t e n t i a l  f o r  s i g n i f i c a n t  s t a t i o n a r y  phase modification by the 

mobile phase s u r f a c t a n t  have been l imi t ed  (10-12,16,20-23). The 

ex ten t  and nature of po ten t i a l  s t a t i o n a r y  phase modification i n  

MLC a r e  important f o r  severa l  reasons: 

modification may b e  cons tan t  above the CMC (6,7), (2) reduced 

chromatographic e f f i c i e n c y  t y p i c a l l y  observed i n  MLC may b e  re- 

l a t e d  t o  the ex ten t  of su r f ac t an t  so rp t ion  (10-12,16,20,23), and 

(3) the adsorbed su r fac t an t  on the s t a t i o n a r y  phase may a l ter  

the chemical nature of the s t a t iona ry  phase, hence s o l u t e  re ten-  

t i o n  (14,21). 

(1) s t a t i o n a r y  phase 

Figure 1 shows the adsorption isotherms f o r  nonionic B r i j -  

35 and an ionic  NaLS on C-18 Resolve packing. 

the amount of adsorbed su r fac t an t  i n i t i a l l y  increases  very rap- 

i d l y ,  followed by a more gradual increase  a t  higher equi l ibr ium 

s u r f a c t a n t  concentrations.  Although it  is no t  e a s i l y  discerned 

from the  Figure,  adsorption continues wel l  beyond the CMC f o r  

both su r fac t an t s  wi th  1 ymol/m2 Brij-35 o r  NaLS sorbed on the 

C-18 bonded phase. Berthod and co-workers have a l s o  repor ted  

adsorp t ion  isotherms of i on ic  su r fac t an t s  on various s t a t i o n a r y  

phases and noted t h a t  i n  many ins tances  add i t iona l  s u r f a c t a n t  

adsorption occurred above the CMC (20-23). Thus,  the assumption 

of ten  quoted i n  the l i t e r a t u r e  t h a t  adsorp t ion  is cons tan t  above 

the CMC because the amount of f r e e  s u r f a c t a n t  monomer i s  con- 

s t a n t  (6,7) is c l e a r l y  not  c o r r e c t  fo r  a l l  s u r f a c t a n t  mice l l e  - 
s t a t i o n a r y  phase combinations (12,16,20). In  f a c t ,  Sasaki  e t  a 1  

have reported i n  the  mice l la r  l i t e r a t u r e  t h a t  the  f r ee  monomer 

A s  can be seen, 
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I I I I I 

0 2 4 6 8 
Equlllbrlurn Solutlon Concrntratlon ( X  w/v) 

0 

FIGURE 1. Adsorption isotherms for  nonionic Brij-35 (A) and 
an ionic  NaLS (D) s u r f a c t a n t s  on Resolve (2-18 packing 
ma te r i a l .  

concentration of nonionic su r fac t an t s  continues t o  increase  w e l l  

above the CMC (24).  Consequently, the reported a b i l i t y  to  per- 

form gradien t  e l u t i o n  i n  MLC (by increas ing  the  su r fac t an t  m i -  

c e l l e  concentration) without r e -equ i l ib ra t ion  of the chromatogr- 

aphic column (6,7) does no t  appear t o  be appl icable  t o  a l l  

charge-type su r fac t an t  mice l la r  systems (11). 

A decrease i n  the C-18 column packing ma te r i a l  sur face  a rea  

was observed concomitant with the observed increase  in  adsorbed 

su r fac t an t .  The BET sur face  a rea  was found t o  decrease about 60% 

f o r  both the nonionic and an ionic  s u r f a c t a n t  examined, which 

r a i s e s  a question as  to  the a l t e r e d  na ture  of the pore shape i n  

su r fac t an t  modified s t a t iona ry  phases. The pore shape of the 

su r fac t an t  modified s t a t i o n a r y  phase was inves t iga ted  by com- 

par i son  of hys t e re s i s  loops cons t ruc ted  from the  sorption/de- 

sorp t ion  isotherms fo r  un t rea ted  and s u r f a c t a n t  modified Resolve 

C-18 ma te r i a l  to  h y s t e r e s i s  loops prev ious ly  reported by de Boer 
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8 

1375 

0 50 100 150 200 
Average Pore Diameter (A) 

FIGURE 2.  Plo t  showing the e f f e c t  of s u r f a c t a n t  so rp t i cn  on 
Resolve C-18 pore volume a s  a func t ion  of average 
pore diameter: ( 0 )  unt rea ted  Resolve C-18; (v) 
equ i l ib ra t ed  wi th  6% Brij-35; and ( 0 )  equ i l ib ra t ed  
with 6% NaLS. 

and o thers  (25,26). The h y s t e r e s i s  loops f o r  both ma te r i a l s  (un- 

t r ea t ed  and su r fac t an t  modified) were s t r i k i n g l y  s imi l a r  t o  loops 

previously reported fo r  s i l i c a ,  with the loop shape ind ica t ive  of 

a s t r u c t u r e  formed by compressing spheres together (11,12). Thus, 

i t  appears t h a t  the genera l  pore shape of the parent  C-18  packing 

is r e t a ined  i n  the surfactant-modified ma te r i a l .  That is, the 

su r fac t an t  coa ts  ou t  as a th ick  f i lm  on the i n t e r i o r  c a p i l l a r y  

wal l s  r a t h e r  than completely f i l l i n g  the pores (11,12). 

Figure 2 shows the pore volume a s  a function of average pore 

diameter fo r  the unmodified Resolve C-18 re ference  ma te r i a l  and 

fo r  Resolve C-18 vhich had been equ i l ib ra t ed  wi th  so lu t ions  of 6% 

Brij-35 and 6% NaLS. These curves show t h a t  the curve shapes a r e  

a l l  s i m i l a r ,  with maximal con t r ibu t ion  t o  the pore volume from 

pores wi th  an average diameter of about 100 A. 
0 

Simi lar  curve 
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I376 BORGERDING ET AL. 

shapes were obtained f o r  the o ther  surfactant/concentration com- 

b ina t ions  examined (11,12).  The f a c t  t h a t  the  surfactant-modi- 

f i e d  phases e x h i b i t  decreased pore volumes y e t  r e t a i n  t h e i r  gen- 

e r a l  pore s i z e  d i s t r i b u t i o n  p r o f i l e  supports the  previous con- 

c lus ion  t h a t  the su r fac t an t  is adsorbed onto the C-18 packing a s  

a th ick  continuous fi lm, wi th  the  genera l  pore s t r u c t u r e  and pore 

shapes of the o r ig ina l  mater ia l  re ta ined  (12). 
Las t ly ,  the e f f e c t  of d i f f e r e n t  primary a lcohol  add i t ives  i n  

the  mice l la r  so lu t ion  upon the amount of su r f ac t an t  sorbed, SBET, 

and cumulative pore volume of the C-18 ma te r i a l  was determined. 

The r e s u l t s  a r e  summarized i n  Table 2 ,  A s  can b e  seen ,  exposure 

of the C-18 packing material t o  0.285 M NaLS alone r e s u l t e d  i n  

approximately 150 mg of sorbed su r fac t an t  per gram of Resolve C- 

18. The add i t ion  of 5% methanol, e thanol ,  propanol, bu tanol ,  

o r  pentanol t o  the 0.285 M NaLS re su l t ed  i n  a progress ive  de- 

crease i n  the amount of sorbed su r fac t an t  a s  t he  a l k y l  group of 

TABLE 2 

E f fec t s  of Alcohol Modifiers on S ta t ionary  Phase Modificationa 

0.285 M NaLS NaLS BET Surface Cumulative 
Micellar Solu t ion  Sorbed Area (m2/ Pore Volume 
p lus  Indicated (mg/gram gram Resolve (cc/gram) 
Alcohol Modifier Resolve C-18) 

C-18) 

a Data adapted from References 11,12.  
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NEW PERSPECTIVES IN MLC 1377 

the a lcohol  modifier increased (11,121. 
no1 reduced the amount of sorbed NaLS by ca. 45%. 

the BET sur face  a rea  and cumulative pore volume increased s ig -  

n i f i c a n t l y  approaching the l imi t ing  values observed fo r  the  or ig-  

i n a l  unmodified C-18 mater ia l  (Table 2) .  Thus, the add i t ion  of 

alcohol modifiers t o  mice l la r  so lu t ions  c l e a r l y  a l t e r s  the  char- 

a c t e r i s t i c s  of the su r fac t an t  modified s t a t iona ry  phase and de- 

c reases  the amount of sorbed su r fac t an t  compared t o  t h a t  poss ib l e  

i n  t h e i r  absence. Several  o ther  recent  r epor t s  have concluded 

tha t  o the r  organic solvents such as THF and a c e t o n i t r i l e  a l s o  

seem t o  compete wi th  the su r fac t an t  f o r  adsorp t ion  on C-18 s t a -  

t ionary  phase ma te r i a l s  (22,23). Taken toge ther ,  these resul ts  

ind ica t e  t h a t  the presence of appropr ia te  organic add i t ives  can 

s i g n i f i c a n t l y  decrease the amount of s u r f a c t a n t  sorbed onto the 

s t a t i o n a r y  phase. 

d i t i v e s  i s  propor t iona l  t o  the add i t ive  concent ra t ion  and in-  

c reases  a s  the  hydrophobicity of the add i t ive  increases  (12,23). 

The f a c t  t h a t  appreciable amounts of su r f ac t an t  a r e  adsorb- 

ThT! addi t ion  o f  l-penta- 

Addi t iona l ly ,  

The amount of  s u r f a c t a n t  desorbed by such ad- 

ed onto the C-18 s t a t iona ry  phase ma te r i a l  and t h a t  add i t ives  can 

alter the  ex ten t  of t h i s  coverage has important impl ica t ions  wi th  

r e spec t  t o  e f f i c i ency  i n  MLC. We and o thers  have previous ly  

noted t h a t  the o r ig ins  of the genera l ly  poor chromatographic e f -  

f i c i ency  observed i n  MLC may be traced to  the  na ture  of the s u r -  

factant-coated s t a t iona ry  phase (10-16,20-23,27). Namely, the  

surfactant-modified C-18 s t a t i o n a r y  phase i s  q u i t e  d i f f e r e n t  

from the  unmodified C-18 phase i n  terms of i t s  carbon load, e f -  

f e c t i v e  f i lm  thickness,  v i scos i ty ,  and f l u i d i t y  of the l igand- 

su r fac t an t  modified sur face ,  a l l  of which adverse ly  impact MLC 

e f f i c i ency  (12,14). These a l t e r e d  s t a t i o n a r y  phase p rope r t i e s  

a r e  expected t o  predominantly a f f e c t  the l a s t  term of equation 

4,  which shows the various f a c t o r s  con t r ibu t ing  t o  the theo re t i -  

c a l  p l a t e  he ight ,  H: 
0 n 

‘dDm + Csmdp‘U + C s d f ‘U 

+- (eq. 4 )  
1 H =  

(1/C e P  d ) + (l /(Cmdiu/Dm)) Dm DS 
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1378 BORGERDING ET AL. 

and C a r e  the p l a t e  he ight  c o e f f i c i e n t s  where: Ce, Cm, ‘da ‘sm’ s 
due t o  Eddy d i f fus ion ,  mobile-phase mass t r a n s f e r ,  longi tudina l  

d i f fus ion ,  stagnant mobile-phase mass t r a n s f e r ,  and s t a t iona ry -  

phase mass t r ans fe r ,  r e spec t ive ly ,  wi th  t h e  o ther  va r i ab le s  being 

the  p a r t i c l e  diameter, d * mobile phase ve loc i ty ,  u; s o l u t e  d i f -  

fus ion  coe f f i c i en t  i n  the mobile and s t a t i o n a r y  phases,  Dm and 

Ds, r espec t ive ly ;  and s t a t iona ry  phase f i lm  th ickness ,  df (28). 

In MLC, the na ture  of the surfactant-modified s t a t i o n a r y  phase is 

such t h a t  the e f f e c t i v e  f i lm  thickness is increased and the so l -  

u t e  d i f fus ion  c o e f f i c i e n t  i n  the modified phase s i g n i f i c a n t l y  dim- 

in i shed ,  both of which lead  t o  reduced e f f i c i e n c y  (11,12,16,23). 

A l l  of the alcohol and o the r  add i t ive  e f f e c t s  observed i n  MLC 

using C-18 s t a t iona ry  phases can be r a t iona l i zed  i n  terms of 

t h e i r  e f f e c t  upon the surfactant-modified s t a t iona ry  phase and 

the l a s t  term i n  eq. 4 (14) vide in f r a .  

P’ 

Inves t iga t ion  of  the Retention Mechanism i n  MLC using a Homo- 

logous Ser ies .  

The use of l i n e a r  f r ee  energy r e l a t ionsh ips  t o  study the  

r e  ten t ion  mechanism i n  reversed-phase l i q u i d  chromatography has 

been reported by a number of workers. It can b e  shown t h a t  the  

r e t en t ion  of a homologous series of s o l u t e s  is r e l a t e d  t o  the  

carbon number for  each s o l u t e  in  the series by the  following 

re la t ionship :  

log k’ = n log  a + log  (es. 5) 
where n i s  the number of carbon atoms i n  the homolog, a is the 

non-specific s e l e c t i v i t y  of a methylene group, and p is  the 

r e t en t ion  cont r ibu t ion  from the func t iona l  group common t o  the  

s e r i e s  (29). In c o n t r a s t  t o  the typ ica l  l i n e a r  r e l a t ionsh ip  

between log  k’  and nc observed i n  RPLC using t r a d i t i o n a l  hydro- 

organic mobile phases, we and o the r s  have noted t h a t  a l i n e a r  

r e l a t ionsh ip  between k’  and nc seems t o  e x i s t  i n  MLC (11,13,30). 

This has been observed f o r  Brij-35, Brij-22, NaLS, NaDC, CTAB, 

and CTAC as the micelle-forming su r fac t an t s  using C-18  and C-8 

C 
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NEW PERSPECTIVES IN MLC 1379 

s t a t i o n a r y  phases and n-alkylbenzenes, 2-alkylanthraquinones, o r  

n-alkylphenones a s  the  homologous series (11,13,15,30). One 

p r a c t i c a l  advantage t o  be gained from t h i s  l i n e a r  k '  VS. n re- 

l a t ionsh ip  is t h a t  a grea te r  number of s o l u t e s  of the homologous 

s e r i e s  w i l l  be e lu t ed  per u n i t  t i m e  i n  the i s o c r a t i c  mode i n  Mu: 

compared t o  t h a t  of conventional RPLC (13). 

C 

Our inves t iga t ions  of the o r ig ins  o f  t h i s  l i n e a r  k '  vs. n 
C 

r e l a t ionsh ip  i n  MLC have l ed  to  a better understanding of MLC i n  

genera l ,  and of  r e t e n t i o n  phenomena i n  p a r t i c u l a r  (13). Our 

f i r s t  ob jec t ive  was t o  apply the Armstrong-Nome approach t o  the 

determination of the d i f f e r e n t  p a r t i t i o n  c o e f f i c i e n t s  unique t o  

the MLC separa t ion  of members of a homologous series and t o  ex- 
amine the r e l a t ionsh ip  between these  r e spec t ive  p a r t i t i o n  coef- 

f i c i e n t s  and so lu t e  homolog number. 

we had t o  develop a more accura te  procedure f o r  determining the  

chromatographic phase r a t i o ,  which is required i n  a p l o t  of the 

MLC re t en t ion  da ta  according t o  eq. 3. Previously,  the s t a t i o n -  

a ry  phase volume, Vs, was taken t o  be the d i f f e rence  between the  

empty column volume and the packed column void volume (3,19,21, 

31). This d i f f e rence  is c l e a r l y  a poor estimate of Vs s i n c e  i t  

includes the e n t i r e  volume occupied by the s i l i c a  support  r a t h e r  

than j u s t  the t rue  s t a t iona ry  phase and hence g ives  an i n f l a t e d  

value f o r  V . 
phase r a t i o  required i n  eq. 3 for  determination of the MLC par- 

t i t i o n  coe f f i c i en t s  r e s u l t s  i n  accura te  values f o r  P,, (3,191, 

the values obtained for  the Psw and Psm c o e f f i c i e n t s  w i l l  be 

s i g n i f i c a n t l y  i n  e r r o r .  

In the contex t  of t h a t  work, 

Although use of t h i s  Vs f o r  ca l cu la t ion  of the 
S 

The new procedure for  determination of Vs and hence phase 

r a t i o  which we have developed (eq. 1) requ i r e s  measurement of 

the t o t a l  weight of the packing i n  the column and the cumulative 

pore volumes (cm /gram) of the unbonded s i l ica  support  material, 

CPVs, and the bonded C-18 Resolve packing material, CWb, before 

o r  a f t e r  exposure t o  the micelle-forming su r fac t an t  (13). This 

approach completely excludes any volumes assoc ia ted  wi th  the  

base s i l i c a  material s ince  the s t a t i o n a r y  phase volume is assumed 

3 
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I380 BORGERDING ET AL. 

t o  be t h a t  por t ion  of the s i l i c a  pore volume f i l l e d  upon bonding 

the octadecylsilane (or other a l k y l  l igand)  chains and, i n  the 

presence of mice l les ,  by sorp t ion  of t he  su r fac t an t  t o  the  '2-18 

chains. It is thought t h a t  the ca lcu la t ion  of the phase r a t i o  

by t h i s  approach w i l l  be much more accura te  and thus resul t  i n  

more meaningful quan t i t a t ive  determination of the Psw and Psm 

p a r t i t i o n  coe f f i c i en t s  i n  MLC. In add i t ion ,  t h i s  procedure 

should prove usefu l  i n  conventional RPLC, i n  genera l ,  given tha t  

the same problems a r e  encountered i n  such es t imat ion  of Vs a s  

has been r ecen t ly  discussed (31). 

Calculation of Vs by t h i s  new method revealed t h a t  the phase 

r a t i o  is logar i thmica l ly  r e l a t ed  to  the micell ized s u r f a c t a n t  

concentration and mimics the s u r f a c t a n t  - Resolve C-18 packing 

ma te r i a l  adsorption p r o f i l e s  (11,13). Thus, s t r i c t l y  speaking, 

one cannot c o r r e c t l y  assume t h a t  Vs and thus cp a re  cons tan t  over 

the e n t i r e  su r fac t an t  range and use  only one phase r a t i o  value 

i n  the treatment of MLC da t a  according t o  eq. 3 ,  without r i sk ing  

s i g n i f i c a n t  e r r o r .  This margin of e r r o r  may be l a r g e  f o r  MLC 

experiments conducted a t  r e l a t i v e l y  low su r fac t an t  concentrations. 

I n  addi t ion ,  i t  may not  always be appropr ia te  t o  consider the en- 

t i r e  sorbed su r fac t an t  volume as p a r t  of the ' a c t ive '  s t a t iona ry  

phase i n  MLC and hence cor rec t ions  taking i n t o  account a c t u a l  

s o l u t e  so lub i l i za t ion  s i t e s  may be required,  p a r t i c u l a r l y  i n  the 

ca l cu la t ion  of the Pmw values (13). 

bers  of an  alkylbenzene homologous series e lu t ed  from the Resolve 

C - 1 8  column with mice l l a r  Brij-35 were l i n e a r  (cor re la t ion  coef- 

f i c i e n t  2 0.998) (12,15). However, f o r  a l l  of the mice l la r  mo- 

b i l e  phases examined, such p l o t s  yielded apparent 'negative'  

i n t e rcep t s  for  homolog members wi th  n > 3 (Table 3). Af te r  ex- 

pending considerable e f f o r t  t o  determine whether o r  no t  t h i s  was 

a t t r i b u t a b l e  t o  procedural a r t i f a c t s ,  F t  was concluded t h a t ,  

wi th in  experimental e r r o r ,  these  nega t ive  i n t e r c e p t s  are r e a l l y  

approximately ze ro  r a t h e r  than a c t u a l l y  negative.  

r e f l e c t s  the  g rea t  so lu t e  a f f i n i t y  fo r  the  mice l l a r  o r  su r f ac t -  

The p l o t s  of l / k '  vs. Cm according t o  equation 3 fo r  mem- 

This merely 
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NEW PERSPECTIVES IN MLC 1381 

TABLE 3 
Summary of Results of Regression Analyses for Elution of Alkyl- 

benzenes with Micellar Brij-35 Mobile Phasesa 

Test Solute Pb 
mw 

Benzene 34.2 
Toluene 95.9 
E thy lbenzene 291 
n- Propylbenzene 934 
n-Butylbenzene c (-0.00004~ 

Amylbenzene c (-0.00016) 
Pheny lhexane c (-0.00016) 
Pheny lhep t ane c (-0.00006) 

%ata taken from References 11,13. 
distribution of the solute between the micelle pseudophase and 
bulk water of the mobile phase. 
intercept ratio of plots of the data according to eq. 3. 

are given in parenthesis). The standard error was & 0.000075 (13). 

bPartition coefficient for 

Determined from the slope/ 

'P could not be determined due to 'negative' intercepts (which 
Itlw 

ant coated (micellar-like) stationary phase compared to that of 

the bulk aqueous component of the mobile phase. 

for a solute is very large, then l/Psw, which is the intercept 

of the plot of equation 3, would be expected to approach zero 
(13). As expected, solubility data indicated that these higher 

molecular weight homologs are virtually insoluble in water. 
This finding implies that in MLC, such very hydrophobic solutes 
can only be transported between the micelles in the mobile phase 

and the surfactant-modified stationary phase by a direct trans- 

fer process (P ) (Figure 3) (13). 

That is, if Psw 

sm 
In addition, it was observed that the plots of chromatogr- 

aphic selectivity as a function of homolog number exhibited a 

discontinuity with micellar mobile phases. That is, the selec- 
tivity factors were found to decrease with homolog number down 
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I382 BORGERDING ET AL. 

M i c e b  in 

Phase 

FIGURE 3. A r t i s t i c  representa t ion  of the d i r e c t  t r a n s f e r  process 
f o r  d i s t r i b u t i o n  of a s o l u t e  between the mice l le  
pseudophase and the surfactant-modified (hemimicellar) 
C-18 s t a t i o n a r y  phase. 
from Reference 13, American Chemical Society.)  

(Reprinted wi th  permission 

t o  about n = 4 a f t e r  which they leveled of f  t o  an approximate 

constant value at t h e  s o l u t e  water s o l u b i l i t y  l i m i t  of bu ty l -  

benzene. I n  c o n t r a s t ,  e l u t i o n  wi th  a t r a d i t i o n a l  hydroorganic 

mobile phase r e su l t ed  i n  e s s e n t i a l l y  cons tan t  s e l e c t i v i t y  fac-  

t o r s  f o r  t he  alkylbenzene homologs s tudied  (13). The observed 

d i scon t inu i ty  i n  such p l o t s  of methylene group s e l e c t i v i t y  vs .  

n f o r  so lu t e s  e lu ted  wi th  the  mice l l a r  mobile phases a l s o  

argues f o r  a poss ib l e  s u b t l e  d i f f e rence  i n  t h e  MLC r e t e n t i o n  

process f o r  water so luble  as opposed t o  water i n so lub le  members 

of t h e  homologous series examined (11,131. 

Although mentioned i n  t h e o r i e s  of pseudophase l i qu id  

chromatography (3,191, t h e  p o s s i b i l i t y  of a d i r e c t  t r a n s f e r  of a 
s o l u t e  from the  mice l le  in  the  mobile phase t o  t h e  su r fac t an t -  

coated s t a t iona ry  phase has  been l a r g e l y  ignored. Our work Fn- 

d i c a t e s  t h a t  t he  r e t e n t i o n  of inso luble  o r  spa r ing ly  water sol- 

uble s o l u t e s  i s  governed by t h e  p a r t i t i o n  c o e f f i c i e n t  assoc ia ted  

wi th  such d i r e c t  t r anspor t  process.  A modified form of the  
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NEW PERSPECTIVES IN MLC I383 

Armstrong-Nome equation (eq. 6 )  can be derived which successful- 
ly accounts for the dependence between k' and C m 
elution of such solutes in MLC (13): 

observed for 

k' = Psm(q/tCm) (eq. 6 )  

In fact, by use of eq. 6 ,  Psm values determined at any given 
micellar mobile phase composition can be employed to predict 

solute retention for other mobile phase concentrations with little 

error over the entire alkylbenzene homologous series range (13). 

-- Effect of Organic Modifiers &I Micellar Liquid ChrOmatOPraDhv. 

The effect of different organic additives (i.e. alcohols, 
alkane diols, alkanes, alkylnitriles, and dipolar aprotic sol- 
vents) upon the solute retention, eluent strength, and chromato- 

graphic efficiency observed for elution of two neutral test 
solutes, benzene and 2-ethylanthraquinoneY from a C-18 station- 
ary phase with micellar NaLS, CTAC, NaDC, and Brij-35 mobile 

phases was determined. These results were contrasted to separ- 
ations obtained using conventional methano1:water mobile phases 

(14,lS). 
that benzene is relatively water soluble and 2-EtAQ is virtually 
water insoluble. Thus, these solutes represent two extremes 
with respect to the process by which the solute partitions bet- 

ween the micelle in the mobile phase and the surfactant-modified 
stationary phase, as just described. 
that the presence of additives can alter the micellar parameters 
as previously mentioned (Table 1) as well as the nature and 

properties of the micellar aggregate (14 , 15). 

The test solutes were chosen in part due to the fact 

It should again be noted 

Additive Effect- . Previously, the use 

of organic additives in MLC has been mentioned as a means to 

improve efficiency (32,331. However, little has been published 
concerning the use of organic modifiers to control solute reten- 

tion in MLC (10). 

presence of alcohol, diol, dipolar aprotic solvents (DMSO, dio- 

xane), and the alkylnitrile organic additives in either the NaLS 
or CTAC micellar mobile phases resulted in a diminution of the 

In general, our results indicate that the 
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1384 BORGERDING ET AL. 

capacity f ac to r  fo r  the two t e s t  so lu t e s  (14,151. 

the presence of alkane addi t ives  (i.e. pentane, hexane, cyclo- 

hexane) did not g rea t ly  a l t e r  t he  r e t en t ion  compared t o  t h a t  

observed i n  t h e i r  absence. Figure 4 i l l u s t r a t e s  the dependence 

of k '  fo r  2-EtAQ as a function of the carbon homolog number of 

t he  added 1-alkanol modifier a t  several  NaLS surfactant  and al- 

cohol concentration levels .  The capacity f ac to r  was found t o  

decrease as the carbon number (hydrophobicity) of the alcohol 

modifier was increased. The reduction i n  k '  i s  more pronounced 

f o r  micellar solut ions containing greater  amounts of the addi t ive 

(compare the curves for  5 and 10% added alcohol modifier i n  NaLS 

i n  Figure 4) .  

attenuated as the surfactant  concentration i s  increased (compare 

the 5% added alcohol curves i n  the  presence of 0.285 and 0.475 M 

NaLS, Figure 4 ) .  In addi t ion,  t he  e f f e c t  of t he  organic modifier 

upon the capacity factor  of a so lu t e  i s  more dramatic the greater  

the hydrophobicity of t he  t e s t  so lu t e  (14). Thus, t he  reduction 

i n  k' observed upon addi t ion of organic modifiers t o  micellar mo- 

b i l e  phases depends not only upon the i d e n t i t y  and concentration 

of the organic modifier, but a l s o  upon the su r fac t an t  concentra- 

t i o n  and the hydrophobicity of the test  so lu t e  (14,151. 

In con t r a s t ,  

The alcohol modifier e f f e c t s  upon r e t en t ion  are 

Although only b r i e f l y  examined f o r  a l i m i t e d  number of or- 

ganic modifiers ( i . e .  propanol, butanols,  pentanols),  our r e s u l t s  

suggest t h a t  a l i nea r  r e l a t ionsh ip  e x i s t s  between the reciprocal  

of the capacity f ac to r  and the molar concentration of the addi t ive 

f o r  micellar mobile phases containing a fixed surfactant  concen- 

t r a t i o n  (14). A r ep lo t  of some l i t e r a t u r e  d a t a  (6) (see Figure 

5) for  the e lu t ion  of benzene from an ODs column using a 0.05 M 
NaLS micellar mobile phase with propanol as the modifier serves 

t o  i l l u s t r a t e  t h i s  l / k '  vs. [modifier] re la t ionship.  Previously, 

Khaledi e t  a1 had reported a l i nea r  dependence between log k '  and 

the  volume f r ac t ion  of 2-propanol i n  micellar mobile phases f o r  

e lu t ion  of a homologous series of so lu t e s  ( 3 0 ) .  

effect iveness  of an organic modifier i n  MLC appears t o  be d i r e c t -  

l y  re la ted t o  i t s  own a b i l i t y  t o  p a r t i t i o n  and bind t o  the m i -  

The r e l a t i v e  
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0.0% 

1.0% 

2.0% 

3.0% 

4.0% 

5.01 
\ 
10.0% 

I I I I I I I 

0 1 2 3 4 5 6 

CARBON NUMBER 

FIGURE 4 .  Dependence of the capac i ty  f a c t o r  of Z-ethylanthra- 
quinone upon carbon number of the  added 1-alkanol 
present  a t  5% (v/v) (0) and 10% (v/v) (A) i n  a 
0.285 M NaLS mice l l a r  mobile phase or 5% (v/v) ( 0 )  
i n  a 0.475 M NaLS mice l la r  mobile phase. For  1-PeOH 
(carbon # = 5), the capac i ty  f a c t o r  a s  a function of 
added percentage 1-PeOH (v/v) i n  0.285 M NaLS is a l s o  
presented (0). Conditions: 10 cm 5 C-18  column; 
temperature 23.5' C; and 1.00 mL/min flow r a t e  except 
fo r  the runs u t i l i z i n g  5% 1-hexanol and 10% 1-pentanol 
which were run a t  a flow r a t e  of 0.50 mL/min. (Re- 
p r in t ed  wi th  permission from Reference 14, American 
Chemical Society.) 
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1386 BORGERDING ET AL. 

FIGURE 5 .  Linear r e l a t ionsh ip  between r e t e n t i o n  and propanol 
modifier concentration i n  a 0.05 M NaLS mice l l a r  
mobile phase for benzene as the test so lu t e .  Con- 
d i t i o n s :  4.6 x 250 nun Ultrasphere ODs column, 40' 
C. Data taken from Reference 6 (Table 3). 

c e l l a r  pseudophase (14). That i s ,  t h e  b e t t e r  t he  organic modi- 

f i e r  binds t o  the  mice l la r  assembly, t h e  g rea t e r  i s  i t s  a b i l i t y  

t o  a l t e r  t he  r e t e n t i o n  of n e u t r a l  s o l u t e s  i n  MLC on C-18 phases. 

The organic add i t ive  e f f e c t s  upon MLC r e t e n t i o n  can be ra- 
t iona l ized  i n  terms of the  change i n  the na tu re  of t h e  su r fac t -  

ant-modified s t a t iona ry  phase occuring i n  the  presence of t he  ad- 

d i t i v e  and i n  terms of t he  enhanced s o l u t e  s o l u b i l i t y  i n  the  or- 

ganic modified mice l la r  assembly. and Pm 
pseudophase p a r t i t i o n  c o e f f i c i e n t s ,  a l imi ted  study ind ica t e s  

t h a t  the  addi t ion  of a lcohol  o r  d i o l  modifiers t o  the  mice l la r  

system r e s u l t s  i n  a s h i f t  i n  t he  d i s t r i b u t i o n  of the  s o l u t e  from 

both the  mice l la r  and surfactant-modified s t a t i o n a r y  phase t o  

the  bulk solvent i n  the  mobile phase (14). 

I n  terms of t he  P sw 

In terms of p r a c t i c a l  consequences, micellar mobile phases 

allow f o r  t he  use of organic add i t ives  i n  an  aqueous so lu t ion  at 
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molar concentrations w e l l  above t h e i r  normal s o l u b i l i t y  l i m i t  i n  

water alone. For example, the water s o l u b i l i t i e s  of pentanol 

and pentane are ca. 0.30 and 0.00053 M,  respect ively;  however, i n  

0.285 M NaLS micellar media, t h e i r  s o l u b i l i t y  increases t o  ca. 
0.94 and 0.096 M,  respect ively.  More importantly, the use of 

organic modifiers i n  MLC can r e s u l t  i n  dramatic reductions i n  

the e lu t ion  times of solutes  compared t o  t h a t  observed with the 

pure aqueous micellar mobile phase alone (14). For instance,  

t he  capacity f ac to r  of 2-EtAQ i s  reduced 54% and 57% by the 

presence of 5% 1-pentanol i n  micel lar  0.15 M CTAC and 6% Brij-35 

mobile phases, respect ively,  compared t o  t h a t  i n  the absence of 

the modifier (15). In  addi t ion,  as can be seen from the  r igh t -  

hand l i n e  i n  Figure 4 ,  the capaci ty  f ac to r  f o r  2-EtAQ eluted with 

a 0.285 M NaLS mobile phase using a C-18 s t a t iona ry  phase was ca.  

42 while t h a t  obtained fo r  t he  same micellar mobile phase con- 

ta ining 5% 1-pentanol was 7.4. Thus, r e l a t i v e l y  small amounts of 

an organic modifier can g rea t ly  a f f e c t  the eluent s t rength of m i -  
c e l l a r  mobile phases and so lu t e  r e t en t ion  i n  MLC. This i s  p a r t i -  

cu l a r ly  important when attempting t o  separate  very hydrophobic 

components , as polycyclic aromatic hydrocarbons , i n  MLC (34). 

Additionally,  our work suggests t h a t  organic modifier gradients  

can be successfully employed i n  MLC. However, i n  gradient  e l u -  
t i o n  MLC work, column re-equi l ibrat ion would be required i n  view 

of t h e  f a c t  t h a t  t he  amount of surfactant  coverage i s  a l t e r ed  by 

the organic addi t ive present (Table 2) .  

Organic Modifier Effects  upon Chromatographic Eff ic iency i n  

A major problem of MLC i s  the  reduced chromatographic e f -  u. 
f ic iency observed compared t o  t h a t  possible  with t r a d i t i o n a l  hydro- 
organic mobile phase systems i n  RPLC (6,10,14,32-34). The magni- 

tude of the problem becomes q u i t e  evident i f  one compares the e f -  

f ic iency data for  e lu t ion  of the test  so lu t e s  with aqueous NaLS 

micel les  i n  the absence of any organic modifiers (Table 4 )  t o  t h a t  
of a reference aqueous methanolic mobile phase system. 

ample, comparison of t he  e f f i c i ency  data f o r  benzene a t  comparable 

For ex- 
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1388 BORGERDING ET AL. 

k '  values reveals t h a t  there  i s  a 75% reduction i n  the chromato- 

graphic eff ic iency on going from a mobile phase consis t ing of 

50:50 MeOH:H20 (N=6010) t o  0.285 M NaLS (N-1530). The e f f e c t  i s  

even more dramatic fo r  the more hydrophobic test so lu t e ,  2-EtAQ. 

For t h i s  so lu t e ,  a 99% reduction i n  eff ic iency is observed upon 

changing from 60:40 MeOH:H20 (N=7040) t o  0.285 M NaLS (N=50) (14). 

Thus, t h i s  da t a  i l l u s t r a t e s  the main drawback with MLC and shows 

tha t  t h i s  chromatographic eff ic iency problem becomes progressively 

worse as the hydrophobicity of the test so lu t e  increases (14,321. 

The e f f ec t  of the presence of 25 organic addi t ives  t o  a NaLS 

micellar mobile phase on the  chromatographic e f f i c i ency  of t he  two 

selected test solutes  w a s  determined (14). The presence of a l l  
addi t ives  examined resul ted i n  improved e f f i c i ency  fo r  e l u t i o n  of 

benzene. 

was an improvement i n  the peak symmetry. Some of the da t a  f o r  

alcohol and alkane modifiers are sumnarized i n  Table 4. These re- 

s u l t s  show tha t  m a x i m u m  e f f i c i ency  can be obtained by adding small 

amounts of C-4 or C-5 alcohols o r  pentane as the organic modifier. 

This i s  especial ly  t rue f o r  e l u t i o n  of 'water-soluble' solutes  

using ionic micellar mobile phases (such as NaLS o r  CTAC) i n  MLC. 

With these addi t ives ,  one can obtain 60-80% of the  eff ic iency t h a t  

i s  observed with a conventional 50% methanol hydroorganic mobile 

phase for t h i s  t e s t  solute .  

pentane as modifiers i n  MLC should be considered i n  l i e u  of 1- 

propanol which had previously been reconmended as ' b e s t '  (33). 

Except fo r  alkane modifiers,  the same trends as mentioned 

Concomitant with the  enhanced chromatographic e f f i c i ency  

Thus, use of butanol,  pentanol, o r  

above concerning the e f f e c t  of organic addi t ives  i n  MLC, were 

reached based upon examination of the more hydrophobic, water- 

insoluble test so lu t e ,  2-EtAQ. 

addi t ives  with NaLS resul ted i n  a 24-to 28-fold improvement i n  

the eff ic iency for  the 2-EtAQ peak compared t o  t h a t  i n  t h e i r  

absence. I n  CTAC, the  improvement ranged from 3-to 5-fold. How- 
ever,  even with these improvements, the p l a t e  counts observed 

with these modifiers were only ca. 22% of t h a t  observed for  

The use of C-4 t o  C-6 alcohol 
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e lu t ion  of t h i s  t e s t  so lu t e  with a conventional 70-80% methanol 

hydroorganic mobile phase reference system. Whereas alkane 

addi t ives  enhanced the eff ic iency of the benzene peak, t h e i r  

presence as modifiers i n  ionic  NaLS or CTAC micel lar  mobile phases 

e s sen t i a l ly  had no e f f ec t  on the e f f i c i ency  compared t o  t h a t  

achieved i n  t h e i r  absence ( r e fe r  t o  pentane da ta ,  Table 4 ) .  Con- 

sequently, the use of alkane addi t ives  i n  MLC i s  recommended only 

fo r  t he  e lu t ion  of r e l a t i v e l y  water soluble test  components. For 

very hydrophobic, sparingly water soluble so lu t e s ,  the use of amyl 

alcohol as the modifier i s  recommended. I n  addi t ion,  as previous- 

l y  recommended by Dorsey e t  a1 (6,33),  t he  use of elevated temper- 

a tu re  (40' C) i n  MLC along with the 1-pentanol modifier i s  required 

i n  order t o  achieve MLC e f f i c i e n c i e s  comparable t o  those of con- 

ventional RPLC for  the separation of very hydrophobic so lu t e s  (14). 
We had previously noted t h a t  the addi t ion of alcohol modi- 

f i e r s  did not improve the eff ic iency observed i n  MLC when using 

nonionic surfactant  mobile phase sys t ems  (16). A s  can be seen 

from the HETP vs. l i nea r  ve loc i ty  curves obtained for  e l u t i o n  of 

benzene with 15:85 Et0H:H 0, 6% Brij-35 mice l l a r ,  and 6% Brij-35 

containing 15% E t O H  modifier mobile phase systems (Figure 61, the 

addition of the alcohol modifier ac tua l ly  s l i g h t l y  decreased the 

the eff ic iency (16). The eff ic iency data  presented i n  Table 4 

fo r  e lu t ion  of the two test  solutes  using nonionic Brij-35,with 

and without modifiers, reveals  t h a t  the presence of these d i f -  

ferent  alcohol modifiers does not appreciably alter the eff ic iency 

compared t o  tha t  observed i n  t h e i r  absence (15). Thus, i n  con- 

trast  t o  some l i t e r a t u r e  reports  (6,7,32,35) which imply tha t  

addi t ion of alcohol modifiers s ign i f i can t ly  improves eff ic iency 

i n  nonionic micellar Lc, our data (Table 4 )  show t h a t  i n  f a c t  no 

meaningful improvements occur. 

work was t h a t  the temperature e f f e c t  was not separated from the  

alcohol modifier e f f e c t  ( r e fe r  t o  Table 111, reference 35). That 

i s ,  i t  was the  increased temperature which caused the  improved 

eff ic iency with the Brij-35 micel lar  mobile phase and not the 

2 

The problem with the previous 
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FIGURE 6 .  Relationship of the  t h e o r e t i c a l  p l a t e  he igh t ,  HETP, t o  
mobile phase l i n e a r  ve loc i ty ,  i, f o r  benzene as t e s t  
so lu te  on a Radical-PAK C-18 column using e i t h e r  (x)  
15:85 (v/v) E t0H:H 0; aqueous 6% Brij-35; o r  ( 0 )  

the  2 mobile phase. The capacity f a c t o r s  f o r  benzene i n  
these three  mobile phase systems were 52, 27.4, and 
20, respec t ive ly .  (Reprinted wi th  permission from 
Reference 16, American Chemical Soc ie ty . )  

6% Brij-35 i n  a 15.85 2 (v/v) E t 0 H : H  0 mixture as 

presence of the  1-PrOH modifier. Thus, un less  one wants t o  u t i -  

l i z e  alcohol modifiers f o r  r e t e n t i o n  cont ro l  as discussed i n  the  

previous sec t ion ,  it i s  not necessary t o  use such add i t ives  i n  

nonionic MLC as no meaningful e f f i c i ency  e f f e c t s  occur (15). 

It should a l so  be noted t h a t  the  use of alkane add i t ives  

(pentane, hexane) i n  nonionic mice l la r  mobile phases does s l i g h t l y  

improve chromatographic e f f i c i ency  as was previously noted f o r  
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1392 BORGERDING ET AL. 

the  ion ic  NaLS and CTAC mice l la r  mobile phases (Table 4) f o r  t h e  

e lu t ion  of water ' so luble '  components from C-18 s t a t iona ry  phases. 

Also, examination of t he  data i n  the  Table suggests t h a t  t he  use  

of nonionic mice l la r  mobile phased i n  t h e  MLC separa t ion  of very 

hydrophobic so lu tes  r e s u l t s  i n  b e t t e r  inherent chromatographic 

e f f ic iency  compared t o  t h e  use of charged, i on ic  micelles. I n  

terms of the  add i t ive  e f f e c t s ,  it appears t h a t  t h e  use of alkane 

modifiers r e s u l t s  i n  improved MLC e f f i c i ency  f o r  e l u t i o n  of rel- 
a t i v e l y  water soluble components i n  both nonionic and ion ic  

mice l la r  mobile phase systems. 

the  use of medium chain length alcohol modifiers (such as pentan- 

01) appear most usefu l  i f  ion ic  micellar mobile phases are u t i l -  

ized i n  MLC while such addi t ives  do not  alter t h e  e f f i c i ency  

observed when using nonionic mice l la r  phases. 

stressed t h a t  t he  above general  gu ide l ines  apply only t o  the  

separation of neu t r a l  test so lu t e s  on a C-18 s t a t i o n a r y  phase 

with the  mice l la r  systems ment'ioned. 

For spar ingly  so luble  so lu t e s  , 

It should be 

Chromatographic e f f ic iency  s tud ie s  were a l s o  conducted i n  

which addi t ive  concentrations were varied a t  a fixed su r fac t an t  

concentration and i n  which the  su r fac t an t  concentration was 
varied a t  a fixed modifier concentration. Table 5 presents  

some representa t ive  da t a  f o r  a c e t o n i t r i l e  as modifier and CTAC 

as the  micellar mobile phase on a C-18  s t a t iona ry  phase. 

be seen, increases i n  CTAC su r fac t an t  concentration a t  a fixed 

a c e t o n i t r i l e  modifier concentration i n  t h e  micellar mobile phase 

resu l ted  i n  a progressive decrease i n  e f f i c i ency  fo r  both test  

so lu tes .  This i s  the  same trend as had been noted i n  t h e  l i ter-  

a tu re  using mice l la r  mobile phases i n  the  absence of any addi- 

t i v e s  (32). On t he  other hand, increases  i n  t h e  organ€c modi- 

f i e r  concentration a t  a fixed CTAC concentration (Table 5 )  re- 

su l ted  i n  an increase i n  e f f i c i ency  f o r  both test  so lu t e s  (15). 

These r e s u l t s  a r e  perhaps bes t  i l l u s t r a t e d  by p l o t t i n g  the  d a t a  

as p l a t e  counts vs. t he  organic modifier t o  su r fac t an t  concen- 

t r a t i o n  r a t i o  i n  the  micellar mobile phase (Figure 7) .  

A s  can 
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I394 BORGERDING ET AL. 

FIGURE 7. Plot of the plate counts vs. the ratio of acetonitrile 
modifier to CTAC concentration in the micellar mobile 
phase for elution of 2-EtAQ as the test solute. This 
graph is composed of data obtained from two types of 
experiments; i.e. variation of the acetonitrile con- 
centration at a fixed 0.15 M CTAC concentration ( 0 )  

and variation of the CTAC concentration at a fixed 
4.0% acetonitrile concentration (0). Conditions: 10 
cm 5 C-18 column, flow rate 1.0 mL/min, temperature 
23.5' C. 
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NEW PERSPECTIVES IN MLC 1395 

viewed in this manner, it becomes abundantly clear that it is 
this modifier/surfactant concentration ratio which controls the 
efficiency observed in MLC with ionic micellar mobile phases. 
The higher this ratio, the better is the observed MLC efficiency 
and solute peak shape (14,151. 
havior was also observed for these two test solutes with other 
combinations of organic modifiers in the charged anionic NaLS or 
cationic CTAC micellar mobile phase systems examined (15). of 
course, there is a practical limit as to how much modifier can 
be added to a given surfactant micellar solution since increases 
in the solution viscosity can occur as well as eventual formation 
of microemulsion systems with the continued addition of such 
organic modifiers to aqueous micellar media (10,14,36). 

This same general type of be- 

Lastly, several paragraphs will be devoted to a discussion 
of the potential origins of the efficiency effects noted with 
these two test solutes and the different micellar media examined. 
Previously, Dorsey et a1 have attributed the reduced efficiency 
in MLC to poor wetting of the stationary phase which slows mass 
transfer across the interface of two highly dissimilar phases (6, 
7,33). 
efficiency was due to mass transfer problems stemming from the 
slow solute exit rates from the micelle in the mobile phase and 
slow desorption of the solute from the surfactant-modified sta- 
tionary phase (32). 
very hydrophobic solutes which require the direct transfer part- 
itioning mode (13,141. 
reported that the poor MLC efficiency predominantly stems from 
the nature of the surfactant-modified stationary phase and the 
poor mass transfer to, in, or from that phase (10-16,23). 
fact, almost all of the types of additive effects observed upon 
chromatographic efficiency in our work can be rationalized in 
terms of their impact upon the surfactant-modified stationary 
phase and the last term in eq. 4. 

Cline Love and co-workers concluded that the diminished 

This is the exact situation that one has for 

As mentioned earlier, we and other have 

In 

Analysis of our data from efficiency studies using various 
organic modifiers in MLC has led to several insights as to their 
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1396 BORGERDING ET AL. 

role in efficiency improvement. First, a comparison of the rel- 
ative effect of the different alcohol additives in the NaLS mi- 
cellar mobile phase upon efficiency (Table 4) parallels their 
ability to desorb NaLS surfactant molecules from the C-18 bonded 
stationary phase (Table 2). 
loading and film thickness, df, the addition of these alcohols 
is also expected to influence the fluidity/rigidity of the 
surfactant aggregate/C-18 bonded ligand structure on the station- 

ary phase just as their presence reportedly alters the fluidity 

of the micellar aggregate structure (14,23,36). For instance, 

upon addition of increasing amounts of amyl alcohol to NaLS mi- 

cellar solutions, the microviscosity of the interior of NaLS 

micelles, estimated to be 21 cp in the absence of the additive, 
was reduced to ca. 5 cp in the presence of 1 M modifier (36). 
h e  might reasonably expect similar alcohol effects upon the 
fluidity of the surfactant structure on the stationary phase 
which may improve efficiency since the solute diffusion coeff- 
icient, D 
decreases. 

In addition to reducing the carbon 

ought to increase as the microviscosity of the phase 
6 ’  

Similarly, the observation that chromatographic efficiency 

improves with increasing organic modifier to surfactant concen- 
tration ratios (Figure 7) probably reflects the fact that the 
greater the concentration of the organic modifier, the greater 
will be the amount of surfactant desorbed from the stationary 

phase (lower carbon loading, smaller effective film thickness). 
In support of this interpretation, recent reports have demon- 
strated that increases in the organic modifier concentration in 
micellar solutions resulted in an almost linear decrease in the 

amount of surfactant desorbed from C-18 stationary phase materials 

(23,371. 
to increased fluidity of the organic additive modified surfact- 

ant-coated stationary phase as just described. 

In addition, the higher level of modifier may also lead 

At a fixed modifier concentration, the efficiency was ob- 

served to decrease as the surfactant concentration in the mobile 
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NEW PERSPECTIVES IN MLC 1397 

phase was increased (Figure 7). 
t ha t  t h i s  i s  the r e s u l t  of t he  increased mobile phase v i scos i ty  

observed with increased surfactant  concentration which would 

impede solute  mass t r ans fe r  i n  the mobile phase. However, t h i s  

is probably only a r e l a t i v e l y  minor f ac to r  since it w a s  a l s o  

noted t h a t  addi t ion of increasing amounts of 1-PeOH (from 0 t o  

6%) increased the eff ic iency of both t e s t  so lu t e s  e luted with a 
0.285 M NaLS micellar mobile phase (N increased from 1530 t o  

3640 and 50 t o  1260 fo r  benzene and Z-EtAQ, respect ively)  i n  

s p i t e  of the f a c t  t h a t  the r e l a t i v e  microviscosity of the micel lar  

mobile phase had increased from 1.65 t o  2.75 due t o  the added al-  
cohol (14). A s  s t a t ed  i n  the previous paragraphs, i t  i s  thought 

t ha t  the addi t ive t o  surfactant  concentration r a t i o  is t he  domi- 

nant f ac to r  influencing chromatographic e f f i c i ency  s ince t h i s  

r a t i o  d i c t a t e s  t he  amount of surfactant  coverage on the s t a t ion -  

ary phase and f l u i d i t y  of the modified s t a t iona ry  phase. 

agreement, r e s u l t s  from recent d i f fus ion  s tud ie s  a l s o  lends 

support t o  t h i s  argument (23,271. 

One might be tempted t o  conclude 

I n  

Depending upon the test s o l u t e  monitored, the presence of 

alkane addi t ives  had d i f f e ren t  e f f e c t s  on the  MLC e f f i c i ency  

observed with ion ic  micellar mobile phases. That i s ,  t h e i r  

presence i n  the mobile phase improved the e f f i c i ency  f o r  the 

r e l a t i v e l y  water soluble benzene test  so lu t e  whereas they had 

e s s e n t i a l l y  no e f f e c t  upon the e f f i c i ency  f o r  the v i r t u a l l y  

water insoluble 2-EtAQ so lu t e  compared t o  t h a t  achieved i n  t h e i r  

absence (Table 4) .  It is thought t h a t  t h i s  dramatic d i f f e rence  

i n  behavior r e f l e c t s  the f a c t  t h a t  these two so lu t e s  undergo 

d i f f e r e n t  t ransport  modes with respect t o  t h e i r  p a r t i t i o n i n g  

between the mobile and s t a t iona ry  phases. A s  mentioned i n  the  

homologous series study, our r e s u l t s  show t h a t  water insoluble  

so lu t e s ,  such as 2-EtAQ, can only p a r t i t i o n  between the micelle 

i n  the  mobile phase and the surfactant-coated s t a t iona ry  phase 

v i a  a d i r e c t  t r ans fe r  process (Figure 3) .  Consequently, f o r  

2-EtAQ t o  desorb/exit  the s t a t iona ry  phase o r  micelle i n  the 
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I398 BORGERDING ET AL. 

mobile phase, both of which it has  a great  a f f i n i t y  f o r ,  re-  

quires  a merging of the ion ic  micelle with the surfactant-mod- 

i f i e d  s ta t ionary phase. In  the case of ionic  micel les ,  both the  

ionic  headgroup of the micelle i n  the mobile phase and the sur- 

face of the ionic  surfactant-coated s t a t iona ry  phase w i l l  be 

s imi l a r ly  charged. Thus, an e l e c t r o s t a t i c  repuls ive b a r r i e r  t o  

the d i r e c t  merger of the micellar e n t i t y  with the  surfactant-  

coated s ta t ionary phase w i l l  e x i s t  and impede so lu t e  mass 

t r ans fe r  across t h i s  interface.  The g rea t e r  the f r ac t ion  of 

par t i t ioning which must occur v i a  t h i s  d i r e c t  t r ans fe r  mode, 

the poorer w i l l  be the observed chromatographic eff ic iency.  

con t r a s t ,  water soluble solutes  which do not have t o  undergo 

such t r ans fe r  process exhibi t  enhanced e f f i c i ency  due t o  the 

f a c t  t ha t  alkane addi t ives  are even more e f f e c t i v e  than alcohols 

at desorbing surfactant  from the surfactant-coated C-18 s t a t ion -  

ary phase (13-15). 

I n  

In view of the above discussion, it should be noted t h a t  

another po ten t i a l  reason t h a t  alcohols improve the eff ic iency i n  

MLC with ionic  surfactant  rnicelles may be due t o  the f a c t  t h a t  

t h e i r  presence can reduce the ne t  e l e c t r i c a l  charge densi ty  of 

the ionic  micellar surface (38). Thus f o r  very hydrophobic test 

so lu t e s ,  t h i s  would be expected t o  improve the  mass t r ans fe r  t o /  

from the s t a t iona ry  phase/micelle since the  extent  of the e l ec t ro -  

s t a t i c  repulsive b a r r i e r  t o  a d i r e c t  t r a n s f e r  mode would be some- 

what diminished. The l i t e r a t u r e  r epor t s  t h a t  t he  presence of 

alkane addi t ives  does not a f f ec t  t he  surface charge densi ty ,  

hence these type addi t ives  do not improve eff ic iency f o r  very 

hydrophobic solutes  despi te  the f a c t  t h a t  they reduce the extent  

of surfactant  coverage of the s t a t iona ry  phase (14,15,23). I n  

addi t ion,  it has been reported t h a t  alcohol-modified ion ic  sur- 

factant  micelles are capable of c o l l i s i o n s  with one another which 

r e s u l t s  i n  intermicel lar  t r ans fe r  of so lu t e  molecules (36,38). 

Lastly , the  arguments employed i n  the  previous paragraphs 

can be u t i l i z e d  t o  r a t iona l i ze  t h e  f a c t  t h a t  alcohol addi t ives  
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NEW PERSPECTIVES IN MLC 1399 

a re  not e f f ec t ive  i n  enhancing the e f f i c i ency  i n  MLC with nonion- 

i c  micellar mobile phases. 

chain tensioact ive alcohols themselves and our preliminary d a t a  in- 

d i ca t e  t h a t  C-1 - C-5 alcohols are not very e f f e c t i v e  i n  desorbing 

these nonionic surfactants  (high molecular weight a lcohols)  from 

the surfactant-modified C-18 s t a t iona ry  phase (15). Such non- 

ionic  surfactants  are a l so  not charged and therefore  the re  i s  no 

e l e c t r o s t a t i c  charge ba r r i e r  encountered i n  a d i r e c t  t r a n s f e r  

process envisioned fo r  water insoluble so lu t e s .  The e f f i c i ency  

achieved i n  chromatographing very hydrophobic test so lu t e s  with 

nonionic Brij-35 o r  B r i j - 2 2  micellar mobile phases is thus b e t t e r  

than t h a t  which can be obtained with any ion ic  micelles.  

thought t h a t  alkane addi t ives  i n  nonionic KLC can f u r t h e r  improve 

the eff ic iency observed fo r  benzene, the r e l a t i v e l y  water soluble  

so lu t e ,  because alkanes can desorb nonionic su r fac t an t s  from the  

modified s ta t ionary phase (15). 

Nonionic micel lar  su r f ac t an t s  are long 

It is  

Further work aimed at d i r e c t  determination of t he  s o l u t e  

diffusion coeff ic ient  i n  the s t a t iona ry  phase, e f f e c t i v e  f i lm  

thickness,  and degree of surfactant  coverage i n  the presence of 
d i f f e ren t  organic addi t  ive/surfactant  mice1 lar combinat ions and 

the temperature dependence of these parameters is i n  progress 

and the r e s u l t s  should help t o  shed add i t iona l  l i g h t  on the nature  

of eff ic iency e f f e c t s  i n  MLC (15). 

Preliminary Characterization of New Types of Surfactants  f o r  Use 

- i n  Micellar Liquid Chromatop;raphy. 

We have evaluated several  new types of surfactant  molecules, 

such as b i l e  salts , ionenes, and ionic  alkyltrimethylammonium 

hal ide surfactants  which contain a hydroxyl group near t h e  charged 

ca t ion ic  headgroup, as po ten t i a l  micellar mobile phases i n  MLC. 

Bi le  sa l ts ,  such as NaDC, are another c l a s s  of su r fac t an t - l i ke  

molecules t h a t  can aggregate i n  aqueous media t o  form micellar 

assemblies. The term b i l e  salt covers the several  carboxylate 

der ivat ives  of chol ic  acid which d i f f e r  i n  the  number and pos i t i on  

of t h e  hydroxy subst i tuents .  They d i f f e r  from the typ ica l  long- 
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1400 BORGERDING ET AL. 

chain a lky l  normal micelle-forming su r fac t an t s  previously employ- 

ed i n  MLC i n  tha t  they have a r i g i d  choles te ro l - l ike  s t e r o i d a l  

r i n g  s t ruc tu re  and possess a hydrophobic and hydrophi l ic  face  (10). 

They a l so  exhib i t  a d i f f e r e n t  a s soc ia t ion  behavior and aggregate 

s t ruc tu re  compared t o  t h a t  of conventional normal mice l les .  That 

i s ,  b i l e  salt aggregation i s  viewed as cons i s t ing  of t h e  step-wise 

formation of small primary b i l e  salt micelles cons i s t ing  of 2-8 

monomers held together by hydrophobic in t e rac t ions .  

b i l e  salt concentrations,  l a rge r ,  secondary b i l e  salt  aggregates 

a r e  thought t o  form due t o  intermolecular hydrogen bonding 

between the  b i l e  sa l t ' s  hydroxyl groups. 

i s  reported t o  undergo t h i s  type of aggregation behavior (10). 

I n  addi t ion ,  b i l e  salt molecules are c h i r a l  and can form c h i r a l  

aggregates possessing h e l i c a l  s t ruc tu res .  

micellar media i n  MLC i s  important i n  a t  least two respec ts .  

F i r s t ,  s ince  c h i r a l  micelles form, one can p o t e n t i a l l y  u t i l i z e  

such mice l la r  mobile phases i n  o p t i c a l  separa t ions .  Secondly, 

t he re  are many so lub i l i za t ion  procedures reported i n  t h e  c l i n i -  

c a l  and b io logica l  l i t e r a t u r e  which u t i l i z e  b i l e  salts  t o  ex- 

tract d e s i r e d  cons t i tuents  from cells,  p ro te in  materials, etc.  

I n  such so lub i l i za t ion  and ex t r ac t ion  procedures, it i s  o f t e n  

necessary t o  remove the  b i l e  s a l t  p r i o r  t o  fu r the r  chromato- 

graphic separa t ion  and quan t i t a t ion  of t h e  des i red  ana ly te .  

Thus, i f  such b i l e  salt molecules could a l so  func t ion  as mobile 

phases i n  MLC, then t h i s  would obviate t h e  need t o  remove them 

a f t e r  the  solubilization/extraction s t e p  and ensure f o r  com- 

p a t i b i l i t y  between the  solubilization/extraction ' so lvent '  and 

the  chromatographic mobile phase. 

A t  higher 

Sodium deoxycholate 

Inves t iga t ion  of such 

Due t o  these reasons,  w e  have conducted a preliminary 

inves t iga t ion  i n  order t o  determine i f  b i l e  salt  su r fac t an t s ,  

such as NaDC,  can function as e f f e c t i v e  mice l la r  mobile phases 

i n  MLC. 

pyrene, and 2-EtAQY with NaDC micellar mobile phases, w e  found 

t h a t  the  capacity f ac to r s  decreased as the  NaDC concentration i n  

With respec t  t o  e l u t i o n  of s o l u t e s ,  such as benzene, 
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the  mobile phase increased as expected based on the pseudophase 

MLC theory. However, attempts t o  apply the Armstrong-Nome treat- 
ment ( i .e .  eq. 3) resul ted i n  curved r a the r  than l i n e a r  p l o t s  of 

l/k' vs.  [NaDC]. 

t h a t  NaDC undergoes a step-wise associat ion process (i.e. 

changing CMC and N as a function of NaDC concentration) which 

means t h a t  the Cm t e r m  of eq. 3 must take t h i s  i n t o  account. 

The problem with t h i s  i s  t h a t  such data i s  not r ead i ly  ava i l ab le  

i n  the  l i t e r a t u r e .  Consequently, i f  one does not account f o r  

t h i s  type of associat ion,  curved r a the r  than l i nea r  p l o t s  r e s u l t .  

With respect t o  addi t ive e f f e c t s  upon r e t en t ion  and e f f i c i ency ,  

e s s e n t i a l l y  the same general trends as previously noted f o r  the 

anionic surfactant  NaLS were found t o  a l so  hold f o r  the anionic 

NaDC. Thus, use of 1-pentanol, 1-hexanol, o r  1-heptanol as an 

organic modifier i s  recommended fo r  use with NaDC b i l e  salt 

micellar mobile phases (15). 

This w a s  expected however i n  view of t he  f a c t  

I n  terms of separations achieved, the use of NaDC micellar 

mobile phases al lowed for  the separat ion of a wide range of d i f -  

f e r en t  solute  t e s t  mixes, including polycyclic aromatic hydro- 

carbons ( 3 4 )  , quinones , vitamin K's , c i s / t r a n s  isomers, p o s i t i -  

t i ona l  isomeric methylindoles, and s t e ro ids  among others .  Most 

important, i t  appears t h a t  use of t h i s  mobile phase allows fo r  

the o p t i c a l  resolut ion of binaphthol and r e l a t ed  isomers. For 

example, Figure 8 shows the p a r t i a l  separat ion of the enantio- 

mers of S-(+)- and R(-)-l,l'-binaphthyl-2,2'-diyl hydrogen 

phosphate with a 80 d4 NaDC micellar mobile phase containing 4% 

added 1-PeOH (15). S i m i l a r  separations were possible  with t h i s  

mobile phase fo r  enantiomers possessing C-2 symmetry. 

enantiomeric compounds are now widely employed i n  organic syn- 

t h e t i c  schemes for  enant ioselect ive synthesis ,  the use of b i l e  

salt micellar mobile phases may prove very use fu l  f o r  o p t i c a l  

resolut ions required i n  such work. 

Since such 

I n  addi t ion t o  b i l e  salts, we are a l s o  inves t iga t ing  whether 

polymeric ionene su r fac t an t s ,  which can form intramolecular,  
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I 

10 12 14 16 
Tim, rain. 

FIGURE 8. Chromatograph trace which shows the partial resolution 
of the S-(+)- and R-(-)-l,l'-binaphthy1-2,2'-diyl 
hydrogen phosphate enantiomers with a 0.080 M NaDC 
micellar mobile phase containing 4.0% 1-pentanol as 
modifier on a 25-cm C-18 column (flow rate - 0.4 mL/ 
min) . 

micellar-like aggregates (39), can function not only as 'micellar' 
mobile phases, but also as iarmobilized stationary phases in MLC. 
The preliminary results have been encouraging and will be pre- 
sented in greater detail elsewhere (15). 
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