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ABSTRACT 

During a separation process of reversibly associating species 
(e.9. tensides, block copolymers etc.) in size exclusion chromato- 
graphy (SEC), some amount of solute can be temporarily trapped 
in the gel phase. A model covering this effect, namely hindered 
release of a solute form the gel phase, has been developed. 
Results of numerical calculations have been compared with experi- 
mental data of micellizing block copolymers and the effect of 
trapping of the solute in the gel pores has been demonstrated. 

INTRODUCTION 

Size exclusion chromatography (SEC) is a very useful method 
for the investigation o f  reversibly associating macromolecules. 
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1024 PROCHAZKA ET AL. 

Chromatograms obtained with such systems result from two competing 
processes: Separation of the solute in a column and continuously 
disturbing and reestablishing association == dissociation equi- 
librium. Thus the chromatograms, the shapes of which depend on 
the relative rates of these two processes, can, in principle, 
provide an information on the dynamics of association and dis- 
sociation of macromolecules. To draw a quantitative information 
from SEC experimental data, theoretical model must be developed 
first describing adequately the behavior of associating systems 
during a SEC experiment. 

in a large range of the association numbers and for different 
rates of association and dissociation, are lacking. The reason 
for it can be seen in the fact that the nonlinear partial dif- 
ferential equations,which must be necessarily used for the mo- 
delling of SEC experiment, are not easy to solve numerically. 
Papers published so far are mostly limited to cases of the infi- 
nitely fast establishing unimer c micelle equilibrium (Gilbert 
(11, Coll ( 2 ) )  or of a very small association numbers ( 3 ) .  It 
seems that it is impossible to describe a SEC chromatogram for 
a general case of an associating system by an analytical function. 

In our previous paper (4) we have introduced a simplified 
model of a reversibly associating systems, consisting of a mix- 
ture of unimer (molecularly dissolved molecules) and monodisperse 
associates (micelles) having association number up to 16 (axial 
dispersion in the mobile phase has been neglected). It has been 
assumed in our mathematical model (as it is the common practice 
in the SEC theories of this kind (1-4))  that the establish ment 
of the separation equilibrium of unimer between mobile and sta- 
tionary phases is very fast (practically instantaneous). This 
assumption has been substantiated by some experimental data(5,6) 
concerning micellization of block copolymers in selective sol- 
vents. On the other hand, an effect of the detainment of an asso- 
ciating solute (block copolymers or nonionic surfactants) has 
been reported (6-8) and interpreted as an adsorption (7,8) or as 

Works, enabling the determination of the rate characteristics 
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SEC OF ASSOCIATING SYSTEMS. I1 I025 

a trapping of the secondarily formed micelles in the ge 
(61 ,  respectively. 

The aim of this paper is an extension of our previous 

pores 

simpli- 
fied model of the SEC of an associating system, covering also 
the hindered release of solute from the gel phase. We also intro- 
duce a few experiments supporting the idea of solute trapping 
in the gel pores. 

THEORETICAL 

Our model of an associating system in SEC is based on three 
assumptions, the first two of them coinciding with those in our 
previous paper (4) .  

1. There are two kinds of particles present in a dilute 
solution of a block copolymer in a selective solvent (in mobile 
phase), which are in reversible equilibrium : Molecularly dis- 
solved copolymer (unimer), U, and monodisperse spherical associ- 
ates (micelles), M, the latter consisting of a core formed by 
insoluble blocks and a shell formed by soluble blocks. Associa- 
tion can be described by a quasichemical equilibrium 

where n is association number (number of copolymer molecules 
forming one micelle), kas and k 
and dissociation, respectively. 

are rate constants of association d 

2 .  Chromatographic column is homogeneously packed with uni- 
form spherical particles of porous gel representing a stationary 
phase. Mobile phase (selective solvent) moves through the inter- 
stitial volume between the gel particles (fraction of this volume 
is further denoted as a ) by a velocity v, in the flow direction 
, x *  
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1026 PROCHAZKA ET AL. 

3 .  Unimer can penetrate by a finite velocity (it was infi- 
nitely fast process assumed in our previous paper (4)) into 
pores of the stationary phase. The volume fraction of the pores 
in the stationary phase is further denoted as a .  Gel pores are 
sufficiently small in comparison with the micellar dimensions so 

that micelles cannot penetrate into the stationary phase. Never- 
theless, as the pores have a certain size distribution, some of 
them are able to accomodate micelles with the same or lower asso- 
ciation number than those in the mobile phase. We assume that the 
micelles in the pores can be built by a step mechanism, i.e., by 
a consecutive attachment of unimer molecules. During that process, 
the entanglement of the core-forming blocks take place. Once a 
micelle in a given pore is formed, the rest free volume in the 
pore for the movement of polymer chains is small and thus the 
disentanglement and dissociation of micelle is slowed down. The 
release of the polymer is hindered even after the 
tration in mobile phase in the neighbourhood of a gel particle 
drops due to the convective flow. 

the process outlined 
in the paragraph above, disentanglement kinetics in particular, 
would be extremely difficult. Instead, simple linear relations 
describing mass transfer between mobile and stationary phases are 
used in this paper for the modelling of the temporal changes of 
polymer concentration in the stationary phase. 

stationary phase (dc(S)/dt) can be expressed as 

polymer concen- 

A detailed mathematical description of 

The time derivative of the copolymer concentration in the 

P 

( where c t )  is the mass concentration (in g per unite volume) of 
unimer in the mobile phase, c k )  the total copolymer concentration 
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SEC OF ASSOCIATING SYSTEMS. I1 I027 

in the stationary phase, ks denotes the rate constant of the pene- 
tration of unimer into the pores of stationary phase, and kfl and 
kf2 are the rate constants of the release of unimer and trapped 
micelles from the stationary phase, respectively. Coefficients cfl 
and s2 characterize the volume fraction of larger pores where the 
trapped micelle can be built. The rate of the release of copolymer 
from the stationary phase can be expressed using an effective 
constant kef 

Substitution of eq.(3) into eq.(2) leads to 

For  the sake of simplification of the mathematical calculation 
(analogically to our previous model in (4 ) ) ,  it is useful to 
introduce reduced variables 

T = tv/L x = x/L 

where L is the length of the column in the direction of x axis, 
v is the velocity of passage of mobile phase in the direction of 
x axis and t is time. Symbols c p )  and c p )  describe the mass con- 
centrations of unimer and micelles, respectively, in the mobile 
phase, chs) is copolymer concentration in the stationary phase 
(regardless of the state of copolymer in pores) and cou is the 
maximum unimer concentration in the input puls. Constants kas and 
kd are rate constants of micelle formation and dissociation, res- 
pectively. 
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1028 PROCHAZKA ET AL. 

Based on the mass balance in the infinitely thin layer of 
the column, the following differential equations have been derived 

where 

was = (kascoE-lL)/v , wd = (kd L)/v 

w S ksL/v , 

Y (1 -a>a/oc 

wef kefL/v 

(11) 

(12) 

a is the volume fraction of mobile phase in a column and R is 
the volume fraction of pores in the stationary phase, ks is the 
rate constant of the penetration of unimer into gel pores and 
kef is the effective rate constant of the slowed down release of 
copolymer from the pores into mobile phase. 

Initial and boundary conditions for reduced concentrations 
of unimer ,S, and micelles ,F, in mobile phase are the same as in 
our previous paper (4) 

S( T ,X) = 0, for T 2 0, X 0 (13) 

Initial condition for the reduced variable G( T ,X) defines an 
empty stationary phase at the beginning of SEC experiment: 

G(T ,XI 0, for T = 0, X > 0 (16) 
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SEC OF ASSOCIATING SYSTEMS. I1 I029 

This condition makes the present model different from the pre- 
vious one (4) in which an instantaneous establishment of the 
separation equilibrium of unimers between mobile and stationary 
phases and thus an equal concentration of copolymer in the gel 
pores and in the mobile phase from the very beginning of SEC 
experiment were assumed. The function f(X) specifies a slightly 
rounded (as if modified by free diffusion), originally rectangular 
peak, which is located in the immediate vicinity of the top of 
the column. For the reduced concentration S the maximum value 
of f(X) equals one. This shape and the position of the original 
peak fits satisfactorily the physical reality and prevents also 
serious mathematical complications which are encountered when 
working with the rectangular peak, namely oscilations in numerical 
calculations of nonlinear parabolic partial differential equa- 
tions. Numerical calculations of the differential equations, 
using the Wendroff scheme, have been described in (4). 

RESULTS AND DISCUSSION 

Calculated Chromatograms 

In this paper we have concentrated mainly on the effect of 
the rate of establishment of the separation equilibrium of unimer 
between mobile and stationary phases on the shape of SEC elution 
curves. We present only results elucidating a) the effect of ws 
and wef values on the separation mechanism in a column(separation 
efficiency, peak broadening) and b) the effect of trapping of 
micelles in gel pores. The least mechanism can be operative in 
the SEC of micellar systems with the association number at least 
eight and the rate of micellization and dissociation as well as 
the rate of establishment of separation equilibrium of unimer 
between mobile and stationary phases significantly higher than 
the flow rate of a mobile phase. 
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I030 PROCHAZKA ET AL. 

First, an influence of the increasing values of ws and wef 
(for the case: ws = wef) on the shape of elution curves has been 
studied. The finite values of the rates of solute penetration 
into gel phase (ws) and its release into the mobile phase (wef) 
diminish the separation efficiency of the column as compared with 
the case of an instantaneous establishment of the separation 
equilibrium of unimer between phases. If the processes of unimer 
penetration and release into and from the stationary phases, 
respectively, are not reasonably fast in comparison with the flow 
rate of mobile phase, the unirner cannot penetrate into gel pores 
in a sufficient amount, its actual concentration in stationary 
phase decreases, and only a smaller part of solute molecules can 
undergo a separation process. 

The reasoning outlined above is demonstrated for the case of 
independent components (Fig. 1). Fig. 1 shows clearly a decrease 
of the separation efficiency with decreasing values of ws and 
wef. All theoretical curves are compared for the same value of 
T as in paper (4). In the region of intermediate values of ws 
and wef, a new interesting effect appears: A significant frac- 
tion of the Slow component which is temporarily retained in the 
stationary phase, causes an asymmetrical broadening of the slow 
peak (Fig.lb). For low values of ws and wef (Fig.lc), the separa- 
tion of components is practically eliminated and the slow peak 
becomes sharper again (with the exception of the long tail of 
negligible concentration) . 

The total amount of the slow component increases with the 
decreasing values of w and wef, which is a consequence of the 
initial condition given by eq.(16), defining an empty stationary 
phase forT= 0. At the beginning of a SEC experiment, a certain 
amount of slow component (depending on the rate of penetration of 
the slow component into stationary phase and its release) enter 
into the gel pores and its concentration in the mobile phase 
drops. 

All these three factors, i.e., (a) the deterioration of the 
separation efficiency, (b) the asymmetry of the slow peak and 
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(c) the increasing amount of the slow component in the mobile 
phase with decreasing rates of unimer penetration into and its 
release from the gel pores have to be kept in mind, when theore- 
tical chromatograms of the associating systems will be discussed. 

Fig.ld shows the theoretical peaks for fast penetration of 
the slow component into pores of the stationary phase and its 
temporary trapping in the pores (much slower release, = l o 3 ,  
wef = 1 0 ) .  In this case the separation efficiency is not drama- 
tically reduced. Nevertheless, the slow peak is rather broad 
with a well pronounced tail and the total amount of slow compo- 
nent in the mobile phase drops down significantly. 

wS 

In Fig.2, the influence of changing values of ws and wef on 
theoretical chromatograms for fast associating systems (n = 16, 

= wef 10 , Fig.Za), the calculated curves exhibit the typical 
features of Gilbert’s type chromatograms. As concerned the mode- 
rately high values of w and wef (the range of lo2 to 4x10 >, 
the asymmetry of the slow peak increases and a significant 
decrease of the amount of the fast component (micelles) can be 
seen (Fig.2b). For such systems, the rising deficit of the slow 
component (unimer) in the mobile phase, caused by its continuous 
transition into gel pores, is readily compensated for by the fast 
dissociation of micelles. For a slow establishment of the separ- 
ation equilibrium of unimer between the mobile and stationary 
phases, (Fig.2~1, the separation efficiency, as well as the total 
amount of polymer retained in the stationary phase, decreases and 
an effect of self-sharpening of both peaks is evident. Simultane- 
ously, the amount of slow component (unimer) in the mobile phase 
approaches that of the fast component (micelles). 

The true trapping of secondarily formed micelles in the  gel 
pores, described in the theoretical part, can be simulated numer- 
ically for wsrwef. Fig.3 gives the comparison of results for a 
fast penetration of unimer into and out of gel pores with those 
for a temporary trapping if secondarily built micelles in the gel 
pores. The theoretical concentration profiles of both components 

3 .  was = wd =4 10 is shown. For high values of ws and wef (ws = 
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0.2 

"I 1.5 

x 0.4 

1 .o 

0.5 

0 

0.2 x 0.4 

Figure 3 .  Concentration profiles of unimer (S) and n-mer (F) 
components (a)  and resulting concentration prof iles(b) 
for fast association equilibrium and different rela- 
tive rates df ws and wef. 

for w <wef and the resulting chromatograms are shown in Figs.3a 
and 3b, respectively. The results based on the model which includes 
temporary trapping of a solute in the stationary phase are impor- 
tant from the practical point of view: The peak of unimer is 
extremely broad, the position of the maximum concentration of 
micelles coincides with that of unimer (the separation efficiency 
does not deteriorate significantly) and the mass fraction of 
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SEC OF ASSOCIATING SYSTEMS. I1 1035 

micelles decreases dramatically during the passage of the compo- 
nents through the column. 

Two important conclusions concerning a rapidly micellizing 
real copolymer system in a SEC column, where secondarily built 
micelles may be temporarily trapped in gel pores, can be drawn 
from our theoretical calculations: 

a) a chromatogram with two maxima can never be obtained, 
b) for micellar systems, where under disturbed condition 

(out of column) the micellization equilibrium is not considerably 
shifted in favour of micelles, a decrease of the mass fraction of 
micellesin the mobile phase during the passage through a SEC 
column, may cause the total disappearence of micelles from the 
solution which is leaving the column. 

Comparison with Experiment 

Experiments in this paper have been performed with a three- 
-block copolymer G-1650 (Shell) polystyrene-block-poly(hydro- 
genated butadienel-block-polystyrene (Mw 74x10 , 28 wt .% poly- 
styrene). In all selective solvents employed, unimer = micelle 
equilibrium is shifted towards micelles with cores formed by 
aliphatic blocks and protective shells formed by polystyrene 
blocks. Basic parameters of micelles in the respective solvents 
are in Tab.1. 

The SEC experiments have been performed with a Waters 150 C 
apparatus, RI detector and four &-Bondage1 E-linear columns. All 
analyses were carried out at 3OoC, using a flow rate 1.0 ml/min 
and injection volume 1 0 0 ~ 1 .  

quantitatively - the SEC behavior of numerous real block copolymer 
micellar systems. Similarities between theoretical and experiment- 
al chromatograms discussed below, concern mainly the loss of the 
mass fraction of micelles during the passage of solute through 
the column, and the broadening of a unimer peak and its shifting 
towards lower values of the elution volume. 

3 

The model introduced in this paper predicts - at least semi- 
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1036 PROCHAZKA ET AL. 

1, 4-dioxane 
/20 vol.% n-heptane 4.20 57 ( 9 )  

Fig.4 shows elution curves of the copolymer G-1650 injected 
in a solvent mixture (1,4-dioxane/20 vol.% n-heptane), identical 
with the mobile phase, where the unimer == micelle equilibrium 
is strongly shifted towards micelles ( 9 ) .  The chromatogram has 
a form of a relatively narrow, slightly asymmetric peak of the 
fast component, followed by a long tail exceeding permeation 
limit of the column used. Results obtained by a light-scattering 
detector proved that the fast peak corresponds to high-molar-mass 
particles, i.e. micelles (11). The long tail reflects a slow 
release of the copolymer from the stationary phase. The mass 
balance at the end of the experiment indicates that a part of 
the solute was trapped in the column. A substantial part of the 
solute was eluted by a zone of a good solvent, THF (curve 2). 
To wash out the rest of the solute, another injection of THF 
was needed (curve 3 ) .  The shape of the curve 2 can be qualita- 
tively explained by the following reasoning: THF enters the gel 
pores occupied by trapped micelles, causing a swelling of their 
cores, this process leading to their dissociation and a release 
of the unimer into the mobile phase. As a consequence the co- 
polymer concentration in front of the THF zone increases. When 
the unimer concentration exceedes that of cmc, micelles are 
formed. These micelles pass through the column faster than the 
unimer. As soon as their concentration drops below cmc, they 
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SEC OF ASSOCIATING SYSTEMS. 11 1037 

Figure 4. Chromatograms of Kraton G-1650 at 25OC. Mobile phase: 
1,4-dioxane/20 vol.% n-heptaneL3 
1: injected solution (c=2.5x10 
/40 vol.% n-heptane; 2 and 3 :  THF. 

g/cm3> in 1,4-dioxane/ 

dissociate again. Being able to enter more gel pores than uni- 
mer, THF delays behind the just released unimer, swelling and 
releasing another portion of the still trapped micelles. As a 
consequence of the described complex processes the asymmetric 
concentration profile as in Fig.4, curve 2,  may result. Orien- 
tation data obtained with the light-scattering detector indicate 
that the higher Ve part of the elution curve contains heavier 
particles than the lower one. This surprising result will be 
discussed in more detail in the following paper (11). 

The elution curve (Fig.5, curve 1) resembling a super- 
position of the curves 1 and 2 in Fig.4 has been obtained by 
the injection of a solution of G-1650 in a good solvent, THF, 
into the selective mobile phase, 1,4-dioxane/20 vol.96 n-heptane. 
Polymer molecules in form of unimer, moving faster than the THF 
zone, reach finally the selective mobile phase, forming a uni- 
mer == micelle equilibrium. The situation is analogous to that 
described in the previous case (Fig.41, with only one difference: 
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i 

Figure 5. Chromatograms o f  Kraton G-1650 a t  25OC.  Mobile phase: 
1,4-dioxane/20 vol .% n-heptaneL3 
1: i n j e c t e d  s o l u t i o n  (c=3.9x10 g/cm 1 i n  THF; 2: THF. 3 

The copolymer, trapped i n  the s ta t i ona ry  phase i s  washed ou t  by 

the  delayed THF, the process lead ing  t o  the  format ion o f  the 

asymmetric peak (Fig.5, curve 1). The r e s t  o f  trapped so lu te  can 

be washed ou t  by an i n j e c t i o n  o f  THF (Fig.5, curve 2). 

The e l u t i o n  curve i n  Fig.6 resembles i n  many respects the 

t h e o r e t i c a l  curves i n  Fig.3b. Although i n  the  mixed so lvent  1,4- 

-dioxane/30 vo l .% n-heptane the  unimer = m i c e l l e  equ i l i b r i um 

i s  s t i l l  shi f ted.  towards mice l les  (as concluded from s t a t i c  

measurements), t he  d i f f e rence  between the  r e s u l t i n g  chromatogram 

and t h a t  i n  Fig.4, curve 1, i s  apparent. The chromatogram i n  

Fig.6 shows a drop i n  the mass f r a c t i o n  o f  m ice l l es  and a broa- 

dening o f  the  unimer peak which reaches a reg ion  o f  the  e l u t i o n  

volumes f o r  low-molar-mass species. An eas ie r  release o f  trapped 

so lu te  can be explained by a much f a s t e r  d i ssoc ia t i on  process, 

probably due t o  a more swelled and thus n o t  so t i g h t l y  kno t ted  

m i c e l l a r  cores. 
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Figure  6. Chromatograms of Kraton G-1650 a t  25OC. Mobi le phase: 
1,4-dioxang /303 vo l .% n-heptane. I n j e c t e d  s o l u t i o n  
(c.2.5~10 g/cm ) i n  the  same so lvent  mix tu re .  E l u t i f n  
volumg o f  poly9tyrene standards with Mw: 1- 5x10 , 
2- 10 , 3- 3x10 . 

To demonstrate t h a t  the phenomenon o f  the  hindered re lease 

of a so lu te  from the  column i s  based no t  on a t r u e  adsorp t ion  bu t  

on a t rapp ing  o f  m ice l l es  i n  the  g e l  pores,the f o l l o w i n g  exper i -  

ment has been performed: The i n j e c t e d  sample was G-1650 i n  a 

so lvent  mixture s e l e c t i v e l y  good f o r  polystyrene, THF/24 vo l .% 

ethanol .  Resu l t ing  chromatogram i n  Fig.7 i s  s i m i l a r  t o  t h a t  i n  

F ig .4 ,  curve 1. Evaluat ion o f  the  mass f r a c t i o n  o f  t he  e l u t e d  

unimer , based on our t h e o r e t i c a l  model leads t o  the  value 0 . 2 9 ,  

which i s  much h igher  than t h a t  i n  the  i n j e c t e d  s o l u t i o n  ( i . e . ,  

below 0.08 (10)). We have proved t h a t  the  r e s t  o f  t he  so lu te  

cou ld  be completely washed ou t  n o t  on ly  by THF bu t  a l so  by  a zone 

o f  a good so lvent  mix tu re  of THF conta in ing  l e s s  than 15 vo l .% 

of ethanol, i . e .  by a so lvent  d i f f e r i n g  on ly  s l i g h t l y  from a 

mobi le phase. This experiment r u l e s  ou t  the  conception o f  a 
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Figure 7. Chromatogram of Kraton G-1650 at 25OC. Mobile ph;fse: 
THF/24 vol.% ethanol. Injected solution (c=O. 9x10- )in 
the same solvent mixture. 

relatively strong true adsorption of the copolymer on the surface 
of the gel particles. 

It can be concluded that during a separation process of 
a micellinzing block copolymer in SEC experiment a trapping of 
the secondarily built micelles in gel pores takes place. This 
phenomenon may affect an interpretation of SEC data concerning 
both unimer/micelles ratio and dynamics of the unimer c mi- 
celle equilibrium. On the other hand, it must be emphasized 
that due to the polydispersity in size of the gel pores, not 
only unimer, but also micelles can enter and exit the gel pores, 
making thus the resulting process - at least in comparison with 
our model - more complex. 
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