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The continuous flow model of chromatography for computer simulations is developed and applied for nonas-
sociable, dimerizing, and micellar systems. This model is more realistic than the discontinuous flow model, since
the former takes into account the infinitesimal flow of the mobile phase. The frontal and zonal chromatograms
of sucrose, a nonassociable solute, are determined on a Sephadex G-10 column as a function of the total sucrose
concentration. The derivative of the frontal chromatogram at the leading boundary completely overlaps with
that at the trailing boundary and has the same shape with the zonal chromatogram. Therefore the number of
plate can be calculated from the observed derivative chromatogram. For some dimerizing systems the dimeriza-
tion constant can be estimated from the concentration dependence of the derivative at the trailing boundary, if
an appropriate correction is applied. Some characteristic parameters obtained from the derivative chromatogram
of the micellar system provide information on the aggregation pattern. The observed results outlined above can
be semiquantitatively predicted by the continuous flow model and by the discontinuous flow model, if the void
volume and the number of plate are regarded as adjustable parameters in the latter model.

For the investigation of self-associating and micellar
systems, a large amount of sample is often applied onto
the column so that the plateau region can appear on
the chromatogram. This method may be called frontal
analysis.»'® On the other hand, in zonal analysis a small
amount of sample is used, as is usually carried out. The
zonal analysis has the advantage of requiring a small
amount of sample over the frontal analysis and is well
characterized for nonassociable systems. Micelle size
and its dependence on concentration are estimated from
the zonal analysis of some surfactants.? Comparison be-
tween the frontal and zonal analyses has been done for
hexaethylene glycol dodecyl ether.® However, since the
solute is diluted on the column during elution, quantita-
tive information about self-associating behavior cannot
be obtained from the zonal chromatogram.

The first derivative of the frontal chromatogram with
respect to the elution volume can provide detailed in-
formation about self-association and must be also re-
lated with the resolution of the column, viz., the num-
ber of plate.? The number of plate is estimated from
the peak on the zonal chromatogram.” This number
may be expected to be obtained from the peak on the
frontal derivative chromatogram, although this does not
seem to have been tested against any experiment. Two
plate theories are used for the zonal chromatogram;
continuous flow model and discontinuous flow model.*)
The former model predicts the Poisson distribution for
the chromatogram whereas the latter predicts the bi-
nomial distribution. The number of plate is calculated
by applying the former model, since it is a more real-
istic model.¥ Computer simulations based on the lat-
ter model were applied for micellar systems,>® but any
computer program based on the former model has not
yet been developed for micellar systems.

Characteristic values for the frontal chromatograms
of micelle-forming systems were reported and com-
pared with asymptotic theory and the discontinuous

flow model.®” More accurate experimental data are
now available to test these theories and the continu-
ous flow mode,® 'V and realistic self-association mod-
els have recently been developed.'” For instance, the
shape of the derivative chromatogram for micellar sys-
tems has not fully been compared with theories, and the
dimerization constants obtained from chromatographic
centroid volumes and peak volumes are slightly different
from ecah other.!?

In this work we develop the continuous flow model
for computer simulations, and apply it to the relation-
ship between the frontal and zonal chromatograms of
sucrose and comparison between simulation and experi-
ment for dimerizing and micellar systems. Octaethylene
glycol decyl ether (C1oEg),'® chlorpromazine hydro-
chloride (CPZ),” and 3-[(3-cholamidopropyl)dimethyl-
ammonio|-1-propanesulfonate (CHAPS)® are chosen as
dimerizing and micellar systems, since these exhibit dif-
ferent aggregation patterns.

Theoretical

Frontal Chromatogram and Derivative. A
schematic frontal chromatogram of a nonassociable so-
lute and its first derivative with respect to the volume
are shown in Fig. 1. The applied volume S of sample
is large, so that the applied solution at concentration
Cy is eluted in the plateau region. We may assume
that the equivalent sharp boundary for the leading or
trailing edge of the solute zone on the frontal chro-
matogram is approximately the beginning (centroid) of
the plateau region of the elution profile and satisfies the
relationships:?

c
V! = / ’ VdC/Cy (leading boundary) (1)
0

and

c
Ve = / 0 VdC/Co+ S (trailing boundary).  (2)
0
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Fig. 1. Schematic frontal chromatogram (a) and its

derivative (b).

For these determinations the volume coordinate Vis as-
signed a zero value when the leading boundary of the
applied sample enters the column bed. According to
this approximation (called asymptotic theory), the elu-
tion curve for a nonassociable solute is expected to fall
within a rectangle of height Cy and width S. If all solute
molecules applied are eluted out of the column, the two
centroid volumes V! and V. should be the same.

As a first approximation, the shape of the derivative
chromatogram is expected to be the same with that of
the zonal chromatogram. As is true for the zonal chro-
matogram, therefore, the peak height may be directly
proportional to the applied concentration Cp and the
number N of plate may be evaluated from Fig. 2. The
values of Vg and W are obtained from the triangle that
is formed by the base line and two asymptotes to the
derivative chromatogram: that is,*

Nobsd = 16(VR/W)2 (3)

These two presumptions will be tested against both ex-
periment and theory below.

Plate Theory. In plate theory, it is assumed that
the column bed consists of successive plates of number
N. Two models based on the plate theory are shown in
Fig. 3.¥ The total volume of the mobile phase is Vj
and the concentration of solute in the mobile phase of
the #th plate is C;. Since the discontinuous flow model
has already been reported in detail,>® a brief explana-
tion will be given herein. When eluent of the volume
Vo/N is added, as shown in Fig. 3a, the concentration
in the ¢th mobile phase is changed from C; to C,_;.
When equilibration of partition of the solute between
the mobile and stationary phases has been established,
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Fig. 2. Definition of a triangle for the calculation
of the number of plate from the derivative chro-
matogram.

the new concentration in the ~th mobile phase becomes
C’. When this process is repeated, we can obtain a
chromatogram; that is, the relationship between C'y
and V. In the continuous flow model, eluent of the vol-
ume Vy/ND is added. Then the mobile phase in each
plate is homogenized and the concentration in the i-th
mobile phase is changed to [C;(D—1)+ C;_1]/D. After
partition equilibration between the mobile and station-
ary phases, the new concentration in the i-th mobile
phase becomes C,. When this process is repeated, we
can obtain a chromatogram. When D is large, the flow
of eluent becomes practically continuous. Therefore,
this is termed continuous flow model.¥

The discontinuous flow model may be valid for
counter current distribution. Since the continuous flow
model is more realistic than the discontinuous model,
Eq. 3 is derived from the former model.) For both
the models, the gel-water partition coefficient of a so-
lute having the centroid volume V. can be written as
(Ve—Vo)/ Vo,» and self-association in the mobile phase
is assumed to be rapid.

Experimental

Materials.  Sucrose was purchased from Tokyo Kasei
Organic Chemicals. CPZ (Sigma), CioEs (Nikko Chem-
icals), and CHAPS (Dojindo) were the same with those
already reported.®**®) Sephadex G-10 (Pharmacia) was
treated according to the suggestions of the manufacturer.
The ion-exchanged water was twice distilled and degassed
before use.

Methods. In GFC experiments of sucrose, a column of
a total gel volume of V;=22.70 cm® was jacketed to main-
tain it at a constant temperature of 298 K. The void vol-
ume Vj was determined to be 7.49 cm® with Blue Dextran
(Pharmacia). The rate of flow was monitored and was about
0.4 cm® min™?. The elution process was monitored contin-
uously with a refractive index detector and recorded with
a data processor. The observed refractive index data were
converted to total solute concentrations. The position and
height of the peak in the derivative chromatogram were de-
termined by a polynomial approximation. All GFC experi-
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Fig. 3. Explanation of two flow models for the chromatogram.

ments of CPZ,” Ci19Eg,'? and CHAPS® were carried out
on Sephadex G-10 columns at 298 K. As eluent, water was
used for C10Eg and CHAPS and 0.15 mol dm ™2 sodium chlo-
ride solution was for CPZ. All computer simulations were
carried out with a personal computer, and details of the
simulation procedure were reported elsewhere.®)

Results and Discussion

Nonassociable System. The frontal derivative
chromatograms at four applied concentrations of su-
crose are shown in Fig. 4. The centroid volume, the
peak volume, and the peak height are evaluated at the
leading and trailing boundaries and are shown in Ta-
ble 1. These centroid and peak volumes are indepen-
dent of the applied concentration and are close to each
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Fig. 4. Concentration dependence of the derivative
chromatograms of sucrose in water at four applied
concentrations (mmol cm's): O, 0.7654; @, 1.5133;
A, 3.0791; A, 4.4347.

other. The latter result means that the peak is almost
symmetric. The peak height is directly proportional to
the applied concentration of sucrose. This is an impor-
tant result. When the trailing boundary volume is plot-
ted against V minus S, the derivative chromatograms at
both boundaries are practically overlapped. As Table 1
shows, therefore, the number Nypsq of plate calculated
from Eq. 3 using the frontal derivative chromatogram is
the same at both boundaries, regardless of the applied
concentration.

Under the same conditions, the zonal chromatograms
of sucrose at four applied concentrations are deter-
mined, where the applied volume of sample is kept
constant at 0.10 cm®. As Table 2 shows, both the
peak volume V), and the number Nypeq of plate are al-
most independent of the applied concentration and are
close to those obtained from the frontal chromatogram
(Table 1). The peak height Cpax is almost proportional
to the applied concentration. Thus, the shape of the
zonal chromatogram is identical to that of the frontal
derivative chromatogram. '

On the basis of the continuous flow model, the frontal
chromatogram was simulated by employing the values of
Co=1 mmoldm™3, V=100 cm?®, V=230 cm®, N=100,
and D=1 to 100. The derivative chromatogram at the
leading boundary is identical with that at the trailing
boundary. In Fig. 5, Nypsq denotes the N value calcu-
lated from Eq. 3 using the simulated derivative chro-
matogram. This value is much larger than the input
N value (100), when D is smaller than 10. The ratio
of Nypsa/N at D=1 corresponds to the discontinuous
flow model. Thus, the result of Fig. 5 demonstrates
that the continuous flow model is more realistic than
the discontinuous flow model and that the D value em-
ployed should be larger than 10. A value of D=10 is
employed for all calculations hereafter. The continuous
flow model with the input values of N=105, Vy=7.49
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Table 1. Observed Frontal Chromatographic Data on Sucrose in Water at 298 K

C Leading boundary Trailing boundary
mmol dm™3 V//em® VJ/em® dC/dV/mmol dm™2 em™ Nopsa Ve/em® Vp/em® dC/dV/mmol dm™> em™ Nobsa
10.7654 11.71 11.78 0.268 106 11.78 11.78 0.266 106
1.5133 11.72 11.79 0.536 100 11.78 11.79 0.540 100
3.0791 11.83 11.72 1.116 106 11.82 11.73 1.124 106
4.4347 11.83 11.73 1.612 108 11.79 11.73 1.623 108
Average 11.77 11.76 — 105 11.79 11.76 — 105
Table 2. Observed Zonal Chromatographic Data on asymptotic theory, the peak position V), at the trailing
Sucrose in Water at 298 K boundary for the dimerizing system is related with the
Clmol dm—3  Vijom®  Comfmol dm—  Nowes concentration Cpax (Fig. 1) at V, as follows:"'%
T R T R RIS
8??;23 Egg 8882(1); igg Here V, denotes the centroid volume of the dimer.
Average 11.74 _ 107 When the Sephadex G-10 gel is used, this value may be
evaluated by extrapolation of V. to infinite concentra-
7 tion. If Eq. 4 is valid, we may evaluate the dimerization
18 R constant (k2p) from the concentration dependence of the
trailing peak position V. For CPZ we have already re-
16 4 ported the observed values of V,, Cnax, V1, and V3 in
0.15 mol dm~2 sodium chloride solution as a function of
zZ the total CPZ concentration.®!? The values of V; and
< ! ] Vy are shown in Table 3. Using these values, we plotted
} the values of [(V1— Va2)/(V,— V2)]? against Cpax, but
1 i the relation between these values is nonlinear and the
Table 3. Observed and Estimated Values from Chro-
10 —O0— —0 matographic Data for Micellar Systems
't L A 4 '} L L B 1 A
0O 20 40 60 80 100 CHAPS®  CPZ®  CioEs?
D Observed value
. . Nobsd 16 31 40
Fig. 5. Ratio of the observed number of plate to the Vi /em® 17.70 778 29.46
input N value as a function of the input number D of Vo /cm® 6.36 956 7.89
subdivision of a plate. The N value is kept constant i /cm3 14.81 112.64 16.47
at 100, whereas the D value is changed. Va/cm?® 6.36 256 7.89
Vin/cm® 6.36 2.56 7.89
cm?, D=10, and V=11.80 cm? well reproduces the ob- VY, /em® 13.87 111.50 15.71
served results shown in Tables 1 and 2 and in Fig. 4. Vay [em® 5.62 2.57 7.63
Close chromatograms are obtained by the discontin- Discontinuous flow model
uous flow model with two sets of input parameters, N 3 14 30 40
N=105, Vo=1.0 cm?, and V=11.80 cm?® and N =40, Vofem”, 4.0 L0 5.0
Vo="7.5 cm?, and V=11.80 cm?, but the void volume Vip/cm 14.33 109.0 16.19
0 ' X ’ V52 Jem?® 6.38 2.56 7.78
or the number of plate is much smaller than the ob- Continuous flow model
served value. That is, the void volume and the number N 16 31 40
of plate must be regarded as adjustable parameters in D 10 10 10
the discontinuous flow model. Vo/cm? 6.36 2.56 7.89
Dimerizing Systems. In general, the derivative Vi /em® 13.92 111.0 16.08
chromatograms of polymerizing systems at the trailing Vsy /cm’ 6.03 2.56 7.63

boundary are bimodal, whereas that of the dimeriz-
ing system is unimodal.>»® For the dimerizing system,
the peak of the derivative chromatogram at the trailing
boundary is smaller than that at the leading boundary.
By this feature, the dimerizing system can be distin-
guished from the nonassociable system.® According to

a) Observed values taken from Refs. 8 and 12. b) Ob-
served values taken from Refs. 9 and 12. The reason why
the values of V; and V? are much larger than the to-
tal bed volume V4 is attributable to aromatic adsorption
(N. Funasaki, S. Hada, and S. Neya, J. Colloid Interface
Sci., 156, 518 (1993)). c¢) Observed values taken from
Refs. 10 and 12.
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intercept of the ordinate is not unity (data not shown).
This failure of Eq. 4 is ascribed to the assumption of
the asymptotic theory that the centroid volume V is
identical to the peak position V},. The same conclusion
is reached for CHAPS® (data not shown).

Therefore we modified Eq. 4 as follows:

(Vs = Vig)/ (% = Vi) = 1+ 8kspCona: (5)

This equation may hold true also for systems including
the dimer and higher multimers at so low concentra-
tions that the multimers are negligible.'? The value of
V3, can be estimated by extrapolation of Vj, to infinite
dilution. For the Sephadex G-10 gel whose pores are
smaller than dimers, the value of V33 may be obtained
by extrapolation of the micellar peak volume Vi, or
V, to 1/Co=0 or it may be taken as the peak volume
of a large molecule, such as Blue Dextran. Figure 6a
shows the plot according to Eq. 5 for CPZ. The value of
V9, was estimated to be 111.5 cm® by extrapolation of
the observed V), values to infinite dilution and a value
of V52=2.57 cm® is used as the observed V, value for
Blue Dextran. The dimerization constant kyp, evaluated
from the linear portion in Fig. 6a is shown at the col-
umn kyp in Table 4. The k; value (k) estimated from
the observed V. data is 0.124 dm® mmol~! and is very
close to the ky value obtained from spectrophotometric
measurements.? Thus, the ks value is reliable.'® The
deviation from the linearity of Eq. 5 at large Cyax values
(viz., at high CPZ concentrations) will be attributable
to neglect of oligomers, such as trimers, tetramers, and
SO on.

The solid line in Fig. 6a is obtained on the basis
of the continuous flow model. The aggregation model
that CPZ forms the dimer and the 38-mer with aggre-
gation constants of k;=0.124 dm?® mmol~! and K3g=
9.39x10722 dm'*! mmol =37 (model I of Ref. 9) is used
for the simulation of the chromatogram. The Kj3g value
is the equilibrium constant for the formation of 38-mer
from 38 monomers. The void volume is set as the ob-
served V. value for Blue Dextran. The number of plate
is estimated from the trailing derivative chromatogram

Table 4. Observed and Calculated Values of the Cmc
and Dimerization Constant

CHAPS® CPZ®
Observed value

C10Es® Average

cmc/mmol dm™2 5.5 54 1.03 —
koc/mol™! dm® 4.6 124 7.7 —
kop/mol™! dm® 5.6 142 8.7 —
kop/kac 1.22 1.15 1.13 1.17

Calculated from discontinuous flow model
kap/ ke 1.35 124 1.25 128
Calculated from continuous flow model
kap/ k2 1.22 123 122  1.22

a) Observed values taken from Refs. 8 and 12. b) Ob-
served values taken from Refs. 9 and 12. c¢) Observed
values taken from Refs. 10 and 12.
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at a very low concentration by using Eq. 3. The cen-
troid volumes, Vi and Vi, of the monomer and the
aggregates are estimated by extrapolation of the ob-
served V values to infinite dilution and concentration.”
These values of k», Ksg, N, Vy, and Vy,, D=10, and
an applied concentration are used as the input data to
calculate a frontal chromatogram of CPZ. The V, val-
ues are obtained from these calculated chromatograms
and are used to extrapolate a value of V) =111.0 cm?
to infinite dilution and the Vi, values calculated are
used to estimate a value of V52=2.56 cm® by extrapo-
lation to infinite concentration. As Table 3 shows, the
estimated values of V‘l)p and V37 are slightly different
from those obtained experimentally. As Fig. 6a shows,
the agreement between theory and experiment is very
good at low concentrations. The dimerization constant
obtained from the linear portion in Fig. 6a is shown at
column kpp, in Table 4. If CPZ forms the dimer only
with a dimerization constant of k;=0.124 dm3 mmol 1,
the linear relationship observed at low concentrations
in Fig. 6a also holds at higher concentrations (data not
shown).

The dashed line in Fig. 6a is calculated on the basis
of the discontinuous flow model with the input values of
N=30and Vy=1.0 cm3 and ks, K3g, Vi, and V, used
for the solid line. At a number of concentrations, chro-
matograms are calculated. From these chromatograms
the V, values are obtained and are used to estimate
the values of V9, and V55 shown in Table 3. The dif-
ference between the continuous and discontinuous flow
models is small, as shown in Fig. 6a, since the number
of plate and the void volume are regarded as adjustable
parameters in the latter model.

Figure 6b shows the observed peak volume data on
CHAPS, taken from Ref. 12. The treatment of chro-
matographic data is the same with that of CPZ. The
solid line is calculated on the basis of the continuous
flow model using a stepwise aggregation model (model
M9 of Ref. 8) which accounts for all aggregate species
of CHAPS. The dashed line is calculated on the basis
of the discontinuous flow model with the input values
of N=14 and Vy=4.0 cm?® using the same aggrega-
tion model (model M9). As Table 4 shows, the kpp
value is larger than the ky. value obtained from the ob-
served centroid volume data. At high concentrations
of CHAPS the relation deviates positively from the lin-
earity exhibiting dimerization at low concentrations, in
contrast with CPZ (Fig. 6a). These results are expli-
cable theoretically, as shown by either the solid line or
the dashed line.

The dimerization constant of CigEg is determined
from each of the observed V. and Vj, data, as shown
in Table 4. The observed Vj, values and their analysis
based on Eq. 5 have been reported.'? For the simulation
of the chromatogram, we need any aggregation model
of CyoEs. The standard free energy of +mer formation
of C1p9Eg may be expressed as
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Fig. 6. Plot of the peak data according to Eq. 5 for CPZ (a) and CHAPS (b). The solid and dashed lines are calculated
on the basis of the continuous and discontinuous flow models, respectively. The input values of N,D,Vy, Vi, and Vi,

for chromatographic simulations are shown in Table 3.

iAGS /KT = —11.29(i — 1) +23.71(:*/® = 1) + 1.475(:*/> - 1).

(6)
This equation is based on the Tanford micellization
model for spherical micelles and is employed for sim-
plicity of calculation.'® The molarity C; (mmoldm~3)
of +mer of Cy9Eg can be calculated from

C; = C} exp(—iAG; /kT). (7)

The total concentration C can be calculated from the
monomer concentration Cj:

C =Y iC exp(—iAG; /KT). (8)
i=1
From Eq. 8 we can calculate the micellar concentra-
tion, C'— Cy, and use it to calculate the micellar con-
centration in the gel phase.'® Further details of exper-
iments and computer simulations on C;9Eg have been
reported.'®!V Other aggregation models for C1oEg are
available!”) and give similar results (data not shown).
The theoretical &, values are also determined on the
basis of the continuous flow model and the discontin-
uous flow model using Eq. 8. In the latter model, the
input data are Vy=5.0 cm3, N=30, V;=16.47 cm?,
and Vi, =7.89 cm3. Similarly to CPZ, the plot based on
Eq. 5 deviates negatively from the linearity at high con-
centrations (data not shown). For compounds exhibit-
ing highly cooperative micellization, such as C1gEg and
CPZ, the trailing derivative chromatogram split into
two clear peaks above the critical micelle concentration
(cmc) and the plot of Eq. 5 deviates negatively from
the linearity at high concentrations. For a compound,
such as CHAPS, the trailing derivative chromatogram
does not show two clear peaks (Fig. 7)® and the plot of
Eq. 5 deviates positively at high concentrations.

6f « @ G
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S
]

IdC/dVI Immol dm3cm3
N

10 20
V-S/em3

Fig. 7. Observed leading (a) and trailing (b) chro-
matograms of CHAPS on a Sephadex G-10 column at
five CHAPS concentrations (mmoldm™3): a, 5.3555;
b, 8.0962; c, 9.6878; d, 11.1872; e, 15.452.

As Table 4 shows, the values of kpp/koc and kop/ke
are about 1.2, regardless of the compounds, theories,
and experiments. Thus, Eq. 5 is also an approximation
and may be modified as

(Vi = V&5)/ (Vo = Vig)I* = 1+ 9.6kapCmax. (9)

Micellar Systems. At very low concentrations,
CPZ, CHAPS, and C1pEg form mainly dimers. Above
the cmc (Table 4), the micellar aggregation numbers of
CPZ% and CyoEg!® are about 38 and 46, respectively
and that of CHAPS increases gradually with increasing
concentration;® e. g., the weight average aggregation
number of CHAPS is 15 at 30 mmoldm~3. Several
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characteristic quantities for the frontal chromatograms
of these systems will be considered below.

Frontal chromatograms of CHAPS in water on a
Sephadex G-10 column were obtained at 25 CHAPS
concentrations and 298 K, although no leading chro-
matogram at high concentrations was reported.®) Ob-
served derivative chromatograms at five CHAPS con-
centrations are shown in Fig. 7. Their simulations based
on the continuous flow model are shown in Fig. 8. Those
based on the discontinuous flow model at the trailing
boundary were reported.®) The procedure and condi-
tions for these simulations are the same with the dimer-
izing system described above.

Figure 9 shows the peak height data on CHAPS
as a function of CHAPS concentration. Below 2
mmoldm™3, the height of the trailing peak is very
close to that of the leading peak and is directly pro-
portional to the concentration. As these results demon-
strate, the peak height at neither the leading bound-
ary nor the trailing is proportional to the applied con-
centration of CHAPS at concentrations higher than
- 2 mmoldm™3, being different from the nonassocia-
ble system (Table 1). The reason for these results
is that almost no CHAPS molecule self-associates at
concentrations lower than 2 mmoldm™2. At concen-
trations higher than 2 mmoldm™3, the height of the
trailing peak is smaller than that of the leading peak.
Around 10 mmoldm™2, the trailing peak is bimodal
and above such a concentration, the monomer peak be-
comes a shoulder of the micellar peak. From the ob-
served derivative chromatograms, therefore, accurate
monomer peak heights at CHAPS concentrations higher
than 11 mmol dm ™3, cannot be determined. At CHAPS
concentrations lower than 9 mmoldm™2, the micelle
peak becomes a shoulder of the monomer peak and
therefore no accurate peak height can be determined

6 ;: (@) (b) T

4t . - .
' (]
e o g L i
]
. 6
2 .

I1dC/dVI Immol dr3 cn3

10 0 10
Viem3 V-S /cm3
Fig. 8. Simulated chromatograms of CHAPS based on
the continuous flow model, corresponding to Fig. 7.
The input values of N,D,Vp, V1, and Vi, for chro-
matographic simulations are shown in Table 3.
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IdC/dVI /mmol dm=3 cm3
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0 10 20
C / mmol dn3
Fig. 9. Peak heights at the leading boundary (A)
and for the monomer (O) and the micelle (@) at the
trailing boundary on the derivative chromatogram of
CHAPS. The solid and dashed lines are calculated
on the basis of the continuous and discontinuous flow
models, respectively. The input values of N,D, Vg, V1,

and Vg for chromatographic simulations are shown
in Table 3.

from the observed derivative chromatograms (Fig. 7).®)

The solid lines in Fig. 9 are calculated by the con-
tinuous flow model with the input values of N=16 and
Vp=6.36 cm®. This model very well predicts the heights
of the leading peak and the monomer peak at the trail-
ing boundary, but does not well do so the height of
the miceller peak at the trailing boundary. The dashed
lines are calculated on the basis of the discontinuous
flow model with N=14 and Vy=4.0 cm?3, which are
regarded as adjustable parameters. This model reason-
ably reproduces the heights of both the leading peak
and the trailing micellar peak.

Figure 10a shows the observed derivative chro-
matograms of CioEg at three concentrations and S=
20.00 cm®. Around the cmc (1.03 mmoldm~3) the
changes in shape of the chromatogram with increasing
concentration are more abrupt than those for CHAPS
shown in Fig. 9. For the leading boundary the rela-
tionship between the peak height and the total concen-
tration consists of two almost straight lines with the
intersection at the cmc. For the trailing boundary, the
monomer peak height is almost proportional to the to-
tal concentration below the cmc and remains almost un-
changed with increasing concentration above the cmc.
The micellar peak height at the trailing boundary is al-
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Fig. 10. Observed derivative chromatogram (a) of
Ci10Eg and the corresponding chromatogram calcu-
lated from the discontinuous flow model (b) and from
the continuous flow model (c) at three CioEs con-
centrations (mmol dm™3): @, 0.8263; A, 1.2140; O,
8.0352. The input values of N,D, Vy, V1, and Vi, for
chromatographic simulations are shown in Table 3.

most proportional to the micellar concentration, viz.,
C—cmc (data not shown). Figures 10b and 10c show
the corresponding simulations based on the discontinu-
ous and continuous flow models, respectively.

For C19Es and CPZ, the derivative chromatogram at
the trailing boundary above the cmc has a clear mini-
mum, e. g., as shown for C;9Eg in Fig. 10. In Fig. 11
the concentration Cpi, at the minimum is shown as a
function of the total concentration. The Cpin value for
C10Es appears to be almost independent of the poros-
ity of the gel used,”'® although the accuracy in Cgyin
is now much improved by advances in our experimental
skill and instrumentation. This value for CioEg only
slightly increases or remains unchanged with increas-
ing concentration. The Cpn;, value for CPZ decreases
with increasing concentration above the cmc. In gen-
eral, when oligomerization constants are large, the Cpyip
value appears to decrease with increasing concentration.
The theoretical Cpy;, values calculated from the discon-
tinuous and continuous flow models are very close to
each other, as shown by the solid lines in Fig. 11, and
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Fig. 11. Concentration dependence of Cpin for C10Es

(O) and CPZ (@®). The solid lines are theoretically
calculated; the continuous and discontinuous flow
models predict very close results. The input values of
N,D, Vy, V1, and Vi, for chromatographic simulations
are shown in Table 3.

only slightly decrease or remain constant with increas-
ing concentration for both CigEg and CPZ. The Cuin
value is slightly larger than the monomer concentration
and is almost equal to the cmc (Fig. 11 and Table 4).

Conclusions

For sucrose, a nonassociable solute, the derivative
chromatograms at the leading and trailing boundaries
overlap completely and have the same shape with the
zonal chromatogram. The peak height on the deriva-
tive chromatogram is directly proportional to the con-
centration applied. The peak volume on the derivative
chromatogram is identical with that on the zonal chro-
matogram. Thus, the number of plate can be estimated
from the frontal derivative chromatogram using Eq. 3.

The continuous flow model is more realistic than the
discontinuous flow model often used, since the former
takes into account the infinitesimal flow of the mobile
phase. The number of subdivision of a plate in the
continuous flow model may be set equal to 10. The ob-
served chromatograms for sucrose are well-predictable
by the continuous flow model using the observed values
of the void volume and the number of plate. This is the
advantage over the discontinuous model, although the
former model has the disadvantage of requiring more
computing time than the latter.

For self-associating systems, the dimerization con-
stant can be estimated from the concentration depen-
dence of the trailing peak volume using Eq. 9. This
equation is a modification of Eq. 4. The peak volumes,
V?p and V§, for the monomer and the dimer should
be used instead of the centroid volumes Vi and V5. A
correction factor, which is estimated from experimen-
tal results and the continuous and discontinuous flow
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models independently, should be introduced in Eq. 5.

Some characteristic parameters on the derivative
chromatograms of micellar systems depend strongly on
the pattern of micellization. For CigEg exhibiting a
high cooperativity in micellization, the relationship be-
tween the peak height and the total concentration con-
sists of two almost straight lines with a sharp break
at the cmc and the Cp,;, value only slightly increases
with increasing concentration. For CHAPS exhibiting
a low cooperativity, the peak height increases nonlin-
early with increasing concentration. For CPZ having a
large dimerization constant, the Cpi, value slightly de-
creases with increasing concentration. These features
for the micellar systems can be reproduced by the con-
tinuous flow model and by the discontinuous flow model
in which the void volume and the number of plate are
regarded as adjustable parameters.

Thus, the physical meaning of the frontal chro-
matogram and its derivative for nonassociable and self-
associating systems is established on the basis of the-
ory and experiment. The above results are particularly
useful to the elucidation of the aggregation behavior of
complicated systems, such as micellar systems.

Thanks are due to Miss Noriko Nakazawa and Messrs.
Kaoru Nishi and Chuhei Majima for some experiments
and computations.
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