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Large zone reaction boundary profiles for molecular sieve chromatography as affected by kinetic parameters have been 
simulated for local equilibration between the mobile and stationary phases. Our studies of monomer-dimer and monomer 
-tetramer systems indicate that in a slowly equilibrating system, the kinetic controls operating between the mobile and 
stationary phases contribute most s@ikantly to the overall boundary proftie. ln a rapidly equilibrating system, however, 
the kinetic parameters kg and kii operating in the mobile phase are the principal determinants of the reaction boundary, 
while the kinetic effects of &ii and k_z between the mobile and stationary phases are minimal. 

I _ Introduction 

Transport processes such as scarming molecular 

sieve chromatography [l-S] have proven a useful 
complement to ordinary ultracentrifugal equilibrium 
techniques in defining the nature of a chemical reac- 
tion for selfassociatiug systems, in which a chemical- 
ly reacting solute can impart a great deal of informa- 
tion about the solute and the reactions in which it 
participates. 

Since no methods exist to date which make it 
possible to infer directly the nature of a solute and 
its interactions from the boundary profile, a number 
of computer simulation procedures have been 
developed, using finite difference models of the 
transport process to predict the boundary profdes 
that will be given by various interacting systems 
[9-211. Zirrmemxan and Ackers [22] have used the 
simulation technique to predict the behavior of a 
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number of rapidly equilibrating systems on various 

ckomatographic media [22-27]_ Zimmerman [25] 
has expanded this simulation procedure to consider 
an entire range of chemical reaction rates, from in- 
finitely rapid to infhritely slow, under kinetic control. 
These earlier simulation techniques [22--273, how- 
ever, have been limited to consideration of the inter- 
acting species distribution in a rapidly equilibrating 
system. 

We have recently reported, from computer simula- 
tion studies, that the slope and development of the 
reaction boundary for the chemically interacting 
species in a self-associating system, a function of the 
equilibration time along the gel column Ien,@ is 
influenced by the effective kinetic rate of local 
equilibration between mobile and stationary phases 
[ 15]_ The solute partition cross-section and axial dis- 
persion operator of such an interacting protein system 
under kinetic control have been simulated by [l] 
time discretization, [2] the finite difference approx- 
imation of Fick’s second law 1141 and 133 the kinetic 
expression for the concentration of monomer G(r) as 
a function of equilibration time [ 151. 

In our examination of the effect of kinetic controls, 
we have found that although the chemical reaction 
rate for cases of rapid equilibration in the mobile phase 



is the principal determinant of the shape of the elu- 
tion boundary, the kinetically-controlled reaction rate 
between mobile and stationary phases is the principal 
perturbing factor of the reaction boundary. Hence, 
decreasing the rate of equilibration in the mobile phase 
has a much greater effect on the shape of the boundary 
profie in molecular sieve chromatography than does 
decreasing the rate of equilibration between phases 
[i5]. 

The most signiGcant overall finding of these com- 
puter-simulated gel permeation experiments is that 
the kinetically-controlled effects of local equilibration 
along the column in either the mobile or stationary 
phase influence the apparent equilibrium constant as 
a function of the distance coordinate. The concentra- 
tion gradient profiles vary when evaluated for each 
species at each point along the column between the 
mobile and stationary phases. 

In this communication, we report on the computer 
simulation of the continuity equation for chromatog- 
raphic transport [3,28] as applied to distrrbution of 
monomer as a function of equilrbration time, C,,, 
between the mobile and stationary phases, for various 
types of self-associating systems. These results are 
compared with the C& distribution in the mobile 
phase alone. Although previous simulation techniques 
have considered the column equilibrium coefficient 
for a given self-associating species to be constant, we 
have found that thisvaries as a result of kinetic 
effects. 

2. Basic quantities for simulation of the gradient 
boundary profile of the we zone experiments 

The e;;pression for an idealized chromatographic 
continuity equation for the exchange of solute be- 
tween the stationary and mobile phases is 

ac; 3iia2q 
- =-- f $,.kj+g at ax l 

where ?cii is the chemical reaction rate from species 
i to j and G and q* are the concentrauuli of species 
i in the mobile and stationary phase, respectively. The 

MOBILE PHASE 

STATIONARY PHASE 

-1 

F&T_ I_ A simplified model for solute association in the mobile 
and stationary phase ?n the gel column [ 153 _ 

{-Zj.+ jkg(qy + ~~~i~~~~~)i) term represents a 
local equilibration in the mobile phase and (-k_,~ 
-f kii~*) represents an equilibration between the 
mobile and stationary phases. F is the ehrtion flow 
rate, Ei is the solute partition cross-section, .$i = 
(F/A)(dt/dZZ and Lj is the axial dispersion coefficient 
characteristic of solute turbulence within the gel 
matrix. 

Inkconsidering a monomer-nmer system, i.e. 
nAT e &*, then the kinetic expression for the 
concentration of monomer, C;*tI, as a function of 
equilibration time in the mobile phase, as shown in 
fig_ 1, becomes 

dGcZj/dr = -dC&ldt, 

where CT(() + G=@j = PT is the total concentration, 
a constant. Hence the differential equation (2) be- 
comes 

As in eq. (l), we consider firs only these solute mole- 
cules which begin to flow through the column under 
two initial boundary conditions in the state of A* in 
the mobile phase, in order to determine the species 
distribution of monomer as a function of time, Gt>_ 

‘IXese distributions are then compared with distriiu- 
tion patterns showing the kinetic effect on the mono- 
meric species equilibrium between the mobile and 
stationary phases. 

The initial boundary conditions [15] to be consider- 
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ed here are (i) at r = 0, CT(tj = 0 and (ii) at r = 0, 
c_* 

r(t) 
= C’ 

The rzaction is assumed to be pseudo first order 
kinetics. In our simulation, we assume that A**, the 
concentration of the stationary phase, contributes 
less significantly to binding to the gel matrix than 
does 

A** + gel &$ gel - A** 

the axial dispersion_ 
The general kinetic expressions for the concentra- 

tion of monomer as a function of equilibration time, 
CT(+ in the mobile phase for various apes of self- 
associating systems become: 

(I) n = 1, isomerization: 
dC,“/{[?c,, + ?cn,] CT - k,_,, C$) = -dt , 

@I) n = 2, monomer-dimer system: 
dC;/(k&‘~)’ + knl q - knl C;) = --dt, 

(IH) 72 = 3, monomer-trimer system: 
dC~f{kl,(C;)’ -+ knl CT - knl C;) = -dt, 

(iV)n = 4, monomer-tetramer system: 
dC~/{k,,(C~)4 + knl CF - knl CT3 = -dt. (4) 

I) In the evaluation of CTctj and the equilibrium 
constants as a function of column length for a self- 
associating protein system involved in a reversible 
isomerization between AT aa;, the formation 
of the analytical solution is similar to that of 
Halvorson and Ackers 1271, i.e. 

(i): t = 0, C&t> = 0, *en 

* (il): r = 0, q(t) = c,, then 

X CGCl- expH&, + knl ItI 3. (5) 
Here the development of the reaction bcundary 

as a function of column length is influenced by the 
kinetic rate of local eqrrilibration of CTctt> in the 
mobile phase. 

b) For two-species association, a monomer-dimer 
system when n = 2, the quantity C& under these 

boundary conditions, 

(ii): at t = 0, C&) = 0 

(ii): at t = 0, C&) = CT, is found to be 

(6) 

where h = (k$ + 4k,,knl C2)‘i2 and k, depends on 
the initial condition C&, and may be expressed as 

(7) 

To this point, the evaluation of CToj in terms of 
kinetic constants is a simple matter, and will suffice 
to evaluate the monomer distribution within the local 
gel bed. Although it might be considered advantageous 
to consider an expanded set of boundary conditions 
for an infinite gel column bed, this would nullify 
the simple, exact solution of the general kinetic ex- 
pression made possible under the stringent boundary 
conditions we have imposed. 

III) For a monomer-trimer system where PI = 3, 
the solution to eq. (4) is complicated by the necessity 
of considering an algebraic power series. Hence, we 
must solve the generalized kinetic expression by setting 
up a series of quadratic equations. In general kinetic 
terms, eq. (4) becomes 

dCT/[(Cr)3 + Q(C,*) - QC,*] = -k,,dt, (8) 

where Q = (knl ikIn) =-l/K_ Thus, K is the equilibrium 
constant in the mobile phase. Letting Cr =x, and 

a = QC$/2 + [(QCT)2/4 + Q3/27] ‘i2, (Y = a113, 

b = QC; /2 - [(QC,*)2/4 + Q3/27] I/‘, /3 = bliz, 

substitution of these quantities into eq. (8) yields 

x3+~x_QCT*=(X-_)(x2+Px+q), (9) 

whereP=(cu;~)!!dq=(Y2+P2 -cr@LettingQ= 
l/(q + 2?’ 2 ), eq. (9) becomes 

(x--p)(xz:A+q)=~-~~~~~~~)- (lo) 

llms, eq. (9) may be solved by setting up the following 
equation_ 
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log Ix - PI -gloglx’ -tPx +ql 

3P 1 
-2 la-81 

-*tan-i ($=&+lr@ (11) 

Assuming the initial boundary conditions 
(i) t = 0, C& = 0, then the analytical solution for 

eq. (11) will determine C&, where 

kg = log (I$!&) - & tan-’ (1 Ia3 

(ii) t = 0, C&) = C,+, then 

kg = log (C$ - P) - 4 30g[(C$)~ -P PC$ + qj 

(1 lb3 

The quantity kg is known, given the concentration 
C’+ and the previously defined values ofp. q. Q and jX 
Hence, eq. (11) can be solved for C?(t) under either 
set of boundary conditions. 

IV) For a monomer-tetramer associating system, 
where n = 4, a general biquadratic equation must be 
set up to solve the general kinetic expression in eq. 
(4) by considering two quadratic functions, sin-n&an- 
eously. The general kinetic expression is as follows: 

dC,“l [(Cl94 + Q(CT) - QCTfj = -kin dt. (123 
With genera3 biquadratic expressions, we redefiie the 
following quantities: 

p ,A1f3 +3’13, E=p’n, f= 2Q.P -ID. 

3Zq_ (12) takes the following form, letting C= C;ctg 

x4-Qx-QC$ 

=~x2-Ex+P/2+fX*2+~x+~/2-ff), 

using a partial fractional procedure, tiLs V_+::~zk~on 
becomes 

1 ax-l-b = 
x4-Qx-QCG x2-Ex+P/2-f 

ex-td 

+x2+Ex-P/2-f - 
(133 

The quantities Q, b. c and d are evaluated from eq. (13). 
The general expression of eq. (123 then becomes 

(c/2) log (X2 + EX -I- P/2 -f) + 
cE/2 - d 

[E2 - Z(P - 2f )] II2 

X log 

t 

LE2 - 2(P- 2flJ’i2+E+2x 

[E2 -2(P-2f)j1~-E--2x J 

i (Q/2) log (X2 - Ex + Pj2 +f) 

X 2(aE/2 -f b) 

[2(P+2f)-E2pfan 

-1 

( 

2x-E 

[2(P+2f)-E23112 

=-k,,t+k,,. (143 

The term C&) can be evaluated by iteration [29] and 
k,-, evaluated under the two initial conditions by: 

(i): t = 0, C?(t) = 0 

ko = (c/23log P/2 -f I 

&/2-d 

+ [E2-Z(P-- 2j-)]‘f2 
log lE2 

( 

- 2(P- 2f)]Ir- 4-E 

[E2-2(P- 2f)13”-E ) 

+ (a/2)log lp/2 +fl+ - 
2(&/2 + b) 

[2(P -f 2f) - E2] If2 

x tan-l 
f 

-E 

1 [2(P+2f)-E2J1’2 - 
(15) 

(ii): t = 0, C&j = c; 

k, = (c/2) log C(C$12 -I- EC,* -t P/2 - f3 

-t et?/2 - d 

[E2 - 2(P- 2f )I If2 

x loe [E2 - 2(P - 2f)J %E+2C; 

- ([E2 - 2(P-- 2f),‘fz-E-2C,* 
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3 (a/2) log {(CT?* - EC? + P.2 +f 3 

2(aE/2 -I- b) -1 
2C$ -E 

3 
[2(P -t 2f) -E’] l/2 ‘an [2(P+2f)-E2]1~ 

(16) 

Since Cz and Cc can be computed from eqs. (5)-o- 6), 
and Cz* and Ci** can be evaluated from the subse- 
quent expressions (17 j(23). Kapp, as defmed in sec- 
tion 2 [IS] can be obtained as a function of the 
column length_ Let us note that these kinetic expres- 
sions can be applied directly to our simuhation with 
both species A* and AZ present initially because the 
distrftbution evolving from the initial weight fraction 
of monomer fl of the A* molecule is assumed to 
overlap with that from the weight fractions of fj of 
AZ molecules, so that both monomer and n-mer reach 
equilibrium concentration at every point along the 
column. Actually, this is not the case, due to variation 
of the kinetic rate with the distribution of C&_ 

The reverse and forward equilibration rate con- 
stants of species kii and k_ii for monomer have their 
usual significance in the mobile phase, dictating the 
finite local equilibration rate which will perturb the 
overall boundary profiles of the system. The effects 
of kinetically-controlled local equilibration in either 
the mobile or stationary phase must be considered in 
evaluating the ehrtion boundary profiles. Thus, the 
rate of kii and k-i, between mobile rind stationary 
phases, as shown ir. the fig_ 1, will affect the differen- 
tial equations which follow. 

i) n = 1, isomerization 

ac,“*iat = -k,, CT* + k_, 1 CT, 

X,*,*/at = -k, 1 C;z -t k_,, CT:, (17) 

where’j;, 1 andz_ll denote the exchange rates be- 
tween mobile and stationary phases of the isomer. 

This expression, then, descriies the stationary 
phase much =jts counterpart, eq. (3) describes the 
mobile phase. kii is the isomerization rate constant 
between the stationary and mobile phases. 

ii) n = 2, monomer-dimer system: 

ac,**lat = -k C** 11 1 ‘tk-MC?* 

ac,‘*jar = -k&;* -t k_22C;_ (18) 

iii) n F 3, monomer-trimer system 

aC,**far = -k,, CT” + k_, 1 CT, 

ac,**fat = -k33cz* i- k_33C;_ (1% 

iv) IZ = 4, monomer-tetramer system: 

aC,*‘/at = -k,,Cif* i- k_,,C;, 

X$*/at = -k&q** f- k_*Cq*_ P) 

Letting CTctI equal the concentration of monomer 
in the mobile phase at time t, solving equations (17) 
through (20) for C~~~+~t) yields CiTt> and CiT) at 
time r between the stationary and mobile phases: 

c_** 
z(t+At) = (kii +lk_ii) rkffcz% 

- kii CiTr> ] exp C-(kfi + k-ii)A’) 

k-ii 
-I- 

kiiik_ii [~~j+C~%i>l , I i= 1,2, . . ..n. (21) 

The concentrations of CG&Arj is 

c** 
1 

I(tiAt) - 
%I +k-ll 

Ifill CT(?) 

k-11 
+ k,, ‘k_,, 

Li this case all kii and k_ii are expressed in reci- 
procal minutes [15,31]. All the kinetic functions 
descrikd to this point decrease monotonically with 
respect to CTctj_ Thus, for simulation experiments of 
varying model systems in which all interacting mole- 
cules are i&ally confmed to the boundary states we 
have described, one has only to measure the local 
equilibration at time t and compare with Ci& 

3. Simulation procedure on large-zorie concentration 
gradient profiles 

Our computer simulation procedure is based on 
the continuity equation (1) as described in the previous 



Table 1 
System parameters used in simulation (held cxmstant) 

Parameters XIonomm-dimer system Monomer-tetramer system 

cohmln kngth, I 
column cross-sectional 
area, A 
Sephadex gel 
Flow rate, F. 
CZ, void vohnae/P 
8, internal volume/P 
PXtitiOIL ffOSS-SeCtiOn,Sf 

Partition coefficient, Uj 

Initial concentration, Co 
Axial dispersion 
coefficient, Lf 

qd2 

30 cm 3OCm 

3.0 cm= 1.0 cm= 
GlOOR GZOOR 
I .2 ml/hr 12 n-d/hi 
0.295 0.295 
0.670 0.670 
#I = 0.667 51 = 0.80 
52 = 0.500 54 = 0.64 
u1 = 0.571 ar = 0.754 
o2 = 0.306 04 = 0515 
0.1 n-&ml 0.1 mgjml 
Lr = 8.89 X 10” cm=/mbri Ll= 3.61 X 10d cm2 fmin 
L2 = 5.66 X IO4 cm”lmin L4 = 4.86 X 1O-r cm2/min 
5.4 x30-e cm2 5.4 x 10-s cm2 

q is a gel particle-packing factor, d is the gel particle diaroeter. A is the column cross+ectional area, Ef = (a + @i)_ The rate of move- 
mer.t of the centroids is related to the partition cross+xtion, .$, by 5 = (F/A)(d&/&ZZ. 

paper [15]_ The simulation methods to be compared 

were incorporated into programs written in Fortran 
and computation done on an Amdahl470/6-2 IBM 
computer (a modification of the IBM 370). Con- 
centration gradients were plotted with a Gould plotter 
as a function of the distance coordinate, x, varying 
the flow time and C&) and equilibrium constant as 
a function of the distance coordinate_. All simulations 
were carried out to describe the large zone boundary 
undergoing rapid or slow equilibration, using the 

simulation parameters described by Zimmerman and 
Ackers 1221 and by Chun and Yang [ 153 _ 

4. &sults and discussion 

The time-course dependent simulation of rnono- 
mer-dimer and monomer-tetramer systems, based 
on eq. (l), is shown in figs. 3a-d and figs. 4a-d. Simu- 
lation in figs. 3ad was done on Sephadex GlOOR gel 

Table 2 
Weight fraction of monomer and kinetic parameters of Jic and kii for monomer-dimer system after an elapsedtime of 190 min. 

weight fraction5 
monomer-diner 

k, 2 (m&nl)-’ min-’ k2l (min)-’ K0 (mglmP overall 

process 
gradient 

carves 

90%-10% 1.230 
90%-10% 0.0123 
75%-25% 4.440 
75%-25% 0.440 

SO%-50% 2.00 
SO%-50% 0.02 

25%-75% 120.0 
25%-75% 1.20 

1 .oo 
0.01 

1.00 
0.01 

0.100 
0.001 

1.00 

0.01 

1.23 
1.23 

f :z 
20.0 
20.0 

120.0 
320.0 

rapid 
slow 

rapid 
slow 

rapid 
slow 

rapid 
slow 

Kinetic parameters in examirk g tbe rate of equiliiration between the mobile and stationary phases are: kl 1 = 0.1, k_l 1 = 0.1 
(min-I); k22 E 0.1, k-22 c 0.05 <mineI). Gradient curves in the fust column consider both the mobile and stationary phases 
Gradient curves in the second cohtmn, indicated by parenthesis, consider only the mobile phase. 
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Table 3 
we&ht fraction of monomer ant3 kinetic parameters of kg and kji for monomer-tetramer system after an elapsed time of 192 min 

Weight fraction 
monomer, 
monomer-dimer 

k14 (mg/mJjJ min-’ k,, (mill-‘) Xo (mg/mJjm3 overall 
process 

gradient 
CUrYCS 

90%-l 0% 152.00 1.00 152.0 rapid A(a) 
90%-10% 1520 0.01 152.0 sfow 1(l) 

75%-25% 79.00 0.30 7.9 x 102 rapid Jxb) 
75%-25% 0.79 0.01 7.9 x 102 SIOW 2(2) 

SO%--50% 80.0 0.010 8.0 x 103 rapid c(c) 
50%~50% 8.0 0.001 8.0 x 1’03 slow 3(3) 

25%-75% 392.00~ 0.001 1.92 x 10s rapid D(d) 
25%-75% 1.920 1 x10-5 1.92 x 105 slow 4(4) 

Kinetic parameters in examining the rate of equiJsRwation between the mobile and stationary phases are: kr r = 0.1, k_ 1 1 = 0.1 
(min-I); kqq = 0.1, k_,, = 0.02 (min-I). Gradient curves in the first column consider both the mobile and stationary phases. 
Gradient curves in &he second column, Indicated by parenthesis, consider only the mobile phase. 

at a fiow rate of 1.2 ml/hr. The diameter of the 
monomer is 37-5 A and the rurming times for experi- 
ments at the flow rate were simulated to maintain a 
constant flow throughout the experiment. The axial 
dispersion coefficient of monomer, L, = 8.89 X 10d4 
cm2/min, as shown in table 1. The monomer is further 
assumed to form with a molecular radius of 17.5 A 
and a diffusion coefficient of 8.97 X 10e7 cm2/s. 
The term qd2 relates the particle size and geometry 
to the average equilibration time between mobile and 
stationary phases of the cohmm {22,28], and was 
calculated to be 5.4 X 10m6 cm2. We assumed that 
system parameters such as L, F, g and A are indepen- 
dent of the column length, x1, time, t, and initial 
conceitration, C, as shown in table i _ 

Initial boundary conditions of(i) f = 0, C;‘i;> = 0 
and (ii) f = 0, C&, = CT* are set for the various reac- 
tion systems to be studied (I through IV of eq. (4) 
as described in the text) in order to determine the 
kinetic properties of the Crcr) species, using eqs. (5), 
(6), (I la), (llb), (15) and (16). Given values ofkv 
and kii, C;ct> can be predicted precisely as a func- 
tion of the equilibration time, provided the composi- 
tion of the weight fraction of monomer at the ini- 
tial conditions is known, as shown in figs. 2a and b. 

SinMation in figs. 4a-d was done on Sephadex 

G2OOR at a flow rate of 1.2 ml/fir. The axial disper- 
sion coefficients of monomer and tetrarner systems 
are shown in tables 2 and 3, respectiveiy. The overall 
reaction rate of equilibration, whether rapid or slow, 
in each speci!ic instance is indicated in these tables. 

Thus, for a chosen set of kinetic parameters, it is 
possible to determine whether the reaction will pro- 
ceed at a slow or rapid rate. It should be noted that 
the function C& given vajIues of kii and k+ is ex- 

ponential with time for both rapid and slowly equi- 
librating systems [ 1.51. When the weight fraction of 
th : associating species reaches equilibrium composi- 
tion, the magnitude of trlz must be taken into con- 
sideration in any evaluation of the extent to which 
the reaction is kinetically controlled, since this kin- 
etic effect varies with the distribution of each 
species along the column. 

4.1. Analytical solution for t&e gerzeral kinetic expres For a monomer-dimer system, as shown in fig. 2a, 
s&m for the concentration of monomer izs CI function the kinetic parameters from table 2 used to generate 
of equiiibratiom time, C& the curve are: 

TO evahrate kij and kjf (a~ &OWTI in @s_ 2a and b, 
for a given time as a function of the distance coor&- 
nate from the kinetic expression for the concentration 
of monomer, given in eq. (4), the procedure is as fol- 

lows: For a monomer-tetramer system, as shown in figs. 
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(a) 

If.751 -P f.251 EQ. RERCTION RRTE IN IDOR. 

Fig. 2. lfieoretiti distnbution of the weighz faction of monomer in the mobile phase of a system undergoing (a3 25 : 75% 
monomer-dimer association afier an elapsed time of 100 min on Sephadex GIOOR gel. and (b) 75 : 25% monomer-tetmmer 
association after an elapsed time of 100 min on Ssphadex G2ODR geL 1 and 3’ represent rapidly equiliiratinl; systems; 2 and 2’ 
cases of slow equiliiration. 
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Ii I-2 RSSOCIRTlON - SLOH RERCTIDN 

Fig. 3. The time-cnurse dependent simulation of a monomer-dimes system undergoing rapid and slow equilibration (a> in the 
mobile phase, on Sephadex G200R gel, and (b) in bath the mobile and stationary phases. (c,d) A comparison of rapid (c) respec- 
tively slow (d) equiliiration in the mobne phase alone and rapid (c), respectively slow (d) equilibration in both the mobile and 
stationary phases of a system undergoing monomer-dimer association, as influenced by kii and k-ii. The weight fraction of 
monomer arid kinetic parameters are given in table 2. 

2b, the kinetic parameters from table 3 used to 
generate the curve are 

(i) t = 0, CTfzcf> = 0, for the 2’ region with k,, = 0.79, 

- 0.01, and for 1’ with k,, = 79.0, kQ1 = 0.10. 

(2) 20: C& = CTf, for the 2 region with k14 = 0.79, 
kll = 0.01, and for 1 with k,, = 79.0, Ice1 = 0.10. 

The distribution of C’& for a given time in the 
mobile phase may then be precisely evaluated for 
the various kinetic models we have proposed. The 
resulting C~~rI distributions are incorporated into 
the evaluation of C,** in the stationary phase [ 151, 
& described in section 1_ ‘Ihe distribution of CFcrj 
and C”j”cj as a function of the distance coordinate 
are considered in the evaluation of the continuity 
equation (I), to determine the profile of several 
interacting species. 

4.2. A monomer-dimer system undeaoing rapid OT 

slow equilibration in fire mobile phase 

Fig. 3a provides a comparison of slow and rapid 
equilibration in the mobile phase alone of a system 

undergoing monomer-dimer association. Those 
gradient curves marked by integers 1 through 4 re- 

present a slow rate of equilibration and are easiiy 
distinguished by ‘heir b&nod&y from the curves of 
a rapid equilibrating system, designated A through D. 
Accompanying kinetic parameters for eq. (1) are 
given in table 2. The degree of bimodality shown in 

these reaction boundaries varies with the value of 
k12 (kij), while k,, (kii> seems to have little effect 
on the nature of the gradient curve, beyond contribut- 
ing to a shght variation of the leading boundary posi- 
tion. 

Jn contrast, in the case of rapid equilibration, 
k21 (k& the reverse kinetic rate, seems to determine 
the m&nodal character of the reaction boundary, 
while k12 (kij) determines the degree of skewing in 
the trailing edge of the boundary. The centroid posi- 
tion of the boundary profdes vary as a function of 
column length. These conclusions also hold true for 
cases of monomer-dimer association such as shown 
in fig. 3b, where both the mobile and stationary phases 
are considered. 
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4.3. MonomeT-dimer sysrem wzdez-going rapid equili- 
bration berween the mobile and srarionav phases 

A comparison of rapid equilibration in the mobile 
phase alone and rapid equilibration in the mobile and 
stationary phases of a system undergoing monomer- 
dimer association is shown in fig_ 3c, with the accom- 
panying kinetic parameters given in table 2. Despite 
wide variation in the kinetic parameters we considered, 
in comparing reaction boundaries for the mobile phase 
alone with those of the mobile and stationary phases, 
we found that the rate of chemical equilibration be- 
tween mobile and stationary phases had no pronounced 
effect on the reaction boundary, although we observed 
a sharpening of the centroid position which we at- 
-&bute to kinetic effects_ 4ain, the reverse kinetic 
rate kji seems to be the principal determinant of the 
shape of the boundary profile for a rapidly equilibrat- 
ing system. 

4.4. Monomer-dime? system undergoing slow equili- 
brarion between the mobile and stationmy phases 

Fig. 3d shows a comparison of slow equilibration 
in the mobile phase alone and slow equilibration in 
the mobile and stationary phases of a system under- 
going monomer-dimer association, varying the 
weight fractions and kinetic parameters as listed in 
table 2. 

Whenthe kinetic rate of equilibration between 
the mobile and stationary phases is considsred, a 
distinct sharpening of the centroid position and in- 
creased separation of the leading boundary are ob- 
served, when compared with the boundary profiles 
of the mobile phase alone. Hence, for a system under, 
going slow equilibration, the kinetic effects of the 
reverse rate constants kii and k-ii are readily apparen 
Species distribution as a function of time, C’I*cr>, varie! 
much more widely along the column length in cases 
of slow equilibration, whether only the mobile or 
both mobile and stationary phases are considered_ 

On the whole, therefore, the effects of kinetic 
controls on a slow equilibration prccess are much 
more pronounced than in a rapidly equilibrating syste 
with the kinetically-contrclled rate between the mobi 
and stationary phases serving as the principal de- 
terminant of boundary profile. 

4.5. Kinetic controZs on a monomer--teOamer system 

Fig. 4a is a comparison of slow and rapid equilibra- 
tion in the mobile phase alone of a system undergoing 
monomer-tetramer association in Sephadex G200R 
gel. The weight fractions of monomer and kinetic pars 
eters kii and kii for such a system are given in table 3. 

A hypersharp initial boundary was observed in all 
cases of slow equilibration. As k14 (kii), the forward 
kinetic rate, increases, it becomes increasingly difficulr 

l-4 RSSOCIRTION SLUU VS. FAST RERCTIUH 

Fig. 4a. 
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I-V R550CIRTION 

l-4 RSSLICIRTIUN - SLOH RERCTION 

Fig. 4. The time-course dependent simulation of a monomer-tetmmer system undergoing rapid and slow e@Eination (a) in the 
mobile phase alone, on Sephadex G200R gel, and @I) between the mobile and stationary phases. (qd) A comparison of rapid (c). 
rcspectivcly slow (d) cquiliiration in the mobile phase alone and rapid (c), respectively slow (d) equilibration in both the mobile 
and stationary phases of a system undergoing monomer-tetrankr assodation. The weight fraction of monomer and kinetic param 
eters are given in table 3. 



to distinguish between the boundary profiles ofsys- 
terns undergoing slow or rapid equjiiiration, noting 
that the reverse kinetic rate constant QI (kii) decreas- 
es one hundred-fold over the range studied. 

It appears that for a monomer-tetramer system 
SU& as this one, both kinetic parameters, kg and kjfy 
play a principal role in determining the shape of the 
boundary profile. 

When both rapid and slow equilibration between 
the mobile and stationary phases of a monomer-tetra- 
mer system are considered, as shown in fig. 4b, we 

note a considerable sharpening of both the leading 
and trail.ing boundaries, due to the effect of the 
IcineticalIy-controlled constant kii and k_ ip On the 
whole, however, the kinetic controls appear to be 
operating on the system similarly to those observed 
in fig. 4a. The maximum height of the peak position 
is reduced in rapid equilibration. accompanyed by 
a shift in the leading boundary, varying the composi- 
tion of the weight fraction of monomer. 

It appears that the kinetically-controlled rate 
between the mobile and stationary phase is, indeed, 

TabIe 4 
Coacentition distriiutions, in the mobile phase and the stationary phase, as a function of distance coordinates for a monomer : 
(25%)-dimer(75%) system undergoing Stow equiliirztion at 190 min, where kI z = 120, kzl = 0.01. 

c,*xmoo c;*x1000 Iog(lc,pp/KO) Column c,*x 1000 c,** x 1000 ~og(Kapp&) 
cmg/mu <mg/mB x 100 Iengtb (mm) (m&W Cmg/ml) x 100 

0 0 0 0 
25 0 0 -199 
26 0 0 -200 
27 0 0 -205 
28 0 0 -206 
29 1 1 -207 
30 2 2 -205 

31 4 3 -201 
32 6 6 -198 
33 9 9 -194 
34 13 13 -190 
35 18 18 -185 
36 24 24 -380 
37 31 31 -174 
38 37 38 -368 
39 44 45 -161 
40 50 51 -155 

41 55 57 -148 
42 60 62 -142 
43 64 67 -136 
44 68 71 -130 
45 72 75 -325 
46 75 78 -121 
47 78 81 -116 
48 82 85 -113 
49 85 88 -109 
SO 88 91 -106 

51 91 94 -103 
52 94 98 -101 
53 97 101 -98 
54 100 105 -96 

.FS 104 108 -94 
56 107 112 -92 

57 111 11s -90 

58 114 119 439 

59 118 123 -87 
60 121 126 -85 

61 i25 
62 128 
63 132 
64 136 
65 140 
66 144 
67 147 
68 151 
69 155 
70 159 

130 
134 
138 
142 
146 
150 
154 
158 
161 
165 

-84 
-82 
-81 
-80 
-78 
-77 
-75 
-74 
-72 
-70 

71 163 169 -67 
72 163 172 -65 
73 170 175 -62 
74 173 177 -59 
75 176 180 -56 
76 179 181 -53 
77 181 183 -50 
78 182 184 -48 
79 183 184 -46 
80 184 185 -45 

81 
82 

9”; 

185 185 -44 
185 185 43 
185 185 -42 
185 185 -41 



the principal determinant of the elution boundary 
profile in molecular sieve chromatography, with only 
a minimal dependence on axial dispersion_ 

Fig. 4c shows a monomer-tetramer system under- 
going rapid eqtiiration in the mobile phase alone 
as well as between the mobile and stationary phases. 
Here, the distinct sharpening of the initial boundary 
peaks may be attributed to the kinetically-controlled 
rates co=nstants kii and k-i* Consistent with our 
other findings, t&s kinetic effect is more pronounced 
in a monomer-tetramer system undergoing slow 
equilibration, as seen in fig_ 3d. In the section Which 

follows, we describe the simulation results for eq. (4), 
as adapted to our computer program [IS], evaluating 
the general kinetic expression for the time-course 
dependent concentration.of monomer, C&) and 
CT<% in the mobile and stationary phases, as a function 
of the distance coordinate in a system undergoing slow 
or rapid equilibration. 

Tables 4 and 5 show the concentration distribu- 
tions, in the mobile and the stationary phase, as a 
function of the distance coordinate for monomer- 
dimer and monomer-tetrarner systems, respectively. 
Since the column equilibrium is not always instantane- 
ous, the apparent equilibrium constant may be evaluat- 
ed from the expression: 

The apparent equilibrium constants will vary with the 
distance coordinate. Note that the variation of the 
species distriiution C1*(,) for both these rapidly 
equilibrating systems is much greater in the mobile 
phase than is the distributioc of C$s in the stationary 

Table S 

Concentrationdistnautions,inthemobilephaseandthestationaryphase,asa functionofthedistance coordinates, foramono- 
mer(25%)-tetramer(75~)~stem undergo~~slowequilibrationat 192 min,wherekl.q = 192_O,k41 = 0.001. 

30 0 0 0 53 139 139 -167 
31 0 0 0 54 145 145 -152 
32 0 0 0 55 149 150 -138 
33 0 0 0 56 133 154 -125 
34 0 0 0 57 157 157 -113 
35 0 0 0 58 160 160 -302 

36 0 0 1133 59 163 162 -93 
37 0 0 958 60 165 164 -85 
38 0 0 794 61 167 166 -79 
39 0 0 639 62 168 167 -74 
40 0 0 495 63 169 168 -69 

41 0 0 362 64 170 169 -66 
42 1 1 242 65 171 169 -64 
43 3 3 134 66 171 169 -62 
44 7 6 41 67 171 169 -61 
45 14 13 -37 68 171 169 -61 
46 26 25 -99 69 171 169 -60 
47 42 41 -146 70 171 169 -60 
48 62 62 -176 71 171 169 -60 
49 83 84 -192 72 171 170 -60 
50 103 103 -196 73 171 170 160 

51 118 li8 -191 74 171 170 -60 
52 130 131 -181 75 171 170 -60 
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phase. This is consistent with our previously reported 
finding that the chemical reaction rate in the mobile 
phase of a system undergoing rapid equilibration is 
the principal determinant of the elution boundary 
profile. 

5. Condusion 

Our simulation studies in monomer-dimer and 
monomer-tetramer systems have indicated that in a 
slowly equilrbrathrg system, the kinetic rate constants 
kii and k_, between the mobile and stationary phases 
contribute significantly to the overall gradient bound- 
ary profile. In contrast, in the rapidly equilibrating 
system, the kinetic parameters kV and kji in the mobile 
phase are the principal determinants of the reaction 
boundary_ Although the kinetic effects of kii and k_, 

may be. noted, their contribution to the overall 
boundary profile is minimal. 

If, however, the reversible binding of the solute to 
the gel matrix in the stationary phase, 

krr 

from fig. 1, is considered, the kinetic expressions for 
the solute distribution in the stationary phase must 
become 

(dCg*/dz) = -kE jC$* ] + k, [C,‘“] [C,] 

(dC,**/dt) = -k,[C~*] [c,] + k&g*] 

where Ci*’ denotes the solute concentration in the 
stationary phase, C’s is the concentration of gel and 
C’s* is the concentration of the complex, Gel-A**. 
Here it is assumed that C’ remains constant, or that 
the number of available binding sites on the gel is large. 

When these values are incorporated into the gene@ 
continuity expression, eq. (l), it would appear to 
offer the most realistic picture of the processes 
which actually occur iu the interacting system, because 

it considers both kinetic controls and +he effects of 
solute binding to the gel on the system. The chief 
limitation of such a model is that it cannot make 
clear, in considering an actual interacting system, 
whether the associating species binds to the gel or 
whether these molecules in fact undergo association 
within the gel matrix. 

Hence we must conclude that the most exciting 
computer simulation of interacting systems in molec- 
ular sieve chromatography must consider both the 
variation in C&j and C~$ as a function of the distance 
coordinate in the mobile and stationary phase and the 
possible effects of interaction between solute and gel 
in the stationary phase. The degree to which such 
solute-gel interaction infhrences the concentratibrr 
of monomer remains to be determined, and will be 
discussed at length in a succeeding paper. 
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