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Lasge 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. Qur studies of monomer—dimer and monomer
--tetzamer systems indicate that in a slowly equilibrating system, the kinetic controls operating between the mobile and
stationary phases contribute most significantly to the overall boundary profile. In a rapidly equilibrating system, however,
the kinetic paraineters k,-]- and &;; operating in the mobile phase are the principal determinants of the reaction boundary,
while the kinetic effects of k;; and k__; between the mobile and stationary phases are minimal.

1. Introduction

Transport processes such as scanning molecular
sieve chromaiography [1—8] have proven a useful
complement to ordinary ultracentrifugal equilibrium
techniques in defining the nature of a chemical reac-
tion for self-associating systems, in which a chemical-
1y 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 direcily the nature of a solute and
its interactions from the boundary profile, a number
of comiputer simulation procedures have been
developed, using finite difference models of the
transport process to predict the boundary profiles
that will be given by various interacting systems
[9—21]. Zimmerman and Ackers [22] have used the
simulation technique to predict the behavior of 2
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number of rapidly equilibrating systems on various
chiromatographic media [22—27]. Zimmerman [25]
has expanded this simulation procedure to consider
an entire range of chemical reaction rates, from in-
finitely rapid to infinitely slow, under kinetic control.
These earlier simulation techniques [22—27], 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 length 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 sysiem
under kinetic control have been simulated by [1]
time discretization, [2] the finite difference approx-
imation of Fick’s second law [14] and [3] the kinetic
expression for the concentration of monomer Cj, as
a function of equilibration time [15].
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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
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is the principal determinant of the shape of the eiu-
tion boundary, the kinetically-controlied reaction rate
between mobile and stationary phases is the principal
perturbifng 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
profile in molecular sieve chromatography than does
decreasing the rate of equilibration between phases
fi5].

The most significant 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 siationary
phase influence the appareni equilibrium consiant 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 repori on the compuier
simulation of the continuity equation for chromatog-
raphic transport [3,28] as applied to distribution of
monomer as a function of equilibration time, C; >
between the mobile and staiionary phases, for various
types of self-associating systems. These resulis are
compared with the C;?(t) 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 this varies as a result of kinetic
effects.

2. Basic quaatities for simulation of the gradient
boundary profile of the largse zone experiments

The expression for an idealized chromatographic
continuity equation for the exchange of solute be-
tween the stationary and mobile phases is
acy _Li a%c? F oG

ot oX

~t % ]§>k]<c*)f

+ DG — ey CF + ka P, W
where k;; is the chemical reaction rate from spec:es

itoj and CF# and C7¥ are the concentranun of species
iin the moblle and stationary phase, respectively. The
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Fig. 1. A simplified model for solute association in the mobile
and stationary phase in the gel column [15].

{—Zja ki (CGHY + = ot ],{C’*)’} term represents a
local equilibration in the mobile phase and (—k_;C7
k;CT™) represents an equilibration between the
mobile and stationary phases. F'is the elution flow
1ate, £; is the solute partition cross-section, ; =
(F/A)(dz/dx) and L; is the axial dispersion coefficient
characteristic of solute turbulence within the gel
matrix.
Inkconsidering a monomer—zmer system, i.e.
nA3 =i A,Z then the kinetic expression for the
concentranon of monomer, C¥ i@ asa function of
equilibration time in the mo'blle phase, as shown in
fig. 1, becomes

dc?(i)/dt = _kln [C?(I)]n + kn] [C:(r)] B (2)

where Gt C*(r) C* is the total concentration,
a constant. Hence the dlfferentlal equation (2) be-
comes

dCTpldt = —k1, [Cip)" — %1 Gy T K1 G- 3D

As in eq. (1), we consider first 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, C?(t)’
These distributions are then compared with distribu-
tion patierns 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 () at 7=0, Cl(t) =0and (@i)at z=0,
City =C1-

The reaction 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
AF* + gel gel ~ AF*
the axial dJspersmn-

The general kinetic expressions for the concentra-
tion of monomer as a function of equilibration time,
C1i(»- in the mobile phase for various types of self-
associating systems become:

(@) 7 = 1, isomerization:
aC/ {lkyy + kgl CF — &, CF} = —dr,
(IDn=2, monomgr—dimer systemi:
dC’f‘/{kl,,(C'l )L IC* knl C%} = —dt,
diDn=3, monomer—tnmer system:
acy /{k],,(Cl* + k1 CF — &y CF}=—dr,
(IV)n = 4, monomer—ietramer system:
ACT Ty D) + By CF — iy 3} = —dL. (@)

1) In the evaluation of Cj{,) and the equilibrium
constants as a function of column length for a self-
associating protein system involved in a reversible
isomerization between AT ,’kc_.al, the formation
of the analytical solution is sumlar to that of
Halvorson and Ackers [27] ,1.e.

@:z=0, Ci’(t) =0, then

k,
C?(t) = [m] CT {1 —exp[—(kq, +F,1)t1}

G):r=0, Cf(t) = C%, then

o=t (@)

XCF{1 — exp[—(ky,, + k7)1 }- )

Here the development of the reaction bcundary
as a function of column lengih is influenced by the
kinetic rate of local equilibration of Cjy,, in the
mobile phase.

i1) For two-species association, a monomer—dimer
system when 7 = 2, the quantity Cjy, under these

boundary conditions,
():atz=0, Cf(,) =0
(iD): at £ = 0, Cyy,y = C¥, is found to be

ke —e™ &k
c* . = A G _ nl ©)
107 21, ko + M 2%y, ’

where A = (K2 21 Y4k 1K CD) 12 and ko depends on
the initial condition Cl (0)> and may be expressed as

Atk, + 2k1,,C1*(0)
A— kn] - 2k]rzcl*(O)

=kg. @

To this point, the evaluation of Cl*(,) 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.

IIT) For a monomer—trimer system where n = 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

ACH/(CH)? + Q(CT) — QCFEY = —kypdr, ®

where @ = (k,;3 /k1,) = 1/K. Thus, X is the equilibrium
constant in the mobile phase. Letting CT = x, and

a=QCE2% [(QCEY 14+ Q%1211 2,  a=alB3,
b=0CT2—[(QCTY*/4+ Q%2111 %, B =p1P,
substitution of these quantities into eq. (8) yields
x3+0x - QC ="=(x—P)(x2 +Px +q), ©)

where P=(a +8) and g = a? + 2 — af. Letting @ =
i/(g + ZPZ) eq. (9) becomes
1 Q ok + ZP) (10)

G-Pe2+Prtq) C-D (Zipcig)

Thus, eq. (9) may be solved by setting up the following
equation.
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log Ix — P| — Loglx? + Px +g|

3P 1 _if{zx+P\_ *m
-3 la*ﬁltan (ia—ﬁl) Qt—rko. (1)

Assuming the initial boundary conditions
(1) 2 =0, C{{;) = 0, then the analytical solution for
eq. (11) will determine Cj¢,, where

kg =1log (P/\/(?) — I—f_ﬂm tan—! (I—a}:)ﬁ) . (1ia)

(i) 7=0, Cjyy = C2, then

ko =1log (CF — P) — L 1og[(CF)? + PCE + q
3p -1 ‘2C"+P)
1 =T - ). 11
mpi (e 5h @1b)

The quantity & is known, given the concentration
C% and the previously defined values of p, ¢, @ and §.
Hence, eq. (11) can be solved for C{(y, under either
set of boundary conditions.

1IV) For a monomer—tetramer associating systemn,
where 72 = 4, a general biquadratic equation must be
set up to solve the general kinetic expression in eq.
(4) by considering two quadratic functions, simultan-
eously. The general kinetic expression is as follows:

ACP(CDH? + O(CP) — QCE] = —ky,dt. (12)

With general biquadratic expressions, we redefine the
following quantities:

_Q?_[(gf  “OCDP\ P
-‘1‘2"’(4+ 27 ) >

_g? (g*  GocpP\in
3"7—(‘2*‘——“27 ) ,

p=A3+pB3 E=p2  f=20pp-12
Eq. (12) takes the following form, letting C= C):

x*—ox—oct

=2 - Ex+ P2 +F)x2 +Ex +P/2 ~ 1),

using a partial fractional procedure, ti:is v.gzovsion
becomes -

1 ax+b

x_0ox-0C} x*—Ex+PR2—f

N ex+d a3)

.x2+Ex~P/2—f-

The quantities g, b, ¢ and d are evaluated from eg. (13).
The general expression of eq. (12) then becomes

cEf2 —d
[£2 — 2~ 2]
[E2 — 2P — 21 P+E+2x )
B2 — 22— 212 E_2x

(c/2log(x%2 +Ex + P2 —f) +

Xlog(

+@/Dlog(x* — Ex + P2 +1)

2(aEf2 +b) -1
X
[2(P +27) — E2]Y2 e (

2x —~ F )
[2(P +27) — E2]}?
=—kpttkg. a8

The term CJy, can be evaluated by iteration [29] and
kg evaluated under the two initial condiitions by:

@H:2=0, C;'(,) =0

kg = (c/2)log|P/2 — f]

cEf2 —d 1o ([E2~—2(P- 2012 +E )
[E2—2@P~2N11/2 [E2 22— 2P —E

+@Dloglp/2 + 71+ — 2CE2*P)
[2@+21) — E2]'2
X -1 - ) as)
. ([2(P+ 2f) _E2]1/2)

@):1=0,C{p = CF
ko = (¢/Dlog {(C3)? + ECT + P[2 — [}

cEf2 —d

+
[E2 — 2P — 2112

X

tos { B2 — 22— 20012 PB4 203 )
T\[EZ 2P - 2N P—E—_2C3
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+(a/2)log {(CF? — ECZ+P/2 +f}
2C% — F
4+ 2aE2+B) o4 ( T )
[2(P +27) — E21/? [2(P +21) - E2]}/?
@16)

Since C§ and C§ can be computed from egs. (5)—(16),
and C¥* and C** can be evaluated from the subse-
quent expressions (17)—(23). K., as defined in sec-
tion 2 [15] 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 A} present initially because the
distribution evolving from the initial weight fraction
of monomier f; of the A* molecule is assumed to
overlap with that from the weighi fractions of f; of
A% 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{y,.

The reverse and forward equilibration rate con-
stants of species k;; and k_ ;; for monomer have their
usual significance in the mobile phase, dictating the
finite local equilibration rate which wiil 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 elution boundary profiles. Thus, the
1ate of k;; and k_; between mobile dnd stationary
phases, as shown ir. the fig. 1, will affect the differen-
tial equations which follow.

i) n = 1, isomerization
Ci*jot= —k C7* +k_11CT,
=,:asi':/at = —%] 1 Cika* +7‘-1] Cfa*’ a”n

where 7&1 1 and%_n denote the exchange rates be-
tween mobile and stationary phases of the isomer.

‘This expression, then, describes the stationary
phase much as its counterpart, eq. (3), describes the
mobile phase. k;; is the isomerization rate constant
between the stationary and mobile phases.

ii) 7 = 2, monomer—dimer system:

C'l**/at= —kllcl**—i-k_an,

BCT* /o1 = —k,C3> +k_5,C3. as)

iii) 7 = 3, monomer—trimer system

dCT* /o1 = —k1, CF* + k_1; CT,

8C3 ™ot = —k33C3* + k_33C3. (19)

iv) n = 4, monomer—tetramer system:

aCT* ot =k CT* +k_1;CY,

BCTF[ot = —kyqCT™ +k_44CF. 20)
Letting C7, equal the concentration of monomer

in the mobile phasp at time #, solving equations (17)

through (20) for Cii 4, yields Ci,y and C7;- o at
time ¢ between the stationary and mobile phases

1
Cildvan = {m k:CiH

k;iCitry 1 exp{—(k;; + k_;) At}

k_;
IC +k i,[ (t) I‘Tt)]} 9 i=1,2, wvey 72, (21)

The concentrations of C{s az) is

1
Cigran = { Ry +Ey, Fucih

k_i13

2 [CFE 4 CF } (22
F 7R 6+ Clol )

Inx this case all k;; and k_;; are expressed in reci-
procal rninutes [15,31]. All the kinetic functions
describ.:d to this point decrease monotonically with
respect to C;"(,)‘ Thus, for simulation experiments of
varying model systems in which all interacting mole-
cules are initally confined to the boundary states we
have described, one has only to measure the local
equilibration at time ¢ and compare with C3¥, )

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
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System parameters used in simulation (held constant)

Pararneters Monomer—dimer system Monomer—tetramer system
Column length, 10 cm i0cm
Column cross-sectional
area, A 1.0 cm? 1.0 cm?
Sephadex gel G100R G200R
Flow rate, F. 1.2 mi/hr 1.2 mifhr
a, void volume/Q 0.295 0.255
B, internal volume/Q 0.670 0.670
Partition cross-section, £ £, =0.667 £;=0.80
£ = 0.500 £5=0.64
Partition coefficient, oj gy = 0.571 o1 = 0.754
as = 0.306 gz = 0.515
Initial concentration, Cy 0.1 mg/ml 0.1 mg/ml

Axijal dispersion
coefficient, Ly
qd?

Ly =8.89 X102 cmm?/min
Lz =5.66 X102 cm?/min
54X107% cm?

Ly =3.61X10~% cm?/min
Lg = 4.86 X 1072 cm?/min
5.4% 1078 cm?

g is a gel particle-packing factor, d is the gel particle diameter. 4 is the column cross-sectional area, ¢j = (« + £oj)- The rate of move-
ment of the centroids is related to the partition cross-section, &, by & = (F/A)(dt/dx).

simulation parameters described by Zimmerman and
Ackers [22] and by Chun and Yang [15].

paper [15]. The simulation methods to be compared
were incorporated into programs written in Fortran
and computation done on an Amdahl 470/6-2 IBM
computer (a modification of the 1BM 370). Con-
centration gradienis were plotied with a Gould plotter
as a function of the distance coordinate, x, varying
the flow time and Cj{,) and equilibrium constant as

a function of the distance coordinate. All simulations
were carried cut to describe the large zone boundary
undergoing rapid or slow equilibration, using the

4. Resulis and discussion

The time-course dependent simulation of mono-
mer—dimer and monomer-—tetramer systems, based
on eqg. (1), is shown in figs. 3a-d and figs. 4a-d. Simu-
lation in figs. 3a-d was done on Sephadex G100R gel

Table 2

Weight fraction of monomier and kinetic parameters of &j; and kj; for monomer—dimer system after an elapsed time of 190 min.
Weight fractions k12 (mgfmD™! min™? k23 (min)™Y Ko (mg/mi™? overall gradient
monomer~dimer process curves
90%—10% 1.230 1.00 1.23 Tapid A)
90%—10% 0.0123 0.01 123 slow (1)
75%—25% 4.440 1.00 4.44 rapid B(b)
75%—25% 0.440 0.01 4.44 slow 2(2)
50%—50% 2.00 0.100 20.0 rapid C(c)
50%:—-50% 0.02 0.001 200 slow 3(3)
25%—75% 120.0 1.00 1200 rapid D(d)
25%—-75% 1.20 0.01 120.0 slow 4(4)

Kinetic parameters in examining the rate of equilibration between the mobile and stationary phases are: k33 = 0.1, k_31 = 0.1
@min"1); k55 = 0.1, k_25 = 0.05 (min~1). Gradient curves in the first column consider both the mobile and stationary phases.
Gradient curves in the second column, indicated by parenthesis, consider only the mobile phase.
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Table 3

Weight fraction of monomer and kinetic parameters of Ky and kjj for monomer—tetramer system after an elapsed time of 192 min
‘Weight fraction k34 (mg/m~3 min™? kgq (min™) Kq (mg/mD~3 overall gradient
monoiner, process curves
monomer—dimer
90%—10% 152.00 1.00 152.0 rapid Afa)
90%-—-10% 1.520 0.01 152.0 slow i)
75%—25% 79.00 0.10 7.9 X102 rapid B(®)
75%—-25% 0.79 0.01 7.9 X 102 slow 2(2)
50%—50% 80.0 0.010 8.0 X 103 rapid C(c)
50%-—~50% 8.0 0.001 8.0 x 103 slow 3(3
25%—75% 192.60 0.001 192 x 10° rapid D(d)
25%—-75% 1.920 1x1075 1.92 X105 slow 4(4)

Kinetic parameters in examining the rate of equilibration between the mobile and stationary phases are: kyy 0.1, k_;; = 0.1
(min™1); k54 = 0.1, k_ 44 = 0.02 (min~?). Gradient curves in the first column consider both the mobile and stationary phases.
Gradient curves in the second column, indicated by parenthesis, consider only the mobile phase.

at a flow raie of 1.2 mi/hr. The diameter of the
monomer is 17.5 A and the running 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 X10~%
cmz,/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 10~7 cm?/s.
The term qd2 relates the particle size and geometry
to the average equilibration time between mobile and
stationary phases of the column {22,281, and was
calculated to be 5.4 X 10~% cm?. We assumed that
system parameters such as L, F, ¥ and A4 are indepen-
dent of the column length, xy» time, 7, and initial
concemranon C, as shown in table 1.

Simulation in figs. 4a-d was done on Sephadex
G200R at a flow rate of 1.2 mil/hr. The axial disper-
sion coefficients of monomer and tetramer systems
are shown in tables 2 and 3, respectively. The overall
reaction rate of equilibration, whether rapid or slow,
in each specific instance is indicated in these tables.

4.1. Analytical solution for the general kinetic expres-
sion for the concentration of monomer as a function
of equilibration time, Cig)

To evaluate k;; and kj; (as shown in figs. 2a and b,
for a given time as a functlon of the distance coord:-
nate from the kinetic expression for the concentration
of monomer, given in eq. (4), the procedure is as fol-
lows:

Initial boundary conditions of 3} r =0, C, (,) =0
and (i) =0, Cjfy = Cf 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 C{},) species, using egs. (5),
(6), (11a), (11b), (15) and (16). Given values of k;
and kj;, Cfy, 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.

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 Cjy,, given values of k;; and k;;, is ex-
ponential with time for both rapid and slowly equi-
librating systems [15]. When the weight fraction of
th : associating species reaches equilibrium composi-
tion, the magnitude of 7, 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.

For 2 monomer—dimer system, as shown in fig. 2a,
the kinetic parameters from table 2 used to generate
the curve are:

(D r1=C,C{n=0, for the 2’ region with k1, =120, koq
= 0.01 and for 1" with &35 = 1.20, k5; = 0.01.
(n) I 0, C{y = CF, for the 2 region with k; =1.20,
1 =001 and for 1 with &y, = 1.20, k5, = 1.0.

For a monomer—tetramer system, as shown in figs.
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Fig. 3. The time-course dependent simulation of 2 monomer—dimer system undergoing rapid and slow equilibration (a) in the
mobile phase, on Sephadex G200R gel, and (b) in both the mobile and stationary phases. (c,d) A comparison of rapid (c) respec-
tively slow (d) equilibration in the mobile phase alone anad rapid (c), respectively slow (d) equilibration in both the modile and
stationary phases of a system undergoing monomer-dimer association, as influenced by %7 and k_ ;. The weight fraction of

monomer and Kinetic parameters are given in table 2.

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

() 2=0,C{y,) =0, for the 2’ region with k34 = 0.79,
k4; = 0.01, and for 1’ with k4 = 79.0, kyy = 0.10.

() £ = 0, Cjigy = C, for the 2 region with k14 = 0.79,
k43 = 0.01, and for 1 with k4 = 79.0, k4, = 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 CT, distributions are incorporated into
the evaluation of C§* in the stationary phase [15],
as described in section 1. The distribution of Cj,
and C™7(, as a function of the distance coordinate
are considered in the evaluation of the continuity
equation (1), to determine the profile of several
interacting species.

4.2. A monomer—dimer system undergoing rapid or
slow equilibration in the 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 ze-
present a slow rate of equilibration and are easily
distinguished by their bimodality 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
k32 (k7). while k53 (k;;) seems to have Iitile effect
on the nature of the gradient curve, beyond contribut-
ing to a slight vadation of the leading boundary posi-
tion.

In contrast, in the case of rapid equilibration,
ko3 (k;;), the reverse Kinetic rate, seems to determine
the unimodal character of the reaction boundary,
while k5 (k;;) determines the degree of skewing in
the trailing edge of the boundary. The centroid posi-
tion of the boundary profiles 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.



P.W Chun, M.C.K. Yang/Scanning molecular sieve chromatography of interacting protein systems. III

4.3. Monomer—dimer systemn undergoing rapid equili-
bration between the mobile and stationary 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-
iribute to kinetic effects. Again, the reverse kinetic
rate Kj; seems to be the principal determinant of the
shape of the boundary profile for a rapidly equilibrat-
ing system.

4.4. Monomer—dimer system undergoing slow equili-
bration between the mobile and stationary 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.

o
j=1
=7

300 oop 100

C GAAD X 10000 AT 192 MIN
390 40

200

100
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When the kinetic rate of equilibration between
the mobile and stationary phases is considcred, 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 k; and k_;; are readily apparen
Species distribution as a function of time, C]*(r), 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 precess 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 controls on a monormer—tetrarmer 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 parz
eters k;; and kj; for such a system are given in table 3.

A hypersharp initial boundary was observed in all
cases of slow equilibration. As k4 (k;7), the forward
kinetic rate, increases, it becomes increasingly difficul

I-4 ASSOUCIATION SLOW VS. FAST REACTICN

(a)

60 s0 100

COLUMN (MM}

Fig. 4a.
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Fig. 4. The time-course dependeni simulation of 2 monomer—tetramer system undergoing rapid and slow eguilibration (a) in the
mobile phase alone, on Sephadex G200R gel, and (b) between the mobile and stationary phases. (¢,d) A comparison of rapid (c),
respectively slow (d) equilibration in the mobile phase alone and rapid (c), respectively slow (d) equilibration in both the mobile
and stationary phases of a system undergoing monomer—tetramer association. The weight fraction of monomer and kinetic param-
eters are given in table 3.
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to distinguish between the boundary profiles of sys-
tems undergoing slow or rapid equilibration, noting
that the reverse kinetic rate constant &4; (%;;) decreas-
es one hundred-fold over the range studied.

1t appears that for a monomer—tetramer system
such as this one, both kinetic parameters, k,}- and Kys,
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-
ier systemn are considered, as shown in fig. 4b, we

Table 4
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note a considerable sharpening of both the leading
and trailing boundaries, due to the effect of the
kinetically-controlled constant k; and k_ ;. 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,

Concentration distributions, in the mobile phase and the stationary phase, as a function of distance coordinates for a monomer
(25%)—dimer(75%) system undergoing stow equilibration at 190 min, where k32 = 120,%k24 = 0.01.

Column CY X 1000 CT*x 1000 log(Kapp/Kg) Column C{X 1000 C{*x 1000 Tog(Kapp/Ko)
Iength {mg/mi) Omngfml) X 100 Iength (mm) {mg/ml) {mg/mbh X 100
(mm)

(4] 1] o 11 =5 104 108 —94
25 o 0 —199 56 107 112 -92
26 0 0 —200 57 111 115 —90
27 0 0 —205 58 114 119 —89
28 o 0 —206 59 118 123 —87
29 1 1 -207 60 121 126 -85
30 2 2 —205 )

61 125 130 —~84
31 4 3 -201 62 128 134 —82
32 6 6 —198 63 132 138 ~81
33 9 L7 —194 64 136 142 —80
34 13 i3 —190 65 140 146 —78
35 i3 18 —185 66 144 150 —77
36 24 24 —180 &7 147 154 —75
37 31 31 -174 68 151 158 —-74
38 37 38 —168 69 155 161 ~72
39 44 45 —161 70 159 165 —70
40 50 51 —155

71 163 169 —67
41 55 57 —148 72 163 172 —65
42 60 62 —142 73 170 175 —62
43 64 67 —136 74 173 177 —59
44 68 71 —130 75 176 180 —56
48 72 75 —-125 76 179 i81 -53
46 75 78 —121 7 i81 183 —50
47 78 &1 —116 78 182 184 —48
48 82 85 —113 79 183 184 —46
49 85 88 -109 80 184 185 —45
50 88 91 —106

81 185 185 —-44
51 o1 o4 —103 82 i85 185 -43
52 94 o8 —101 83 185 185 —42
53 97 101 —98 o9 185 185 —41
54 100 105 —96
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the principai 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 equilibration in the mobile phase alene
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 constants k; and k_ ;. Consistent with our
other findings, this kinetic effect is more prononnced
in a monomer—tetramer system undergoing slow
equilibration, as seen in fig. 3d. In the section which
follows, we describe the simulation resulis for eq. (4),
as adapted 1o our computer program [15], evaluating
the general kinetic expression for the time-course
dependent concentration-of monomer, Cj, and
C;"(’;) in the mobile and stationary phases, as a function
of the distance coordinate in a system undergoing slow
or rapid equilibration.

Table §
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4.6. Cigy and C{§) as a function of the distance co-
ordinate in the mobile and sitationary phase

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

Kapp =(CT+CPCT+CT?Y,  Ko=kyfky-

23)

The apparent equilibrium constants will vary with the
distance coordinate. Note that the variation of the
species distribution C’;”(,) for both these rapidly
equilibrating systems is much greater in the mobile
phase than is the distributior of C{{) in the stationary

Concentration distributions, in the mobile phase and the stationary phase, as a function of the distance coordinates, for 2 mono-
mer(25%)—tetramer(75%) system undergoing slow equilibration at 192 min, where k34 = 192.0, k53 = 0.001.

Column C{ X1000 CT* X 1000 log(Kapp/Ke) Column CT X 1000 CF* % 1000 log(X app/Ke)
length (mg/ml) (mg/ml) X 100 iength (mm) (mg/ml) (mg/ml) X 100
(mm)

30 (1] (1] (1] 53 139 139 —-167
31 (1] 0 4] 54 145 145 —152
32 0 0 (1] 55 149 150 —138
33 o (] (4] 56 133 154 ~125
34 0 0 1) 57 157 157 —-113
35 0 0 0 58 160 160 —102
36 (1] (1] 1133 59 163 162 -93
37 o (4] 958 60 165 164 -85
38 (1] 0 794 61 167 166 -79
39 1] 0 639 62 168 167 -74
40 (1] 0 495 63 169 168 —69
41 [1] 0 362 64 170 169 —-66
42 1 o1 242 65 171 169 —64
43 3 3 134 66 171 169 —-62
44 7 6 41 67 171 169 —61
45 i4 i3 -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 i70 —60
50 103 103 —196 73 171 170 ~60
51 118 118 —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. Conclusion

OQur simulation studies in monomer—dimer and
monomer—tetramer systems have indicated thatin a
slowly equilibrating system, the kinetic rate constants
k;; 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 k,-]- and k]-,- in the mobile
phase are the principal determinants of the reaction
boundary. Although the kinetic effects of k;; and k_ 5
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,

ks
A** + Gel —Gel — A**

ke
from fig. 1, is considered, the kinetic expressions for
the solute distribution in the stationary phase must
become
@G an = —kgiCi™] + ksIGTTIC]
(@CP¥[dry = —kG[CP*] [C,] +kg[CL*

where C** denotes the solute concentration in the
stationary phase, G is the concentration of gel and
C',-’;* 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 general
continuity expression, eq. (1), it would appear to
offer the most realistic picture of the processes
which actually occur in the interacting system, because
it considers both kinetic controls and the 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 Cj¢, and C7) 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 influences the concentration
of monomer remains to be determined, and will be
discussed at length in a succeeding paper.
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