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Retention Characteristics of Time-Delayed Exponential 
Field-Programmed Sedimentation Field-Flow 
Fractionation 

W. W. YAU and J. J. KIRKLAND 
CENTRAL RESEARCH AND DEVELOPMENT DEPARTMENT 
EXPERIMENTAL STATION 
E. 1. DU PONT DE NEMOURS & CO. 
WILMINGTON, DELAWARE 19898 

ABSTRACT 

Sedimentation field-flow fractionation (SFFF) is a promising 
method for the high-resolution separation of a wide variety of 
suspended particulates and dissolved macromolecules. By using a 
new SFFF technique with a time-delayed exponential force-field 
(rotor speed) decay, quantitative particle-size distribution 
analyses in the 0.01-1 Um range can be performed in a few minutes. 
Relative to constant-field SFFF, programmed force-field operation 
can drastically decrease analysis time and improve detection 
sensitivity while maintaining adequate resolution, 
relationship between particle retention and logarithm of particle 
diameter or mass for the new technique significantly simplifies 
data handling for convenient and accurate analyses. Standard 
graphs have been prepared to show how separation variables such as 
exponential decay time constant, T ,  initial rotor speed, wo, 
channel thickness, W, and flowrate, F, can affect particle reten- 
tion. These simple and quantitative relationships are useful for 
designing efficient SFFF separations. Conversion of raw data to 
actual particle size distributions involves negligible errors 
because the accuracy of SFFF analyses is not significantly affected 
by instrumental band broadening. The concepts of specific SFFF 
resolution and particle discrimination factors are introduced to 
permit the comparison of SFFF resolution with other separation 
techniques. 

The linear 
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INTRODUCTION 

YAU AND KIRKLAND 

H i g h - r e s o l u t i o n  s e p a r a t i o n  of  a wide r ange  of p a r t i c u l a t e s  

and s o l u b l e  macromolecules c a n  b e  made by s e d i m e n t a t i o n  f i e l d - f l o w  

f r a c t i o n a t i o n  (SFFF). T h i s  "one-phase chromatography" method in -  

v o l v e s  a v e r y  t h i n ,  open channe l ,  and sample r e t e n t i o n  i s  o b t a i n e d  

because of t h e  r e d i s t r i b u t i o n  of components from f a s t -  t o  slow- 

moving mobile-phase s t r e a m s  under  t h e  i n f l u e n c e  of a n  e x t e r n a l  

c e n t r i f u g a l  f o r c e .  The background and t h e o r y  of c o n s t a n t - f i e l d  

( o r  cons t an t - ro to r - speed)  SFFF h a s  p r e v i o u s l y  been d e s c r i b e d  by 

Giddings e t  a l .  (1-3).  Recen t ly ,  w e  i n t r o d u c e d  t h e  concep t  of  

s i m p l e  e x p o n e n t i a l  f ield-programmed SFFF t o  r educe  s e p a r a t i o n  t i m e  

and improve p a r t i c l e  d e t e c t a b i l i t y  ( 4 ) .  T h i s  pape r  d e s c r i b e s  t h e  

t h e o r y  and o p e r a t i o n  of a new method of  t ime-delayed e x p o n e n t i a l  

f ield-programmed SFFF, o r  TDE-SFFF f o r  s h o r t .  Th i s  TDE-SFFF method 

shows s i g n i f i c a n t  advan tages  ove r  t h e  s i m p l e  e x p o n e n t i a l  SFFF 

approach,  most i m p o r t a n t l y ,  i n  i n c r e a s e d  a c c u r a c y  and convenience 

o f  i n t e r p r e t i n g  SFFF d a t a  i n  p a r t i c l e - s i z e  a n a l y s e s .  Th i s  new 

approach a l s o  produces h i g h l y  p r e d i c t a b l e  r e t e n t i o n  d a t a ,  which 

are u s e f u l  f o r  o b t a i n i n g  a c c u r a t e  p a r t i c l e - s i z e  d i s t r i b u t i o n  

a n a l y s e s  i n  t h e  p a r t i c l e  s i z e  r ange  of 0.01-1 pm. 

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

normally h i g h l y  r e t a i n e d  l a r g e  p a r t i c l e s  t o  e l u t e  ear l ie r  and w i t h  

less band d i s p e r s i o n  t h a n  t h o s e  from c o n s t a n t - f i e l d  s e p a r a t i o n s .  

However, s i n c e  t h e  f o r c e  f i e l d  d i r e c t l y  a f f e c t s  r e t e n t i o n ,  t h e  type  

of  f i e l d  programming a l s o  d i r e c t l y  d e t e r m i n e s  p a r t i c l e  s i z e  de- 

pendence and t h e  i n t e r p r e t i v e  a s p e c t s  of SFFF r e t e n t i o n .  There- 

f o r e ,  a p r a c t i c a l  SFFF method a l s o  shou ld  have s i m p l e  and pre- 

d i c t a b l e  p a r t i c l e  r e t e n t i o n  c h a r a c t e r i s t i c s  f o r  conven ien t  and 

a c c u r a t e  d a t a  i n t e r p r e t a t i o n .  T h i s  pape r  shows t h e  advan tages  

of a p a r t i c u l a r  form of  f i e l d  programming t h a t  produces a l og -  

l i n e a r  r e l a t i o n s h i p  between p a r t i c l e  r e t e n t i o n  and p a r t i c l e  s i z e .  

Such an approach a c h i e v e s  a s i m p l e  l i n e a r  dependence between 

p a r t i c l e  r e t e n t i o n  and l o g a r i t h m  of p a r t i c l e  d i a m e t e r  ( o r  p a r t i c l e  

m a s s ) .  
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Our p r e v i o u s  work i n d i c a t e d  t h a t  a n  approx ima t ion  t o  t h e  

d e s i r e d  r e t e n t i o n  c h a r a c t e r i s t i c s  can  be  o b t a i n e d  by s i m p l e  expo- 

n e n t i a l  f i e l d  decay programming ( 4 ) .  Our t h e o r e t i c a l  a n a l y s i s  now 

shows t h a t  a much improved f o r c e  f i e l d  programming i n v o l v e s  a 

un ique  form: e x p o n e n t i a l  f o r c e  f i e l d  decay f o l l o w i n g  a p a r t i c u l a r  

t ime-delay.  I n  a c t u a l  p r a c t i c e ,  t h i s  TDE-SFFF scheme i n v o l v e s  

ho ld ing  a n  i n i t i a l  h i g h  l e v e l  of f o r c e  f i e l d  c o n s t a n t  f o r  a pre-  

determined t i m e  of  T minu tes .  The f i e l d  i s  t h e n  al lowed t o  decay 

e x p o n e n t i a l l y  w i t h  a decay t ime  c o n s t a n t  a l s o  of  T minu tes .  

According t o  t h i s  t h e o r y ,  t h e  matching of t h e  d e l a y  and decay t i m e  

c o n s t a n t s  a s s u r e s  t h e  e x a c t  l i n e a r  r e l a t i o n s h i p  between SFFF 

r e t e n t i o n  and t h e  l o g a r i t h m  of sample p a r t i c l e  s i z e .  

The f a c t  t h a t  p a r t i c l e  r e t e n t i o n  i n  TDE-SFFF has  t h e  same 

l o g - l i n e a r  f u n c t i o n a l  dependence on bo th  p a r t i c l e  d i a m e t e r  and 

p a r t i c l e  mass i s  u n i q u e l y  d e s i r a b l e  f o r  i n t e r p r e t i n g  SFFF d a t a .  

With t h i s  approach ,  b o t h  sample p a r t i c l e  s i z e  d i s t r i b u t i o n  and 

molecu la r  we igh t  d i s t r i b u t i o n  a r e  o b t a i n a b l e  from t h e  same f r a c t o -  

gram. Another impor t an t  f e a t u r e  of  TDE-SFFF i s  t h a t  t h e  dependence 

o f  p a r t i c l e  r e t e n t i o n  on d e t e r m i n a b l e  s e p a r a t i o n  pa rame te r s  i s  

h i g h l y  p r e d i c t a b l e .  These s i m p l e  and q u a n t i t a t i v e  p r e d i c t i o n s  a r e  

v e r y  u s e f u l  f o r  d e s i g n i n g  and c o n t r o l l i n g  SFFF s e p a r a t i o n s .  The 

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

i n t e r p r e t a t i o n  of t h e  e f f e c t  of i n s t r u m e n t a l  band b roaden ing  on 

t h e  accu racy  of p a r t i c l e  s i z e  a n a l y s i s .  

based on expe r imen ta l  d a t a  conf i rm t h a t  SFFF is  a v e r y  h i g h  

r e s o l u t i o n  t e c h n i q u e ,  w i t h  n e g l i g i b l e  e f f e c t  of  band b roaden ing  

on t h e  accu racy  of  p a r t i c l e - s i z e  a n a l y s e s .  

R e s o l u t i o n  c a l c u l a t i o n s  

GENERAL THEORY 

S u c c e s s f u l  SFFF s e p a r a t i o n s  of p a r t i c l e s  by s i z e  o r  mass have 

p r e v i o u s l y  been demonstrated ( 1 - 4 ) .  Observed p a r t i c l e  r e t e n t i o n  

a t  c o n s t a n t  f i e l d  c a n  b e  q u a n t i t a t i v e l y  d e s c r i b e d  by s i m p l e  equi-  

l i b r i u m  t h e o r y  (1): 
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580 YAU AND KIRKLAND 

VoWGAp nV WGnp 

tR ‘(-) ’(*) d3 P 

vo = 
where, tR = solute or particle peak retention time (min); 

channel void volume (cm3); W = channel thickness (cm); G = centri- 

fugal force field (cm/S”); A D  = density difference between sample 

component and mobile phase (g/cm3); Ro = gas constant ( 8 . 3 1  x 1 0 7  

g.cmZ/S2 .deg.mol) ; T = absolute temperature (Kelvin) ; F = vol- 
umetric flowrate of carrier liquid mobile phase (cm3/min); p = 

density of dispersed particles or solvated macromolecules (g/cm3); 
M = molecular weight of solvated macromolecules, or particle mass 

of colloid dispersion (g/mol); k = Boltzmann constant (1.38 x lo-’‘ 
g.cmz/S2.deg); and d = particle diameter (diameter of an equiva- 

P 
lent sphere, cm). In this case, 

G = wR2r, i 2 )  

or 

G = (nw/30)’r (24 

where, wR = centrifuge speed (rad/s), o = centrifuge speed (rpm), 

and r = radial distance from centrifuge rotating axis to SFFF 

channel. 

While constant field experiments are useful for demonstrating 

the fundamental features of SFFF separations, there are many 

practical limitations of using this form of SFFF for actual analy- 

sis of sample particle size. Equation 1 shows that SFFF retention 

in a constant field is linearly proportioned to particle. 
However, dependence of SFFF retention on particle size is highly 

non-linear (cubic dependency), and this relationship is inconven- 

ient for transforming SFFF fractograms to actual sample particle- 

size distribution. The fact that constant-field SFFF separations 

also suffer from a non-linear particle size-resolution or particle- 

size separation power across a SFFF fractogram is illustrated in 

Figure 1. Here, a mixture of polystyrene latex standards is 

fractionated with two different levels of centrifugal force fields. 

The non-uniform resolution of particles is obvious; larger parti- 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 

A t B  

POLYSTYRENE LATICES 

A = 0.085 pm 

8 0.091 p m  

C = 0.176 pm 

D = 0.220 pm 

E = 0.312 pm 

w = 4360 rpm 

C 
D 

E 

h- 

192 160 I28 96 64 32 0 
MINUTES 

FIGURE 1. E f f e c t  o f  Kotor Speed i n  Cons tan t -F ie ld  SFFF. Channel,  
57 x 2.54 x 0.0254 c m ;  mob i l e  phase ,  0.1% FL 70;  f l o w r a t e ,  2.0 
ml /min . ;  r e l a x a t i o n ,  10.0 min a t  w ;  sample 25 pL of  0.1% 0.085 pm, 
0.09% 0.091 pm; 0.04% e a .  of 0.176, 0 . 2 2 0 ,  0.312 pm p o l y s t y r e n e  
la tex s t a n d a r d s ;  d e t e c t o r ,  U V ,  300 nm;temperature ,  22°C. 

cles i n  b o t h  f r ac tog rams  a r e  r e s o l v e d  much b e t t e r  t h a n  smaller 

p a r t i c l e s .  I n  t h e  lower f o r c e  f i e l d  experiment  ( W  = 1,710 rpm), 

on ly  t h e  l a r g e s t  p a r t i c l e  component of t h e  sample m i x t u r e  i s  

comple t e ly  r e s o l v e d  from a group of f o u r  un reso lved  smaller p a r t i -  

cles. A t  t h e  h i g h e r  f i e l d  (a = 4,360 rpm), t h e  l a r g e r  p a r t i c l e s  

a r e  e x c e s s i v e l y  r e s o l v e d  a t  long  r e t e n t i o n  t i m e s ;  however, t h e  two 

smaller p a r t i c l e  components s t i l l  o v e r l a p .  T h e r e f o r e ,  w i t h  con- 

s t a n t - f i e l d  SFFF, t h e  g a i n  i n  r e s o l u t i o n  a t  h i g h e r  f o r c e  f i e l d s  i s  

o b t a i n e d  a t  t h e  expense of  l ong  a n a l y s i s  t i m e s  and e x c e s s i v e  band 

b roaden ing  of  l a t e  e l u t i n g  peaks .  S e p a r a t i o n s  of peaks w i t h  con- 

t i n u o u s l y  i n c r e a s i n g  band w i d t h s  a l s o  cause  d e t e c t i o n  problems. 
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58 2 YAU AND KIRKLAND 

D e t e c t o r  s e n s i t i v i t y  a p p r o p r i a t e  f o r  s h a r p e r ,  e a r l y  e l u t i n g  peaks 

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

t i o n s  a s s o c i a t e d  w i t h  h i g h l y  d i s p e r s e d ,  l a t e - e l u t i n g  peaks.  

To s o l v e  t h e  i n h e r e n t  problems of  b o t h  t h e  l o n g  a n a l y s i s  

t imes  and t h e  poor d e t e c t a b i l i t y  of t h e  l a t e - e l u t i n g  peaks i n  

c o n s t a n t - f i e l d  SFFF s e p a r a t i o n s ,  Giddings e t  a l .  used d e c r e a s i n g  

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

f i e l d  programming ( 1 , 2 , 3 ) .  Although bo th  a n a l y s i s  t ime  and sample 

d e t e c t a b i l i t y  were improved, such programming schemes i n a d v e r t e n t l y  

compl i ca t e  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s  between r e t e n t i o n  and 

p a r t i c l e  m a s s  o r  p a r t i c l e  s i z e .  The s i m p l e  r e t en t ion -mass  rela- 

t i o n s h i p  of  c o n s t a n t  f i e l d  SFFF i s  s a c r i f i c e d .  

For optimum u t i l i t y ,  f i e l d  programming i n  SFFF shou ld  a l s o  

p r o v i d e  s i m p l e  and p r e d i c t a b l e  r e t e n t i o n  c h a r a c t e r i s t i c s .  We 

o r i g i n a l l y  proposed a s imple  e x p o n e n t i a l  f o r c e - f i e l d  decay t o  

o b t a i n  a n  approx ima te  l o g - l i n e a r  r e l a t i o n s h i p  between SFFF r e t e n -  

t i o n  and p a r t i c l e  mass and s i z e  ( 4 ) .  The c u r r e n t  work r e f i n e s  t h i s  

method by i n t r o d u c i n g  a un ique  t ime-delayed c o n s t a n t - f i e l d  com- 

ponen t ,  fol lowed by a n  e x p o n e n t i a l  f i e l d  decay .  T h i s  new approach 

produces more a c c u r a t e  c o r r e l a t i o n  between t h e  l o g a r i t h m  of p a r t i -  

c l e  s i z e  and SFFF r e t e n t i o n  t i m e .  I n  a d d i t i o n ,  i t  p r o v i d e s  t h e  

advan tages  of  v e r s a t i l i t y  and convenience i n  o p t i m i z i n g  and manip- 

u l a t i n g  s e p a r a t i o n  r ange  and r e s o l u t i o n .  I n  TDE-SFFF, r e t e n t i o n  

c h a r a c t e r i s t i c s  are ana logous  t o  t h o s e  of s i z e - e x c l u s i o n  chroma- 

tography (SEC), and many of t h e  h i g h l y  developed da ta -hand l ing  

t e c h n i q u e s  and r e s o l u t i o n - a c c u r a c y  c o n c e p t s  i n  SEC (5) can  be  

r e a d i l y  adopted f o r  u s e  i n  SFFF p a r t i c l e - s i z e  d i s t r i b u t i o n  

a n a l y s e s .  

Constant  F i e l d  SFFF 

Giddings e t  a l .  (1) have shown t h a t  i n  c o n s t a n t - f i e l d  SFFF 

t h e  ave rage  m i g r a t i o n  r a t e  of  r e t a i n e d  sample components i s  smaller 

t h a n  t h e  ave rage  l i n e a r  v e l o c i t y  of  t h e  l i q u i d  c a r r i e r  o r  mob i l e  

phase by a f a c t o r  R ,  t h e  r e t e n t i o n  r a t i o :  
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 

where 

R = V /<v>  
P 

- 2A] 
1 R = 6A[coth 5 

A = - - =  a. ROT 6kT 
W MGW(Ap/psj - ad 3GWAp 

P 
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(3 )  

( 4 )  

(5) 

R = r e t e n t i o n  r a t i o  (d imens ion le s s )  ; c o t h ( l / 2 h )  = h?pperbolic 

c o t a n g e n t  of (1/2A); A = a d imens ion le s s  r e t e n t i o n  pa rame te r ;  R = 

c h a r a c t e r i s t i c  p a r t i c l e  l a y e r  t h i c k n e s s  (cm) under  a p a r t i c u l a r  

f o r c e  f i e l d ;  V = l i n e a r  v e l o c i t y  of p a r t i c l e  m i g r a t i o n  (cm/S);  

<v> = a v e r a g e  mob i l e  phase  v e l o c i t y  ( cmis ) ;  and ,  t h e  o t h e r  symbols 

as p r e v i o u s l y  d e f i n e d .  

s i m p l i f y i n g  approx ima t ions  t o  Equa t ion  4 are p o s s i b l e :  

P 

For h i g h l y  r e t a i n e d  sample components, 

R 6A-12A2 ( f o r  R<0.7) ( 6 )  

o r  

R 6A ( f o r  Rc0.3) ( 7 )  

F i g u r e  2 shows t h e  c l o s e  approx ima t ion  6f c a l c u l a t e d  R and A c u r v e s  

from Equa t ions  6 and 7 ,  compared t o  t h a t  of Equa t ion  4 a t  small R 

v a l u e s .  

I n  c o n s t a n t - f i e l d  SFFF, a sample component m i g r a t e s  w i t h  a 

c o n s t a n t  ave rage  l i n e a r  v e l o c i t y  of R<v> o r  V . The r e t e n t i o n  t i m e  

of  a h i g h l y  r e t a i n e d  component i s  expected t o  i n c r e a s e  i n  propor-  

t i o n  t o  p a r t i c l e  m a s s  ( 1 ) :  

P 

(8) 
L - t o  

t R = - = -  R<v> 6A 

where L = l e n g t h  of t h e  SFFF channe l  (cm) and t = t h e  r e t e n t i o n  

t ime of  t h e  s o l v e n t  peak.  Note t h a t  Equa t ion  9 i s  i d e n t i c a l  t o  

Equa t ion  1, s i n c e  t = Vo/F. 
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584 YAU AND KIRKLAND 

FIGURE 2 .  T h e o r e t i c a l  R v e r s u s  P l o t  f o r  FFF R e t e n t i o n .  

T i m e  Delayed E x p o n e n t i a l  SFFF (TDE-SFFF) 

I n  f i e l d - p r o g r a m e d  SFFF, t h e  r e t e n t i o n  r a t i o  R becomes a 

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

t h a t  t i m e  : 

I n  t h i s  case, t h e  t ime-dependent  r e t e n t i o n  r a t i o  R ( t )  is s t i l l  

e x p r e s s e d  by E q u a t i o n s  1-3,  e x c e p t  t h a t  f o r c e  f i e l d  G is now a 

t ime-dependent  f u n c t i o n  ( i . e . ,  G = G c t ) ) .  

To a c h i e v e  t h e  d e s i r e d  l o g - l i n e a r  r e l a t i o n s h i p  between SFFF 

r e t e n t i o n  and p a r t i c l e  s i z e ,  w e  have  deve loped  a more g e n e r a l  

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

combined SFFF sequence  c o n s i s t i n g  o f  c o n s t a n t  f i e l d  o p e r a t i o n  
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 585 

fo l lowed  by a n  e x p o n e n t i a l  f i e l d  decay.  A g e n e r a l  form of  t h i s  

t ime-delayed exponen t i a l -decay  f o r c e  f i e l d  programming is :  

G ( t )  = Go ( t  2 x) (11) 

( t  > X )  (12) - ( t -x )  / T  G ( t )  = G o e  

where G = i n i t i a l  s e d i m e n t a t i o n  f o r c e  f i e l d  ( c m / s e c 2 ) ;  T = t h e  

exponen t i a l -decay  t i m e  c o n s t a n t  (min);  and X = a n  a r b i t r a r y  d e l a y  

t i m e  (min).  SFFF r e t e n t i o n  o b t a i n e d  under  t h i s  sequence c a n  b e  

p r e d i c t e d  by s u b s t i t u t i n g  Equat ions ll and 1 2  i n t o  Equa t ion  1 0  and 

i n t e g r a t i n g  t o  o b t a i n :  

f o r  t s x ,  

where 

Note t h a t  when x = 0,  Equa t ions  1 3  and 1 4  r educe  t o  t h e  c a s e  

of  t h e  s i m p l e  (no t ime-delay)  exponent ia l -decay ( 4 )  t h a t  g i v e s  

approx ima te  l o g - l i n e a r  SFFF r e t e n t i o n  c h a r a c t e r i s t i c s .  But more 

i m p o r t a n t l y ,  a n  exact l o g - l i n e a r  SFFF r e t e n t i o n  r e l a t i o n s h i p  can  

b e  p r e d i c t e d  f o r  tR > T by a l l o w i n g  x t o  e q u a l  T i n  E q u a t i o n s  1 3  

and 14 .  Under t h e s e  un ique  c o n d i t i o n s ,  t h e  t h e o r y  p r e d i c t s  t r u e  

l o g - l i n e a r  SFFF r e t e n t i o n s .  I n  t h i s  p r e f e r r e d  TDE-SFFF, mobile  

phase  f low i s  i n i t i a t e d  a f t e r  sample i n j e c t i o n ,  w h i l e  t h e  i n i t i a l  

f o r c e  f i e l d  Go i s  ma in ta ined  f o r  a t ime e q u a l  t o  t i m e  T ,  p r i o r  t o  

f o r c e  f i e l d  decay.  A f t e r  t ine  T t h e  f o r c e  f i e l d  i s  al lowed t o  

decay e x p o n e n t i a l l y ,  a l s o  w i t h  a t i m e  c o n s t a n t  T. I n  t h i s  s i t u a -  

t i o n  : 
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586 YAU AND KIRKLAND 

f o r  t 5 T ,  G = G 

M = 6 0 ( t R / t o )  

f o r  t > T ,  

I n  M = I n  a + t R / T  

o r  

E q u a t i o n  1 9  can be w r i t t e n  i n  l o g a r i t h m  form: 

where 

and 

E q u a t i o n s  1 7  and 19-23 were s p e c i f i c a l l y  d e r i v e d  f o r  t h e  s i g n i f i -  

c a n t l y  r e t a i n e d  components w i t h  R % 6h.  R e t e n t i o n  r e l a t i o n s h i p s  

f o r  b o t h  R = 6h and R = 6h-12h2 a re  l i s t e d  i n  T a b l e  1. 

R e t e n t i o n  P r e d i c t i o n s  

The  expanded p a r t i c l e - s i z e  s e p a r a t i o n  r a n g e  f o r  t h e  r -de l ayed  

f i e l d  programming i s  i l l u s t r a t e d  i n  F i g u r e  3 .  The p l o t s  show t h e  

p r e d i c t e d  r e t e n t i o n  of  p o l y s t y r e n e  l a t i c e s  under  t y p i c a l  o p e r a t i n g  

c o n d i t i o n s .  TDE-SFFF c l e a r l y  p roduces  a w i d e r  l o g - l i n e a r  s e p a r a -  

t i o n  r a n g e  t h a n  s i m p l e  e x p o n e n t i a l  f i e l d - d e c a y  programming. The 

s i g n i f i c a n t  d e v i a t i o n  of t h e  l a t t e r  from t h e  d e s i r e d  l o g - l i n e a r  

r e t e n t i o n  r e l a t i o n s h i p  (dashed l i n e )  i s  a p p a r e n t  i n  t h e  s m a l l  

p a r t i c l e  r e g i o n .  A s  shown i n  t h e  f i g u r e ,  t h e  T-delayed o r  TDE- 

SFFF p l o t  i s  l inear  f o r  s ample  components t h a t  e l u t e  a t  r e t e n t i o n  
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 587 

TABLE 1 

Particle Mass - SFFF Retention Relationships 

R = 6X Approximation T = 6X-121' Approximation 

*Constant Field SFFF, G = G 

*Simple Exponential-Decay, SFFF, 

*Time-Delayed-Exponential-Decay 

SFFF, G = Go for t I T and 

G = G e  -{t-T)/T for , 

for t 5 T, M = 9 tR 

for t > T, M = etR/T 
et 

R T  

(1 - 41-4 to/tR) 6@tR 3$tR M =  

etR/~- . 
et M =  et 

0 

G ~ W ( A P / P ~ )  
where @ = 

times longer than the T value of the experiment. 

simple exponential field programming, the TDE-SFFF approach pro- 

vides retention linearity over wider particle-size ranges. Thus, 

this mode of SFFF operation provides the basis for more accurate 

Relative to 
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588 YAU AND KIRKLAND 

1 

‘R, RETENTIONTIME, min 

FIGURE 3. SFFF Log-Linear R e t e n t i o n  R e l a t i o n s h i p  
by Equa t ion  (1)  f o r :  p o l y s t y r e n e  l a t e x  s t a n d a r d s  
l a t e x ,  1 . 0 5  g/cm3; P o ,  0.1% FL-70 mob i l e  phase ,  1 
57 2.54 x 0.0125 c m ;  f l o w r a t e ,  3.0 mL/min . ; i n i t  
10,000 rpm; decay t ime c o n s t a n t  T ,  4.76 min. 

Data c a l c u l a t e d  
P,, p o l y s t y r e n e  

00 g/cm3; channel ,  
a 1  r o t o r  speed ,  

p a r t i c l e  s i z e  d e t e r m i n a t i o n s .  C a l c u l a t e d  SFFF r e t e n t i o n  f o r  t h e  

h ighe r -o rde r  approx ima t ions  of R a re  a l s o  p l o t t e d  i n  F i g u r e  3 f o r  

comparison,  bu t  t h e  e f fec t  c l e a r l y  i s  s m a l l .  

E f f e c t  of  S e p a r a t i o n  V a r i a b l e s  

The SFFF equipment used i n  t h i s  s t u d y  i s  a n  improved v e r s i o n  

of t h a t  d e s c r i b e d  p r e v i o u s l y  ( 4 ) .  A D i g i t a l  Equipment Corp. MINC 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 589 

microcomputer is i n t e r f a c e d  w i t h  t h e  SFFF a p p a r a t u s  f o r  d a t a  

r e d u c t i o n  and c o n t r o l  of  r o t o r  speed .  I n  t h i s  arrangement  t h e  

M I N C  i n t e r f a c e s  w i t h  a Hewlett-Packard Model 59501A power supp ly  

programmer and a Model 6206B power supp ly  t o  c o n t r o l  t h e  c e n t r i f u g e  

motor f o r  e x p o n e n t i a l  programming. T u r b i d i m e t r i c  d e t e c t o r s  respond 

more s t r o n g l y  t o  l a r g e  p a r t i c l e s  t h a n  t o  s m a l l  p a r t i c l e s .  The M I N C  

d a t a  h a n d l i n g  s o f t w a r e  i n c l u d e s  a r o u t i n e  f o r  c o n v e r t i n g  t h e  uneven 

r e s p o n s e  of  t h e  UV-turbidimetr ic  d e t e c t o r  t o  p a r t i c l e  s i z e ,  so t h a t  

t r u e  d i f f e r e n t i a l  and cumula t ive  p a r t i c l e  s i z e  d i s t r i b u t i o n  p l o t s  

c a n  b e  o b t a i n e d .  T h i s  s o f t w a r e  package w i l l  be  d e s c r i b e d  i n  an- 

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

The d e s i r a b l e  f e a t u r e s  of TDE-SFFF have been e x p e r i m e n t a l l y  

v e r i f i e d ,  a s  shown i n  F i g u r e  4 .  T h i s  f r ac tog ram of a m i x t u r e  of  

f i v e  p o l y s t y r e n e  la tex s t a n d a r d s  was completed i n  abou t  7 m i n u t e s ,  

w i t h  e a s i l y  d e t e c t e d  bands of approx ima te ly  e q u a l  w id th .  I n  

F i g u r e  5 t h e  expec ted  l i n e a r  r e l a t i o n  between l o g a r i t h m  of  p a r t i c l e  

m a s s  and tR i s  shown f o r  t h e  d a t a  from F i g u r e  4 .  S i n c e  M i s  

p r o p o r t i o n a l  t o  d 3  f o r  s p h e r i c a l  p a r t i c l e s ,  t h e  l o g - l i n e a r  r e t e n -  

t i o n  r e l a t i o n s h i p  f o l l o v s  f o r  b o t h  p a r t i c l e  mass and p a r t i c l e  

d i a m e t e r ,  t h e  d i f f e r e n c e  between them be ing  a f a c t o r  of  t h r e e  i n  

t h e  s l o p e  o f  t h e  l o g - l i n e a r  p l o t s  i n  F i g u r e  5.  

P 

According t o  Equa t ions  20 and 21, t h e  s l o p e  of t h e  log-  

l i n e a r  r e t e n t i o n  r e l a t i o n s h i p  i s  o n l y  c o n t r o l l e d  by t h e  magnitude 

of t h e  T v a l u e ,  t h e  matching t ime-delay and e x p o n e n t i a l  decay 

c o n s t a n t .  F i g u r e  6 shows t h e  e f f e c t  of t h e  magnitude of  T v a l u e s  

on r e t e n t i o n  and t h e  expec ted  s l o p e  changes of  t h e  l o g - l i n e a r  

r e l a t i o n s h i p  a t  d i f f e r e n t  T v a l u e s .  The p l o t s  i l l u s t r a t e  t h e  

t r ade -o f f  between a n a l y s i s  t i m e  and r e s o l u t i o n  by v a r y i n g  t h e  

e x p o n e n t i a l  decay c o n s t a n t  T. A l a r g e r  T v a l u e  c a u s e s  a l o n g e r  

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

peaks f o r  each p a r t i c l e  s i z e .  

O the r  un ique  f e a t u r e s  of t h e  l o g - l i n e a r  SFFF r e t e n t i o n  rela- 

t i o n s h i p s  a l s o  c a n  b e  deduced from Equa t ions  20 and 21. According 

t o  t h e s e  r e l a t i o n s h i p s ,  v a r i a t i o n s  i n  t h e  i n i t i a l  f o r c e  f i e l d  G 

( o r  W o ) ,  channe l  t h i c k n e s s  W ,  mob i l e  phase  d e n s i t y  p, ( o r  A p ) ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



590 

ROTOR 
SPEED--[ 

YAU AND KIRKLAND 

- 
' '; 

I 1  

A = 0.091pm 
B = 0.176pm 
C = 0.220pm 
D = 0.312pm 
E = 0.418pm 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

L 
\ 
\ 
\ 
\ 
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8 
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'\ . 

1 
10 

tR.  MINUTES 

FIGURE 4 .  High-speed SFFF S e p a r a t i o n  of  P o l y s t y r e n e  L a t i c e s  u s i n g  
Time-delay E x p o n e n t i a l  F o r c e - f i e l d  Decay. Channe l ,  57 x 2.54 x 
0.0125 c m ;  m o b i l e  p h a s e ,  0 .1% FL 70 ;  f l o w r a t e  7 . 0  mL/min.; relaxa- 
t i o n ,  1 . 0  min. a t  w,; i n i t i a l  r o t o r  s p e e d ,  a,, 10.000 rpm; d e l a y  
and decay t i m e  c o n s t a n t ,  T, 0 . 9  min ;  d e t e c t o r ,  U V ,  254 nm; sample 
as i n  F i g u r e  1. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TIME-DELAYED EXPONENTIAL FORCE-FIELD 591 

1.0 I I 1 I I I 

.6 - - 

4 -  

a -  - 

- 

.2 - - 

- 
- 
- 

- 
0 . E 
cn - - 
b -02- - - 
X 
I 

0.01 
,008 - 
,006 - 

- - 
- 
- 

- 

- 

I I I I I I 

1 2 3 4 5 6 7 0.001 
0 

h, RETENTION TIME, min 

FIGURE 5. 
Data from Figure 4 .  

Experimental Log-Linear SFFF Retention Relationship. 
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0.5 - 

0.4 - 

E 
=L 
6 0.3- 
I- W 

z 
5 n 

W 
-1 V 

u 
F 0.2- 

2 
a 

U 

0.1 - 
- i 28 

FIGURE 6 .  E f f e c t  of  E x p o n e n t i a l  Decay Time Cons tan t  T on SFFF 
Log-Linear R e t e n t i o n .  P o l y s t y r e n e  s t a n d a r d s ;  rest of  c o n d i t i o n s  
as i n  F i g u r e  3, excep t  r e l a x a t i o n ,  1 . 0  min a t  wo;  UV d e t e c t o r ,  
300 nm. 

and f l o w r a t e  F shou ld  change t h e  i n t e r c e p t  b u t  n o t  t h e  s l o p e  of  t h e  

l o g - l i n e a r  SFFF r e t e n t i o n s h i p .  For  example,  r e l a t i v e l y  c o n s t a n t  

peak s e p a r a t i o n  s p a c i n g s  are i n d i c a t e d  by t h e  p l o t s  i n  F i g u r e  7 f o r  

d i f f e r e n t  f l o w r a t e s ;  t h e  p l o t s  a r e  p a r a l l e l  b u t  d i s p l a c e d .  Such a 

p r e d i c t i o n  i s  i n t u i t i v e l y  c o n t r a d i c t o r y ,  b u t  i t  h a s  been subs t an -  

t i a t e d  e x p e r i m e n t a l l y .  For  example, t h e  t h e o r y  p r e d i c t s  t h a t  t h e  

r e t e n t i o n  t i m e  o f  sample components s h o u l d  b e  a f f e c t e d  on ly  

modest ly  by f l o w r a t e  d i f f e r e n c e s .  According t o  Equa t ions  20 and 

2 1  and t h e  co r re spond ing  p l o t s  i n  F i g u r e  7 ,  a h a l v i n g  of  f l o w r a t e  

w i l l  n o t  doub le  sample component r e t e n t i o n  t i m e s .  I n s t e a d ,  a l l  

peaks a r e  expec ted  t o  e l u t e  on ly  s l i g h t l y  l a t e r ,  w i t h  no change i n  

r e l a t i v e  peak s e p a r a t i o n  s p a c i n g s .  (The t h e o r y  p r e d i c t s  o n l y  3.3 

min. a d d i t i o n a l  r e t e n t i o n  t i m e :  In 2 x T = 3.3 min . ) .  The e x p e r i -  
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0.5 

0.4 
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g 0.3 
W 
I 
4 n 
W -1 

0.2 
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1 I I I I I 

4 8 12 16 20 24 3 
' R ,  RETENTION TIME, min. 

FIGURE 7. Effect of Flowrate F on Log-Linear SFFF Retention. 
Calculated r-delayed data for polystyrene standards; conditions as 
in Figure 3 ,  except variable flowrate. 

mental conditions for separations in Figure 8 were identical 
except that the flowrate was halved in the lower separation, 1.5 

mllmin versus 3 . 0  mllmin for the top curve. Note, however, that 

all peaks eluted in a roughly comparable time period, as predicted 

by theory. 
There is an intuitive as well as theoretical explanation for 

the unusual effect of flowrate on retention as shown in Figure 8. 

Higher flowrates tend to elute particles faster. However, this 

effect in TDE-SFFF is largely negated by the higher centrifugal 

field being imposed at the shorter elution times. In constant- 

field SFFF, particle retention time is inversely proportional to 

flowrate, making retention volume a basic, invariant retention 

parameter. This is in contrast to TDE-SFFY where analyses are 

based more on retention time than on retention volume. 
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POLYSTYRENE 

A = 0 0 9 1 p m  
8 = 0 l 7 6 p m  
C = 0 220pm 
0 = 0 312 p m  
E i 0481 Irm 

wo = 10,000 rpm C LATICES 

1 L I ' j i  

0 4 8 12 16 20 
t R ,  min. 

FIGURE 8 .  E f f e c t  of  F lowra te  on E x p o n e n t i a l  Field-Programmed SFFF 
S e p a r a t i o n .  C o n d i t i o n s  as f o r  F i g u r e  3 ,  excep t  f l o w r a t e s  as shown; 
10 p 1  of p o l y s t y r e n e  s t a n d a r d s :  0.09% 0.091 pm; 0.04% e a .  o f  
0 .176 ,  0 .220  and 0.312 pm;  0.05% 0.481 pm; d e t e c t o r ,  U V ,  254 nm. 

The p l o t s  i n  F i g u r e s  9 and 1 0 ,  r e s p e c t i v e l y ,  show t h a t  changes 

i n  r o t o r  speed w o  and channe l  t h i c k n e s s  W i n  TDE-SFFF a f f e c t  on ly  

t h e  i n t e r c e p t  of  t h e  r e t e n t i o n  r e l a t i o n s h i p  and n o t  t h e  s l o p e .  

Thus,  i n c r e a s e s  i n  w o  and W b o t h  produce g r e a t e r  r e t e n t i o n  of  

smaller p a r t i c l e s .  The un ique  f e a t u r e s  of t h e  v a r i o u s  s e p a r a t i o n  

pa rame te r s  on t h e  TDE-SFFF r e t e n t i o n  r e l a t i o n s h i p  c a n  be u t i l i z e d  

f o r  c a r r y i n g  o u t  conven ien t  and r a p i d  SFFF a n a l y s e s .  P l o t s  such  

as t h o s e  i n  F i g u r e s  7 ,  9 and 1 0  a re  handy f o r  q u i c k l y  s e l e c t i n g  

a p p r o p r i a t e  c o n d i t i o n s  t o  o p t i m i z e  s e p a r a t i o n s  f o r  d i f f e r e n t  

p a r t i c l e  s i z e  l e v e l s  and p a r t i c l e  s i z e  d i s t r i b u t i o n  r a n g e s  of 

i n t e r e s t .  R e t e n t i o n  f e a t u r e s  f o r  TDE-SFFF, a r e  summarized i n  

T a b l e  2.  I n  p a r t i c u l a r ,  w i t h  TDE-SFFF, p a r t i c l e - s i z e  r anges  can 

b e  expanded a t  t h e  expense of  l o n g e r  a n a l y s i s  t ime by u s i n g  sepa ra -  

t i o n s  o f  l o n g e r  7 .  I n c r e a s e  i n  f i e l d  s t r e n g t h ,  w 0 ,  channe l  
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 

I I T I I 

I I '  I I I I 108 

t ~ ,  RETENTION TIME, min 

FIGURE 9.  
R e t e n t i o n .  C a l c u l a t e d  T-delayed d a t a  f o r  p o l y s t y r e n e  s t a n d a r d s ;  
c o n d i t i o n s  as i n  F i g u r e  6 ,  excep t  T = 4.76  min. 

E f f e c t  of I n i t i a l  Rotor  Speed w o  on Log- l inea r  SFFF 
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W in crn 

YAU ANTI KIRKLAND 

8- 
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tR,RETENTION TIME, rnin 

FIGURE 1 0 .  E f f e c t  of Channel  Th ickness  W on Log- l inea r  SFFF 
R e t e n t i o n .  C a l c u l a t e d  d a t a  f o r  p o l y s t y r e n e  s t a n d a r d s ;  c o n d i t i o n s  
as i n  F i g u r e  6 ,  e x c e p t  T = 4.76 min.  
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 597 

d imens ions ,  W and L, and a d e c r e a s e  i n  f l o w r a t e ,  F, a l l  produce 

l o n g e r  r e t e n t i o n  t i m e s  a l l o w i n g  s m a l l  p a r t i c l e s  t o  b e  b e t t e r  

s e p a r a t e d  from t h e  u n r e t a i n e d  void peak. 

TABLE 2 

I n f l u e n c e  of Opera t ing  Pa rame te r s  on Log-Linear R e t e n t i o n  
of  r-Delayed Exponen t i a l  F i e l d  Programmed SFFF 

Pa rame te r s  

Delayldecay 
t i m e  Cons tan t ,  T 

I n i t i a l  r o t o r  speed ,  wo 

Dens i ty  d i f f e r e n c e ,  Ap 

Channel t h i c k n e s s ,  W 

Channel l e n g t h ,  L 

F lowra te ,  F 

Temperature ,  T 

R e l a x a t i o n  t ime 

t-t Large e f f e c t  
+ Moderate e f f e c t  
- N e g l i g i b l e  o r  no e f f e c t  

S lope  

Range) 
( P a r t i c l e  S i z e  

I n t e r c e p t  
( P a r t i c l e  S i z e  

Leve l )  

- 
U 

U 

U 

-I- 

+ 

P a r t i c l e  S i z e  R e s o l u t i o n  and Accuracy 

The f a c t  t h a t  TDE-SFFF produces comparable i n s t r u m e n t a l  band 

b roaden ing  f o r  a l l  e l u t e d  peaks ,  p r o v i d e s  uniform r e s o l u t i o n  a c r o s s  

t h e  f r a c t o g r a m  ( e . g . ,  F i g u r e s  4 and 8 ) .  S i n c e  t h e  p r o p e r t i e s  o f  

l o g - l i n e a r  r e t e n t i o n  i n  SFFF a r e  i d e n t i c a l  t o  t h o s e  of  molecu la r  

weight  c a l i b r a t i o n  i n  s i z e - e x c l u s i o n  chromatography (61,  t h e  same 

approach c a n  b e  used t o  d e s c r i b e  t h e  e f f e c t  of i n s t r u m e n t a l  band 

broadening on p a r t i c l e  s i z e  a n a l y s e s  w i t h  r e g a r d  t o  r e s o l u t i o n  and 

accu racy  in TDE-SFFF. 

expres sed  as (5 ) :  

T r a d i t i o n a l  chromatographic  r e s o l u t i o n  i s  
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598 YAU AND KIRKLAND 

where tR i s  peak r e t e n t i o n  t i m e  and w i s  t h e  chromatogram ( o r  SFFF 

f r a c t o g r a m )  peak w i d t h  formed by i n t e r s e c t i o n  of  t h e  t a n g e n t s  t o  

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

t o  s o l u t e s  ( o r  p a r t i c l e s )  1 and 2, r e s p e c t i v e l y .  The peak s t a n d a r d  

d e v i a t i o n  u i n  E q u a t i o n  24 i s  e q u a l  t o  w/4 and r e p r e s e n t s  i n s t r u -  

m e n t a l  band b r a o d e n i n g .  I n  E q u a t i o n  24 t h e  IS v a l u e s  f o r  peaks  1 

and 2 a re  assumed equa l  b e c a u s e  of  t h e  r e l a t i v e l y  un i fo rm i n s t r u -  

m e n t a l  band b roaden ing  i n  TDE-SFFF ( e . g . ,  see F i g u r e s  4 and 8) .  

Exper imen ta l  u v a l u e s  c a n  b e  d i r e c t l y  e s t i m a t e d  from f r a c t o g r a m s  

by measu r ing  t h e  peak  w i d t h s  of p o l y s t y r e n e  l a t e x  s t a n d a r d s  w i t h  

narrow p a r t i c l e - s i z e  d i s t r i b u t i o n s .  For example,  t h e  h i g h e r  flow- 

r a t e  s e p a r a t i o n  i n  F i g u r e  8 g i v e s  a u v a l u e  o f  0.6 m i n . ,  and t h e  

lower  f l o w r a t e  s e p a r a t i o n  g i v e s  a u of 0.8 min. 

To d e s c r i b e  how w e l l  p a r t i c l e s  of  d i f f e r e n t  s i z e s  o r  masses  

are  r e s o l v e d  i n  a TDE-SFFF s e p a r a t i o n ,  p a r t i c l e  s i z e  and m a s s  

i n f o r m a t i o n  from E q u a t i o n s  20 and  21 are combined w i t h  E q u a t i o n  24 

t o  g i v e :  

T . A l n M  3.r .Alnd 

RS 40 4u 

o r  f o r  two m o l e c u l a r  w e i g h t s  M , ,  and Mz o r  two p a r t i c l e s  s i z e s  

These r e s o l u t i o n  e q u a t i o n s  c a n  b e  used t o  d e s c r i b e  t h e  s e p a r a t i o n  

q u a l i t y  of s p e c i f i c  p a r t i c l e  component p a i r s .  They do  n o t ,  how- 

ever, p r o v i d e  a g e n e r a l  d e s c r i p t i o n  of  t h e  r e s o l v i n g  power of  

p a r t i c u l a r  SFFF s e p a r a t i o n s .  I n  a n  ana logous  s i t u a t i o n  i n  SEC, 

t h i s  problem w a s  overcome th rough  t h e  u s e  o f  r educed  r e s o l u t i o n  

c o n c e p t s  f o r  column pe r fo rmance  (6, 8 ) .  By u s i n g  a similar 

approach ,  t h e  c o n c e p t s  o f  s p e c i f i c  r e s o l u t i o n  f a c t o r  R and 

p a r t i c l e  d i s c r i m i n a t i o n  f a c t o r  DF f o r  TDE-SFFF are now d e s c r i b e d .  
s,2 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 599 

We d e f i n e  t h e  s p e c i f i c  r e s o l u t i o n  f a c t o r  R as t h e  l e v e l  of 
S , 2  

r e s o l u t i o n  t h a t  a p a r t i c u l a r  TDE-SFFF s e p a r a t i o n  can  a c h i e v e  f o r  

p a r t i c l e s  w i t h  a 2-fold d i f f e r e n c e  i n  s i z e  o r  mass. R i s  used 

i n  SFFF r a t h e r  t han  t h e  v a l u e  R employed i n  SEC, because  t h e  

s i g n i f i c a n t l y  h i g h e r  r e s o l v i n g  power of SFFF r e q u i r e s  a more 

s t r i n g e n t  measure of  p a r t i c l e  r e s o l u t i o n .  

r e s o l u t i o n  f o r  materials w i t h  a 10 - fo ld  d i f f e r e n c e  i n  mass ( 5 ) ) .  

By l e t t i n g  t h e  r a t i o s  d /d  o r  Mz/Ml i n  Equa t ion  26 e q u a l  2 ,  

we o b t a i n :  

s , 2  

s,10 

(Rs,10 d e f i n e s  t h e  

P3  Pl 

R ( p a r t i c l e  d i ame te r )  = 0.52rio (27a)  
s , 2  

R ( p a r t i c l e  mass) = 0.17~/0 (27b) s,2 
We d e f i n e  t h e  p a r t i c l e  d i s c r i m i n a t i o n  f a c t o r  DF as t h e  minimum 

p a r t i c l e  d i ame te r  r a t i o  ( o r  minimum p a r t i c l e  mass r a t i o )  of p a r t i -  

c l e s  t h a t  a r e  s e p a r a t e d  w i t h  u n i t  r e s o l u t i o n  i n  a p a r t i c u l a r  SFFF 

s e p a r a t i o n .  By l e t t i n g  R i n  Equa t ion  26 e q u a l  u n i t y  and r e -  

a r r a n g i n g :  

D ( p a r t i c l e  d i ame te r )  = e x p ( 4 o / 3 ~ )  

D ( p a r t i c l e  mass) = exp(4a/ . r )  (28b) 

F 

F 

When i n s t r u m e n t a l  band b roaden ing  i s  c o n s t a n t  a c r o s s  t h e  

f r ac tog ram,  as i s  t h e  c a s e  f o r  TDE-SFFF s e p a r a t i o n s ,  v a l u e s  of 

R and D p r o v i d e  a g e n e r a l  and o b j e c t i v e  e v a l u a t i o n  of  t h e  

s e p a r a t i o n  q u a l i t y .  A good SFFF s e p a r a t i o n  i s  c h a r a c t e r i z e d  by a 

l a r g e  R v a l u e  f o r  h i g h  r e s o l v i n g  power and by a s m a l l  DF v a l u e  

t h a t  approaches u n i t y  f o r  i n c r e a s i n g  par t ic le  d i s c r i m i n a t i o n  

c a p a b i l i t y .  

S , 2  F 

S , 2  

With t h e s e  reduced r e s o l u t i o n  pa rame te r s ,  t h e  q u a l i t i e s  of 

d i f f e r e n t  SFFF s e p a r a t i o n s  c a n  be  compared o b j e c t i v e l y .  Such com- 

p a r i s o n s  can  b e  made f o r  a v a r i e t y  of SFFF expe r imen t s  o r  w i t h  

o t h e r  p a r t i c l e  s i z e  o r  chromatographic  s e p a r a t i o n  t e c h n i q u e s .  For  

example,  t h e  c a l c u l a t e d  r e s o l u t i o n  f a c t o r s  f o r  t h e  two TDE-SFFF 

f r a c t o g r a m s  of F i g u r e  8 a r e  compared i n  Tab le  3 .  The d a t a  show 
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600 YAU AND KIRKLAND 

t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  r e s o l u t i o n  i s  o b t a i n e d  by i n c r e a s -  

i n g  f l o w r a t e .  Th i s  r e s u l t  c o n t r a d i c t s  t h e  u s u a l  chromatographic  

e x p e r i e n c e ,  b u t  i s  c l e a r l y  s u p p o r t e d  by SFFF t h e o r y .  Such r e s u l t s  

a l s o  c l e a r l y  show t h a t  SFFF i s  c a p a b l e  of p roduc ing  R v a l u e s  

t h a t  a r e  a t  l e a s t  f i v e  t i m e s  l a r g e r  t h a n  t h o s e  o b t a i n a b l e  by SEC 

(compare w i t h  d a t a  i n  Chapt.  4 ,  Ref.  5 ) .  

S , 2  

TABLE 3 

S p e c i f i c  R e s o l u t i o n  and P a r t i c l e  D i s c r i m i n a t i o n  F a c t o r s  f o r  
Exponen t i a l  F i e l d  Programmed SFFF (Fractograms of F i g u r e  8) 

F lowra te  U P a r t i c l e  Diameter P a r t i c l e  Mass 

DF DF - -  S , 2  
R (mllmin. ) (*) R s , 2 -  

3 0 .6  4.13 1.18 1 .35  1 .66  
1 . 5  0.8 3.09 1.25 1 .01  1 .96  

S i n c e  peak s t a n d a r d  d e v i a t i o n  ( u )  v a l u e s  i n  TDE-SFFF are 

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

i n s t r u m e n t a l  band b roaden ing  on e r r o r s  i n  p a r t i c l e  s i z e  and p a r t i -  

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

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

g e n e r a l l y  v a l i d  and a p p l i c a b l e  t o  a l l  sample t y p e s ,  r e g a r d l e s s  of 

d i f f e r e n c e s  i n  sample p a r t i c l e  s i z e  o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  

Peaks i n  SFFF f r ac tog rams  are i n f l u e n c e d  by i n s t r u m e n t a l  band 

broadening.  Because of  t h i s ,  t h e  uncompensated, c a l c u l a t e d  p a r t i -  

c l e  d i a m e t e r s  or p a r t i c l e  m a s s  v a l u e s  i n v a r i a b l y  c o n t a i n  some 

e r r o r s .  The magnitude of t h i s  e r r o r  can  be  expres sed  i n  terms of 

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

m a s s  v a l u e s :  

% e r r o r  = ($ - 1) 100 (29) 

where e is  t h e  i n s t r u m e n t a l  band b roaden ing  c o r r e c t i o n  f a c t o r  

d e f i n e d  as: 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 601 

- - 
d ( t r u e )  = 8. d ( c a l c u l a t e d  from f r ac tog ram)  (30a) 

M ( t r u e )  = 8 .  M ( c a l c u l a t e d  from f r ac tog ram)  (30b) 

P P 
- - 

The magnitude of t h e  e r r o r  and t h e  r e q u i r e d  c o r r e c t i o n  f a c t o r s  

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

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

e r r o r s  are v e r y  s m a l l ,  u s u a l l y  1% o r  less.  The e r r o r  a l s o  v a r i e s  

w i t h  t h e  type  of d e t e c t o r  used i n  t h e  SFFF expe r imen t .  

Mathematical  approaches t o  d e r i v e  e x p r e s s i o n s  f o r  band broad- 

e n i n g  c o r r e c t i o n s  f a c t o r s  have been p r e v i o u s l y  developed f o r  

chromatographic  s e p a r a t i o n s  ( 7 , 8 ) .  We have used a n  analogous 

approach t o  d e r i v e  t h e  TDE-SFFF band broadening c o r r e c t i o n  f a c t o r s  

l i s t e d  i n  T a b l e  4 .  and 
- P 
M a v e r a g e s  are from Refe rences  5 ,  7 ,  8 ,  and are l i s t e d  i n  T a b l e  

5 f o r  conven ience ) .  I n  t h i s  d e r i v a t i o n ,  band b roaden ing  i s  assumed 

t o  b e  symmetr ical  and can b e  approximated by a Gaussian shape  

f u n c t i o n  having a c o n s t a n t  U-value a c r o s s  t h e  e n t i r e  SFFF f r a c t o -  

gram. The pa rame te r  y i n  T a b l e  4 s p e c i f i e s  t h e  d e t e c t o r  t y p e  

a c c o r d i n g  t o :  

( D e f i n i t i o n s  f o r  t h e  d i f f e r e n t  t y p e s  of  2 

( D e t e c t o r  Response) 0~ N d (31) 
P 

where N i s  t h e  number of  p a r t i c l e s  i n  t h e  d e t e c t o r  c e l l .  When y=O, 

t h e  d e t e c t o r  s i g n a l  i s  p r o p o r t i o n a l  t o  t h e  number of  p a r t i c l e s  and 

independent  of  t h e  p a r t i c l e  s i z e ,  as i n  t h e  c a s e  f o r  a p a r t i c l e -  

c o u n t e r  d e t e c t o r .  With y=6,  Equa t ion  3 1  d e s c r i b e s  t h e  d e t e c t o r  

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

Ray le igh  regime.  With y=3, Equa t ion  3 1  d e s c r i b e s  t h e  d e t e c t o r  

s i g n a l  from a weight-concentrat ion-dependent  d e t e c t o r  such  as a 

r e f r a c t o m e t e r .  The SFFF band b roaden ing  c o r r e c t i o n  f o r  a l i g h t -  

s c a t t e r i n g  d e t e c t o r  o p e r a t e d  i n  t h e  Mie s c a t t e r i n g  regime (7)  i s  

more compl i ca t ed  and w i l l  be d i s c u s s e d  i n  a f u t u r e  p u b l i c a t i o n .  

Corresponding e r r o r s  i n  t h e  c a l c u l a t e d  p a r t i c l e  d i a m e t e r  and 

p a r t i c l e  mass v a l u e s  c a n  be  p r e d i c t e d  a c c o r d i n g  t o  Equa t ion  29 by 

u s i n g  t h e  a p p r o p r i a t e  8 c o r r e c t i o n  f a c t o r s .  For example, band 

b roaden ing  e r r o r s  f o r  t h e  SFFF s e p a r a t i o n  shown i n  F i g u r e  8 are 

t a b u l a t e d  i n  T a b l e  6 .  Note t h a t  p a r t i c l e  d i a m e t e r  e r r o r s  caused by 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 603 

TABLE 5 

Definitions for Different Types of Statistical Averaging of 
Particle Diameter or Molecular Weight Distributions 

Particle Diameter Averages 
- C n. d /Z ni 

Number Average d 1 PYi P,N 

P,S i P,L 
1 1 2  - 

Surface Average d (Z n d2 ./Z nil 
- 

Specific Surface d 
Average PISS 

Weight 
Average 

Volume 
Average 

Turbidity 
Aver age 

2-Aver age 

d 
P9V 

d 
P>Z 

Particle Mass Averages 

Number Average % C ni Mi/Z ni 

Weight Average 

Z-Average 

- 

- z n. M.‘~c n M 

c n. M.~/z n. M 

% 1 1  i i  

MZ 1 1  i i  
- 

Note: n = Number of sample components having particle diameter i d or particle mass M p,i i 
C = Sum over i for all sample components of different 

particle sizes (i = 1, 2, 3 ,  ... etc.) 

instrumental band broadening in this typical SFFF separation are 

only about 1% or less, as might be anticipated as a result of the 

high resolution capability of SFFF. Smaller errors are found with 

the higher flowrate experiment in Table 6, indicating that in 

exponential-field SFFF, higher flowrates produce higher resolution. 

It should be noted that the peaks in the higher flowrate 

separation in Figure 8 appear sharper on a retention-time scale; 

however, they are actually broader on a retention-volume scale. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



604 YAU AND KIRKLAND 

TABLE 6 
Particle Diameter and Particle Mass Due to Instrumental 
Band Broadening for Exponential Field Programmed SFFF 

(Data from Figure 8; r = 4.76 minj 

X Errors 
0 in Eq. 29 F=3ml/min F=1.5ml/min 

Z error = (u=0.6min) (0=0.8 min) 
(i/e-ijaioo 

Particle Diameter 
Averages 

- 
Number Average d exp (+lb / 1 8 ~  ’ ) -0.9 7 -1.71 

Surface Average d exp (+50’/9-r2) -0.88 -1.56 
P,N 

P,S 
- 

Specific Surface X exp (+7OZ/18rz) -0.62 -1.09 
Average PISS 

Average P ,W 

Average P,V 

Average P*T 

- 
Weight d exp (+5u2/18~’) -0.44 -0.78 

- 
Volume d exp (+uz / 2~ ’1 -0.79 -1.40 

- 
Turbidity d exp ( + u z /  6~’) -0.26 -0.47 

- 
2-Average d exp (-u2/18r ’) +O. 09 +0.16 

Particle Mass 
Averages 

P,Z 

- 
exp / 2r ’ ) -2.36 -4.15 

exp (+u2 / 2r ) -0.79 - 1 - 4 0  
MN 
% 
M2 

Number Average 

Weight Average 

2-Average 

- 
- 

exp (-uz / 2.r ’) +o. 80 +1.42 

Thus, at higher flowrates the particle concentration in peaks is 

less than that at the lower flowrates because of band dispersion. 

Eventually, detector response at low particle concentration can 

limit how high a flowrate one can use to improve separation resolu- 

tion in exponential-field SFFF. 

#en a turbidity detector is used, SFFF band broadening causes 

negative errors, that is, the calculations underestimate particle 

size. Table 6 shows that the particle diameter values calculated 

from the SFFF fractogram in Figure 8 are less than the expected 
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TIME-DELAYED EXPONENTIAL FORCE-FIELD 605 

t r u e  v a l u e s ,  excep t  a s  p r e d i c t e d  f o r  t h e  high-order  Z-average i n  
- 
d The e r r o r s  are,  however, i n s i g n i f i c a n t l y  s m a l l .  

P,Z'  
The accu racy  and r e p r o d u c i b i l i t y  of  TDE-SFFF p a r t i c l e  s i z e  

a n a l y s e s  w i l l  b e  r e p o r t e d  i n  a for thcoming p u b l i c a t i o n .  
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