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The aggregation properties of polyethylene glycol dodecyl ethers (Ci2E,; n=4, 5, and 8) are investigated
with frontal gel (Sephadex G-200 and Sephacryl S-500) filtration chromatography (GFC) at 25°C. At the
trailing boundary of derivative GFC patterns for Ci2Es, unusual two peaks of micelles appear together with a

peak of monomer.
(Rv=5 nm) micelles.
more rapidly than that for the small micelle.

theory reveals that the large micelle is the hexamer of the small micelle.
computer simulations of the GFC patterns, based on plate theory.

These micellar peaks are assigned to two types of micelle, viz., large (Rn=30 nm) and small
As the Ci2E5 concentration is increased, the peak height for the large micelle increases
Analysis of the centroid elution volume data by asymptotic

This conclusion is supported by
In the derivative pattern of the trailing

boundary for Ci2Es, the micellar peak becomes sharper and shifts to larger elution volume side, with increasing

concentration.
micellar elution volume.

This pattern is well simulated with the assumption of linear concentration dependence of the
Micelle size of Ci2Eg appears to remain constant.

For Ci2E4, which is hydrophobi-

cally adsorbed on the gels, huge micelles coexist with a small amount of large micelles (Ry=33 nm).

In spite of the large amount of research that has been
carried out by using a number of experimental tech-
niques, it is still a matter of controversy if the aggrega-
tion number of nonionic surfactant micelles increases
or not with increasing surfactant concentration.1-17
For polyethylene glycol dodecyl ethers (Ci2Er) at
25°C, Tanford et al. reported that micellar growth
occurs only at n=6.) Hexaethylene glycol dodecyl
ether (Ci2Eg) has therefore become one of the most
extensively investigated nonionic surfactants.?
Experimental techniques applied for investigations of
pentaethylene glycol (Ci2Es) and octaethylene glycol
(Ci2Es) dodecyl ethers include static (SLS)3-® and
dynamic (DLS)7-9 light scattering, nuclear magnetic
resonance (NMR),8-10 static (SNS)1112) and dynamic
(DNS))  neutron scattering, fluorescence decay
(FD),*® fluorescence quenching (FQ),1¥ sedimentation
velocity (SV), viscosity (VIS),18) gel filtration chroma-
tography (GFC)," electron paramagnetic resonance
(EPR),1415 vapor pressure osmometry (VPO),® and
electric birefringence.’” There is general agreement
that the Ci2Es micelle little grows at 25 °C, but the
contradiction remains unsolved for Ci2Es.  For CigEs,
EPR and VPO data were interpreted as showing
that the Ci2E5 micelle remains small independently of
concentration, whereas SLS4589 and NMR® data sug-
gested that Ci2Es micelles are polydisperse and
increase with increasing concentration.

Two models for micellar growth have been pro-
posed. One is multiple equilibrium model, which
assumes that size of large micelles are highly polydis-
perse and increases with increasing concentration.!®
The second is secondary aggregation model, which
assumes that size of large micelles is almost monodis-
perse and remains constant independently of concen-
tration.}2819  The former model denies the presence
of the second critical micelle concentration, whereas
the latter predicts it.19

The advantage of GFC as well as SV over other
techniques is to separate mixtures different in size.
For the quantitative analysis of GFC patterns for self-
associating systems, the large sample size (frontal)
method is generally used.229 The small sample size
(zonal) method showed that the Ci2Eg micelle does not
grow with increasing concentration at 25°C.)  The
Ci2E6 micelle was investigated by both the zonal and
frontal methods. The zonal method showed that this
micelle grows.!)? The frontal method showed that
small and large micelles coexist in equilibrium with
each other.?

In this work, we investigate aggregation behavior of
Ci2Es, Ci2Es, and tetraethylene glycol dodecyl ether
(Ci2E4) by the frontal GFC method at 25°C. In the
derivative elution pattern, only one micellar peak is
observed for Ci2Es, whereas two separate micellar
peaks are present for Ci2Es and Ci2E4.  These results
will be analyzed by the asymptotic and plate theories
that we have already developed.220

Theoretical Basis

Secondary Aggregation Model for Micellar Growth.
Multiple equilibrium model, which takes into consid-
eration all aggregated species, will be formally the
most comprehensive theory for micelle formation.1®
Secondary aggregation model,'® which will be de-
scribed below, may be regarded as a special case of this
theory.

A small micelle may be formed from m; monomers
as follows:

K
m1 monomers < small micelle (1)
C Cq
and
K1=C2/C1™. (2)
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A large micelle may be formed by the aggregation of
mz small micelles:

K2
mz small micelles &= large micelle (3)
Ce Cs
and
K2=Cs/Cz2™. (4)

The total concentration Cp of surfactant may be writ-
ten as
Co=C1+C2+Cs, (5)

where all concentrations are expressed on a monomer
basis. When m, is very large, we can use the approxi-
mation of C1=cmc.

GFC Patterns for Micellar Systems. According to
asymptotic theory,2:20 the centroid volume V. is
defined as

V.= 0‘ VdC/Co, (6)

where V' represents the volume flow through the
column since introduction of the sample’s leading
edge. For the above system, V. can be written as

Ve=(C1V1+CaVatCsVs)/ Co, (7)

where V1, V3, and V3 denote the elution volumes of the
monomer, the small micelle, and the large micelle,
respectively. By using the approximation of
C1=cmc, one can obtain

Co=[Co(V—V3)+cmc(Vs—V1)]/(Va—Vs3) (8)
and
C3=[Co(Ve—V)+cmc(Vi—V2))/ (Va—Vs3). (9)

By using Eqgs. 4, 8, and 9, we can determine m3 and K>
from GFC elution volume data.

A gel column may be regarded to consist of n
successive plates, and each plate is composed of the
stationary gel phase and the mobile aqueous phase.
This plate theory has been reported for micellar sys-
tems in detail.?® The void volume Vo and the
number n of plates are required for computer-
simulation based on this theory. The derivative elu-
tion curve provides more detailed information than
the original curve.220)  For the above micellar system,
the plate theory can simulate the derivative pattern.220

Experimental

Materials. Homogeneous samples of CigEs, Ci2Es, and
Ci2E4 were obtained from Nikko Chemicals. The purities
of these samples were determined to be 99% or more by a
Shimadzu GC-8A gas chromatograph. Sephadex G-200
and Sephacryl S-500 were purchased from Pharmacia Fine
Chemicals. Blue dextran used for the determination of the
void volume was obtained from Pharmacia. Proteins
(Sigma) and beads (Dow Chemical Co.) whose hydrody-
namic radii Rn (nm) are known were used for the determina-
tion of Ry’s of micelles; Rv=1.9 (whale myoglobin type II),
Ry=3.5 (bovine serum albumin), R,=4.6 (yeast alcohol dehy-
drogenase), Ry=8.5 (thyroglobulin), Rx=10.7 (fibrinogen),
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and R»=19 (polystyrene carboxylate modified beads). The
ion-exchanged water was twice distilled and degassed before
use.

Methods. The four columns shown in Table 1 were
used, and the flow rate (cm3h-?) for each column is 6 (A), 8
(B), 24 (C), and 2.3 (D). The temperature of all columns
was controlled at 25+0.2°C. A sample or eluent was
charged with a mini-pump. A large volume of sample over
the total gel volume V' was charged so that a plateau region
might appear on the elution curve. Elution was monitored
continuously with a refractive index monitor and recorded
with a Shimadzu Chromatopac C-R1B data processor,
except for column D. For the column D experiments the
eluate was collected with a fraction collector and the concen-
tration of Ci2E4 in each fraction was determined by gas
chromatography. The refractive index of surfactant solu-
tion showed an approximately linear relationship with con-
centration. When necessary, a correction was made by
using the calibration relationship. The derivative of an
elution curve was obtained from slopes at appropriate inter-
vals of V. The experimental procedure of GFC has already
been reported in detail.?

Computer Simulation. Plate theory was used for simula-
tion of the elution curve and its derivative. The equilibria
of micellization and partition of a surfactant between the
mobile and stationary phases were assumed to be established
instantaneously. The simulation procedure has been
reported elsewhere.2 .20

Results and Discussion

Ci2Es. The dashed line in Fig. la shows a typical
elution curve in the trailing boundary region for Ci2Es
(Co=1.531 mmoldm=3). Since a large amount of a
sample was charged, the concentration of Ci2Es in the
first plateau region was equal to that of the charged
sample. The concentration of Ci2Es in the second
plateau region is close to the cmc values (mmol dm=-3),
0.0621 and.0.064,22 as we have already predicted theo-
retically for micellar systems.20 The derivative of
this elution curve (solid line) shows three maxima and
two minima. This pattern is unusual, since all GFC
derivative patterns reported up to now have only two
maxima due to the monomer and the micelle. The
first largest peak (V3p) has an elution volume close to
the void volume, and therefore, this may be assigned
to a large micelle. The last peak (V1) has a normal
elution volume close to the total volume V; of column
A (Table 1). The second peak (V2p) may be due to a
small micelle.

To confirm this unusual result, we carried out a
similar experiment on column B. As Fig. 1b shows, a
very similar derivative pattern was obtained on
column B. The first peak appeared near the void
volume of column B (Table 1), and the size and shape
of the second peak due to a small micelle are close to
those on column A, when the difference in Vi between
columns A and B is taken into consideration.

Figure 2 shows the derivative pattern for Ci2Es5 as a
function of Co, obtained on column A. The posi-
tions of the three peaks little changed with Co. The
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Fig. 1. Elution curve (dashed line) and its derivative

(solid line) for Ci2Es under two experimental condi-
tions: on column A at Co=1.5313 mmoldm=3 (a)
and on column B at Co=1.530 mmol dm=3 (b).

GFC Study of Micellar Growth

Table 1. Characteristics of the Columns Used
Total Void
Column Gel volume volume Surfactant
cm3 cm3
A G-200 30.2 9.5 Ci2Es
B G-200 84.4 30.2 CizEs, Ci2Es
C $-500  28.9 9.2Y  CizE4, Ci2Es
D G-200 31.2 9.8 Ci2E4
a) Estimated as the total volume multiplied by 0.32.

Table 2. Aggregation Numbers and Hydrodynamic Radii
of Ci2Es Micelles in Dilute Solution at 25°C

C Ry
—_—— m Method Reference
mmol dm~3 nm
cmc 3270 SLS 4
3.4 3600 SLS 5
cmc 2850 25.2 SLS, NMR 8
7.38 16.2 NMR 9
24.6 28 NMR 10
20% 2.3 EPR 14
cmc 112 VPO 16
49Y GFC This work
9.82 30" GFC This work
a) Estimated from Vs for the small micelle.

b) Estimated from the micellar peak for the large
micelle by using column C.

height of the monomer peak remained unchanged
with Co, whereas those of the small and large micelles
increased with increasing Co little and markedly,
respectively.

Table 2 summarizes the literature values of m and
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1 dC 7dVI / ymol cm

Fig. 2. Derivative elution curves for Ci2Es on
column A at five charged concentrations (Co/
mmoldm=3): 1.5313 (W); 1.8829 (A); 2.5676 (A);
4.2537 (O); 10.6343 (@®). The monomer region is
omitted.

Ry in dilute solution at 25°C. These m values are
very large, and consequently we can use the phase
separation approximation, Ci=cmc. The simplest
model which may apply to the results shown in Fig. 2
is the secondary aggregation model described in the
Theoretical Basis section. Substitution of Egs. 8 and
9 into Eq. 4 yields

log [Co(Ve—V.)+emce(Vi—V2)|=malog [Co(V—V3)
+cme(Vs—V1)+log K—(me—1)log (Va—V3) (10)

The V. value can be determined from both the leading
and trailing boundaries of a frontal elution curve.
Since these V. values were close, we used the average of
them. The centroid volumes, V2 and V3, of the small
and large micelles are expected to be close to the
corresponding peak volumes, Vo, and Vs,. The dif-
ference in V between the centroid and the peak stems
from both asymmetry of the peak and the concentra-
tion dependence of the peak position. Furthermore
V1 should be close to V. at infinite dilution, whereas
V3 should be close to V. at infinite concentration. By
employing values of V1=35.5 cm3, Ve=17.0 cm3,
V3=9.5 cm3, and cmc=0.06 mmol dm-3, we plotted the
V. data on column A according to Eq. 10 in Fig. 3.
By the least-squares method, we obtained values of
m2=6.04 and K2=6.25 (mmoldm-3)-5%. From this
mg value we can suggest that the large micelle of Ci2Es
is the hexamer of the small micelle.

Computer Simulation of GFC Patterns for Ci2Es.
The computer simulation of GFC patterns based on
plate theory has become a useful tool for investigating
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Fig. 3. Centroid volume data plotted according to
Eq. 10 for Ci2Es by using values of V1=35.5 cm?,
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Fig. 4. Computer-simulated derivative patterns for
Ci2Es at the concentrations corresponding to Fig. 2.
Input data used for the simulation: n=100, V©=7.0
cm3, V/1=35.5 cm3, V3=17.0 cm3, V3=9.5 cm83, m2=6,
K2=6.25 (mmol dm~3)-5, and cmc=0.06 mmol dm-3.

the aggregation properties of surfactants.22023) Tak-
ing into the literature m values (Table 2), we used
values of m1=500 and me=6. The elution volumes
estimated above, V1=35.5 cm3, Ve=17.0 cm3, and
V3=9.5 cm3 were also used below. A Ki value of
5X106% (mmoldm=3)-4% were estimated from the
equation,20) Ki;=cmc!™™/(2m,), by using cmc=0.06
mmoldm-3 and m:=500. A Kz values of 6.25
(mmoldm=3)-5 were used. As fitting parameters, we
used Vo=7.0 cm® and n=100. Figure 4 shows the
computer simulated GFC patterns of Ci2Es, corre-
sponding to the experimental ones (Fig. 2). Very
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close patterns were obtained by using cmc=0.06
mmol dm-3 (phase separation model), without using
the m; and K, values, though they are not shown.

In Fig. 4 two peaks for small and large micelles are
reproduced. This result differs from that of CizEg;
the GFC derivative patterns for Ci2E¢ had only one
peak for the micelle, and the micellar elution volume
decreased markedly with increasing Co.2? These dif-
ferent patterns can be ascribed to the difference in mso;
me=6 for Ci2Es and m2=2 for Ci2E¢. The computer
simulations based on plate theory correspond to the
experimental GFC patterns for these surfactants.
Furthermore we recall that asymptotic theory predicts
only one peak at m=2 and two peaks at m=3 for the
monomer-m-mer system.?2? For the small micelle,
both the observed and simulated values of V3, slightly
increased with increasing Co, but the height simulated
is larger than the observed one. For the large micelle,
the simulated Vs, value decreased with increasing Co
more rapidly than the observed one. Considering the
inaccuracies in both experiment and theory, we did
not attempt further improvements of fitting.

The hydrodynamic radius Ry, of a species can be
estimated from its elution volume V. by using a cali-
bration relationship between Ri and V. for the pro-
teins described in the Experimental section. For the
small micelle of Ci2Es, we obtained values of Ry=5.0
nm (Co=1.531 mmoldm=-3, on column A) and Ry=5.3
nm (Co=1.530 mmoldm=-3, on column B) from their
Vap values, and a value of Ry=4.9 nm from V.=17.0
cm3.  For the large micelle of Ci2Es, we could not
determine the Ry, value from the Sephadex G-200
data,since Vsp and Vs were close to the exclusion limit
of Ry for this gel. By using column C (Sephacryl S-
500), we estimated a value of R,=30 nm (C0=9.816
mmol dm=3).

Ci2Eg.  For Ci2Esat 25 °C, there is general agreement
that the micelle size little changes with Co.136-13.16)

010

ldcrdvicg' rem3
o
o
(8]

Fig. 5. Reduced derivative patterns for Ciz2Es at five
charged concentrations (Co/mmol dm—3): 0.164 (H);
0.329 (A); 0.986 (A); 21.655 (O); 42.336 (@).
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Table 3 summarizes the literature values of m and Rn
in dilute solution at 25°C. The derivative patterns
for Cy2Es at the trailing boundary are shown in Fig. 5,
where the ordinate is divided by Co for representing
the GFC data in a wide range of Co. As expected,
there appeared a single peak of the micelle. As we
have shown theoretically, the concentration depend-
ence of the micellar peak Vrp is rather complicated;?¥
when m is large enough, like Ci2Es, Vmp increases
slightly with increasing Co. The increase of Vmp
shown in Fig. 5 is much larger than that predicted by
plate theory. Furthermore the peak height of the
micelle should be roughly proportional to Co at high
concentrations, and consequently the peak divided by
Co should have a constant height. As Fig. 5 shows,
the micellar peak at Co=42.336 mmol dm~3 is higher
than that at Co=21.655 mmoldm-3. Though the rea-
son has not yet been clarified, the peak position V',
sometimes increases with increasing Co.29 Then, as
Co increases, the leading peak becomes broader, whe-
reas the trailing peak becomes sharper.2026) These
tendencies have been explained on the basis of plate
theory for a nonassociable protein.2®» Values of cmc
were reported to be 0.1122 and 0.07 mmol dm-3.2D

Taking into consideration the above-mentioned
results, we computer-simulated the derivative curve by
using the following values; Vo=5.0 cm3, V/=383.8 cm3,
V2=0.0822C0+51.93 cm3, and cmc=0.10 mmol dm=-3.
The derivative patterns thus computed are shown by
dashed lines. The solid lines were computed by
using the mass action model; values of m=100 and
K=4.9X10% (mmoldm=-3)-% were used instead of the
cmc value (phase separation model). Though the
difference between the solid and dashed lines is minor,
the solid line is closer to the observed value than the
dashed line. These computed patterns well repro-
duce the observed results (Fig. 5). Therefore, the
increase of the micellar elution volume does not reflect
true changes in micelle size.

The Ry value for the Ci2Es micelle might be esti-
mated to be 3.8 nm from the Vo, value at Co=42.336
mmoldm=-3. For the monomer-m-mer system we
have shown that the elution volume at infinite con-
centration corresponds to the true Ry value for the m-
mer.2)  Therefore “true” Ry value for the Ci2Es
micelle may be smaller than 3.8 nm, as have been
reported by other workers (Table 3).

Ci2E4. For Ci2E4 at 25°C, values of cmc=0.04,28)
0.046,18 and 0.06422 mmoldm-3 and Ry=180 nm
(SLS)2» have been reported. On two columns,
columns C and D, we investigated the GFC patterns of
Ci2E4. In the elution pattern of this surfactant, the
concentration at the first plateau region was smaller
than the initially charged concentration Co, as shown
in Figs. 7a (Sephadex G-200) and 7b (Sephacryl S-500).
For the both columns the concentration at the second
plateau region was close to the cmc and the V; value
was much larger than the V. value (Table 1). The

GFC Study of Micellar Growth
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Fig. 6. Computer-simulated reduced derivative pat-
terns for Cjy2Es at the five concentrations corre-
sponding to Fig. 5. Input data used for the simula-
tion according to two models: for mass action
model (solid lines), n=120, V%=5.0 cm3, V1=83.8
cm3, V2=0.0822Co+51.93 cm3, m=100, and
K=4.9X10% (mmol dm~3)-%; for phase separation
model (dashed lines), cmc=0.10 mmol dm-2 and the
same values of n, Vo, V1, and Va.
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Fig. 7. Eluton curves (dashed lines) and their deriv-
atives (solid lines) for Ci2E4 under two experimental
conditions: column D and Co=0.508 mmol dm3 (a);
column C and C¢=0.276 mmol dm-3 (b).

indicates that the Ci2E4 monomer is
adsorbed on the gels. This adsorption is ascribed to
the hydrophobicity of Ci2Es. The reason for the
reduction of concentration in eluate below Co may be
ascribed to the adsorption or the clogging of huge
micelles of Ci2E4 to the gel network. On Sephacryl S-
500, the large peak appeared near the void volume

latter fact
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Table 3. Aggregation Numbers and Hydrodynamic Radii
of Ci2Es Micelles in Dilute Solution at 25°C

Noriaki Funasaki, Sakae Hapa, and Saburo NEva

C Ry

—_— m Method Reference
mmol dm-3 nm
cmc 120 3.6 SV 1
cmc 3.5 GFC, VIS 1
8.2 97 GFC, SLS 3
cmc 62 2.8 SLS, VIS 6
cmc 120 3.4 SLS, DLS 7
cmc 90 3.0 SLS, NMR 8
9.3 3.3 NMR 9
cmc 3.1 NMR 10
2.5% 90 3.1 SNS, DNS 11
28 82 3.0 SNS 12
7 92 FD 13
3% 105 FQ 13
cmc 39 VPO 16
42.34 3.8°  GFC This work

a) Estimated from the micellar peak shown in Fig. 5.
The “true” value is expected to be smaller.

(Table 1) and the small peak has a value of Ry=33 nm.
On Sephadex G-200, a single peak appeared near the
void volume of this column, since all micelles of Ciz2E4
are too large as compared with the gel pores.

Micellar Growth of Polyethylene Glycol Dodecyl
Ethers at 25°C. As Table 2 shows, VPO and EPR
data on Ci2Es have been interpreted as showing that
small micelles form independently of Co above the
cmc.14:18  On the other hand, the NMR and SLS data
(Table 2) suggested that large micelles form and grow
with increasing Co.4#58-19 A similar controversy con-
tinues for Ci2E¢.2)

Our present and previous researches clearly showed
that micellar size of Ci2E4, Ci2Es, Ci2Es, and CioFs
increases with a decrease of the polyoxyethylene chain
length and with increasing Co except for Ci2Es this
result is consistent with others.136-1316)  However our
result on Ci2Es does not show that smaller micelles do
not form at very low concentrations, especially near
the cmc.  Very small m values have been reported, as
shown in Table 3.616 This discrepancy in m may
stem from the difference in the extrapolation proce-
dure of low concentration data to the cmc.

Our GFC data on Ci2Es5 clearly indicate that small
micelles coexist with large micelles. This result was
analyzed in terms of the secondary aggregation model,
viz., by assuming that sizes of these micelles are inde-
pendent of Co. This assumption may be valid in the
concentration range which we investigated (Co=
1.53—10.4 mmoldm=3). Outside this range, smaller
or larger micelles may form.

The molecular lengths of Ci2E4, Ci2Es, and Ci2Es in
the most stretched conformation are 3.2 nm, 3.5 nm,
and 4.4 nm, respectively. From comparison between
these values and Ry’s, the CigEs micelle is almost
spherical and all the Ci2E4 and Ci2Es micelles are
nonspherical (probably rodlike). ,

The most important conclusion in this work is that
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the small and large micelles coexist for Ci2E4 and
Ci2Es.

List of Symbols.
Co; Total concentration of surfactant on a monomer basis
C1; Monomer concentration of surfactant
C2; Concentration of small micelles on a monomer basis
Cs; Concentration of large micelles on a monomer basis
Ki; Equilibrium constant of formation of small micelles
from monomers
K2; Equilibrium constant of formation of large micelles
from small micelles
m; Number of monomers in a micelle
mi1; Number of monomers in a small micelle
mg; Number of small micelles in a large micelle
n; Number of plates or number of oxyethylene units
Vo; Void volume
V1; Centroid elution volume of monomers
Vs; Centroid elution volume of small micelles
Vs; Centroid elution volume of large micelles
V.; Overall centroid elution volume
Vi Total volume of gel bed
V1p; Peak position of monomers in the derivative pattern
Vap; Peak position of small micelles in the derivative pattern
V3p; Peak position of large micelles in the derivative pattern
Thanks are due to Ms. M. Abe for technical
assistance.
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