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Abstract The present investigation
proves that in the interaction between
an uncharged polymer and

a negatively charged amphiphilic ion
(surfactant) clusters are actually
formed and it provides data for the
cluster concentration and the cluster
size and their variation with
composition. The polymer bound
cluster size increases after a certain
critical surfactant concentration and
passes through a maximum. This
maximum cluster size decreases with
decreasing polymer concentration
and attains a limiting value at infinite
dilution. For the highest polymer
concentration the cluster size is close
to the size of normal surfactant
micelles. The cluster concentration
was determined by a fluorescence
quenching technique and the amount
surfactant adsorbed to the polymer by
dialysis equilibrium measurements.
Combining these independent sets of
data permits the cluster aggregation
number to be unambiguously

determined. Solubilization
experiments indicate the possibility to
regulate the amount solubilized by
varying the polymer concentration.
The molecular properties of the
system are sensitively monitored by
the variation in two vibronic peaks in
the pyrene fluorescence emission
spectrum which defines

a “hydrophobic index.” Very good
agreement is found between all three
experimental methods. Finally, the
model suggested is analyzed in terms
of coil size and cluster-cluster
distance. Depending upon the degree
of adsorption saturation and the
density of polymer segments in
solution the interaction may switch
from being intramolecular to
becoming intermolecular.
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Introduction

Recent investigations [1-4] on systems containing an un-
charged polymer and a negatively charged amphiphilic ion
(surfactant ion) in water solution have revealed the possi-
bility of strong interaction, especially in certain concentra-
tion intervals containing the CMC point. It has also been
found that for many polysaccharides, and in particular the

GL 439

cellulose derivatives, the situation is complex due to the
mixed hydrophobic/hydrophilic structure. The hydro-
dynamic properties of such systems often change dramati-
cally with polymer concentration. Thus the coil volume of
a chain polymer has been found to change by a factor of
four over fairly limited concentration changes of surfactant
[1]. The hydrodynamic effect is enhanced in a nonlinear
way by an increase in polymer concentration [1, 5]. Ther-
modynamic properties are also markedly affecied as can
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be seen from equilibrium dialysis experiments [1, 6]. These
effects observed seem to depend critically on the chemical
nature of the polymer. In particular, the balance between
hydrophobic and hydrophilic properties are of impor-
tance. The most conspicuous effects occur in a concentra-
tion interval of the amphiphile from zero up to say twice
the CMC concentration. The presence of small amounts of
electrolytes will also change the system properties remark-
ably [2, 7]. The reason for these strong interactions seem
to relate to a preferential cooperative adsorption (cluster-
ing) of the amphiphile to hydrophobic sites on the polymer
chain. The main indication for this is the abrupt onset of
redistribution (adsorption of amphiphile) at a well defined
amphiphile concentration, as seen from dialysis data [1].

For the specific system ethyl hydroxyethyl cellulose
(EHEC)/sodium dodecyl sulphate (SDS)/water there is
also a very pronounced difference between a solution di-
lute with respect to polymer and a solution less dilute. In
dilute polymer solutions the clustering adsorption is as-
sumed to be entirely an intramolecular phenomenon that
leads to coil shrinkage (decrease in hydrodynamic volume)
when the surfactant is added. The shrinkage is interpreted
to be due to multiple mixing of hydrophobic substituents
(side chains) of the polymer in the same surfactant cluster.
At higher polymer concentrations the surfactant clusters
(micelles) are probably shared intermolecularly and some
sort of three-dimensional network forms which explains
the considerable viscosity increase. observed [1]. Even
“normal” polymer-polymer interactions will of course also
contribute to the overall effect.

So far, mainly indirect arguments for this model have
been available, but recent NMR studies [8, 9] in our
laboratory support the cluster model just presented. With
all this accumulated general knowledge it was judged
important to try to apply some independent method by
which the size of the clusters could be determined as well

as the linear cluster density along the polymer chain. It is
well known that fluorescence spectroscopy and fluores-
cence quenching is an appropriate technique for this [10,
117 since it allows a determination of the molar concentra-
tion of clusters. The data treatment that ultimately gives
the average number, N, of molecules in the cluster must
then resort to some determination or model calculation
concerning the amount of redistribution of the amphiphile
to the polymer. In our case dialysis equilibrium data are
available [1, 6] that allow an unambiguous calculation of
N from the spectroscopic data.

In this paper results will be presented for the cluster
aggregation number in the system EHEC/SDS/water at
20°C as a function of surfactant concentration up to well
above the CMC point and for polymer concentrations up
to slightly above the critical overlap concentration. The
results are obtained from a combination of spectroscopic
and quenching data with those of dialysis equilibrium
measurements.

Experimental
Materials

Ethylhydroxyethylcellulose, (EHEC; fraction CST-103,
MSeo = 0.7, DSethyl = 1.5) with a weight average mo-
lecular weight (Mw) of approx. 480000 as determined from
classical light scattering, was obtained from Berol Kemi
AB, Stenungsund, Sweden. The cloud point (CP) of
EHEC/CST-103 was observed in the interval 28-37°C
depending on the polymer concentration [4]. A typical
EHEC structure is shown in Fig. 1. The standardized pro-
cedure adopted to make an aqueous EHEC stock solution
is described elsewhere [1]. All EHEC/SDS solutions in
this study were prepared by weighing the required

Fig.1 Possible structure segment HO—cH,
in ethyl(hy.droxyethyl)cellulose oH \CH/O\CH ,CQZ CHs
(EHEC) with a MS,, = 2, 3 2 2 ° /
DS, ;1 = 1.3 and DP(degree of o | CHo
polymerization) = 3x 7 2 e CHa \O
o 2 /
\ \ CHa
CHz 0 HO 0 o o
(0]
o) CH; HO o]
/ \ /
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amounts of the EHEC stock solution into appropriately
dituted SDS stock solution at least 12 h before adding
quencher (Benzophenone) or dye (Oil Orange SS) to let the
time-dependent effects previously reported settle [4].
EHEC concentrations are expressed in percent by weight
(% (w/w). SDS concentrations are calculated as moles per
1000 grams of solvent (molal) but since all solutions are
dilute they will be given on the molar scale.

Analytical grade sodium dodecy! sulphate (SDS) was
obtained from Merck, the radioactive SDS was obtained
from Amersham, the quencher Benzophenone ( +99%)
from Aldrich and the dye Oil Orange SS (o-Toluenazo-f3-
Naphtol) from Tokyo Kasei Inc. and they were all used as
supplied. The probe pyrene (+ 98%) was obtained from
Janssen Chimica and twice purified by recrystallisation

from absolute ethanol. All solutions were prepared with

MilliQ water (Millipore) as solvent.

Instrumentation

The UV absorption was recorded on a Beckman DU-68
Spectrophotometer using ordinary quarts cuvettes with
10 mm path length. A Hitachi F-4000 Fluorescence Spec-
trophotometer was used to obtain the steady-state fluores-
cence spectra. The sonications were performed on a
Engisonic instrument (typenr. B12).

Dye solubilization measurements

Solubilization of Oil Orange SS was studied by determina-
tion of the absorbance spectrophotometrically at 495 nm.
EHEC/SDS solutions were prepared as described above.
An excess of dye was then added and the solutions equilib-
rated for 3 days at room temperature on a rotating table
(Infors AG CH-4103 Bottmingen). The excess of dye was
then separated off by centrifugation and the absorbance of
the supernatant determined, dilutions being performed for
supernatants of absorbance greater than 1.3. All absorban-
ces were recalculated to undiluted solutions.

Fluorescence measurements

Emission spectra (4 = 350-450 nm) were recorded at
room temperature for the probe (pyrene). Wavelength
334 nm was selected for excitation and the bandwidths set
to 3nm for excitation and 1.5 nm for emission. In the
determination of mean aggregation numbers, N, ratios of
fluorescence intensities in the presence (I') and absence (1°)
of quencher (benzophenone) were calculated as an average
between the intensity ratios at the first vibronic peak

(A = 373 nm) and at the third vibronic peak (1 = 384 nm)
in the pyrene emission spectra (see Fig. 2). EHEC/SDS
solutions for spectroscopic analysis contained a pyrene
concentration less than 10~ M (filtered saturated water
solution) and the benzophenone concentration was varied
from 0 to 0.2 mM. Solutions for quenching experiments
were prepared as follows. An SDS stock solution was
prepared by dissolving SDS powder in pyrene saturated
water. After appropriate dilution of the SDS stock with the
pyrene saturated water, EHEC stock was added as the last
component to get the desired overall composition. A por-
tion of the EHEC/SDS solution containing pyrene was
saturated with benzophenone by sonication for
20-30 min. After centrifugation and separation of the
supernatant, aliquots of the benzophenone saturated solu-
tion were added to the EHEC/SDS/pyrene solutions to
cover the desired benzophenone concentration range. The
benzophenone concentrations were determined spectro-
photometrically at 1 = 255 nm, dilutions being performed
for solutions of absorbance greater than 1.3.

Molar micelle concentrations [Micelles] were deter-
mined from plots of the logarithmic intensity ratio In (I°/I)
versus the quencher concentration [Q] according to the
method of Turro and Yekta [10]. Average aggregation
numbers N were then calculated by dividing the amount of
amphiphile redistributed — as determined in dialysis equi-
librium experiments [1, 6] — by the micelle concentration
from the quenching measurements (see Theory).

The “hydrophobic index,”I; /I, was taken as the ratio
between the intensities at the first (1 = 373 nm) and the

Fig. 2 Emission spectra for pyrene in water. Peaks 1 (1 = 373 nm)
and 3 (A = 384 nm) used in the determination of the hydrophobic
index and (I°/I) ratios are marked with arrows
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third (4 = 384 nm) vibronic peaks in the pyrene emission
spectra [12] (see Fig. 2 and Theory section).

Dialysis

Bquilibrium dialysis experiments were carried out between
EHEC SDS-solutions, the SDS solution containing
a small amount radioactive SDS. Approximately 25000
dpm/mL of activity was employed in the experiments. The
experiments were performed in a dialysis cell made up of
two compartments divided by a membrane (Spectrapor,
mw cut-off 12-14000). The cells were rinsed throughly
with deionized water before use. After the water had been
removed the EHEC solution and the SDS solution were
filled into their respective cell compartments. In all cases
each experiment was run in triplicate in three individual
celis to ensure the reliability of the results. Preliminary
results indicated equilibrium was established after 48 h,
but 7 days were allowed for equilibration as a precaution.
The concentrations of DS-ions in the EHEC-SDS and the
SDS solutions respectively were determined by scintilla-
tion counting. Experiments indicated the presence of
EHEC did not cause an extinction of the scintillation.

Theory

The average aggregation number N, ie. the average num-
ber of surfactant monomers in a micelle, is a fundamental
parameter for the characterization of micelles. Fluores-
cence probe techniques are among the most reliable ones
for the determination of N since they are quite insensitive
to intermicellar interactions [11]. This method is also
quite useful in monitoring polymer-surfactant interactions
[13-26]. The steady-state fluorescence method proposed
by Turro and Yekta [10] has been applied in this study
with pyrene as the luminescent probe and benzophenone
as quencher, Q [16, 27]. Although this method has been
subject to some debate [28, 29] it has been found to give
reliable determinations of N when the experimental condi-
tions are chosen with care. This means that a highly
efficient probe/quencher pair should be employed, there
should be a negligibly small fraction of probe and quen-
cher in the aqueous phase, as well as low probe concentra-
tion, and the micelles (clusters) should be relatively small,
approximately N < 100. Under these circumstances the
measured ratio of luminescence probe intensities 1°/I, in
the absence 1°, and presence I of quencher is related to the
quencher concentration according to the expression

I/1° = exp(—[Q]/{ Micelles]) . 1

Normally, [Q] is varied and the average molar concentra-
tion of micelles, [ Micelles], can be obtained by regression
calculation.

If one then, by some other experiment, can determine
the molar amount of amphiphile (surfactant) that is redis-
tributed to the micellar form, the average aggregation
number N, can be calculated simply by dividing the redis-
tributed amount by the micellar concentration. In the
presence of a polymer the onset of cluster formation nor-
mally begins well below the normal CMC of the surfac-
tant. In this case, one can assume that, at least up to
concentrations somewhat below the normal CMC, all re-
distribution of surfactant derives from adsorption to the
polymer. Hence, N will unambiguously give the aggrega-
tion number for clusters bound to the polymer. (For
a more precise evaluation see section Results and dis-
cussion.) For surfactant concentrations close to and above
CMC there will also be normal micelles present and the
total micelle molarity [Micelles] then consists of two
parts. If [M], denotes the molarity of micelles (clusters)
bound to polymer and [M ], denotes normal micelles, we
have

[Micelles] = [M], + [M], . (2)

Furthermore, if we let [S],,, denote the total molar con-
centration of surfactant and {S]i,.. the molar concentra-
tion of free surfactant, i.e., not bound in any type of cluster
or micelle, we have in general

(ND = ([STwe — [STeree)/[Micelles] , G)

where (N> denotes some average aggregation number for
all types of clusters present. In the special case that
[STtree < CMC, the average number (N} as calculated
from (3) will be identical to the aggregation number for
clusters bound to the polymer, N,. However, in the general
case when the surfactant concentration is so high that also
normal micelles are formed, (N> will be some average
number of N, and N,, where N, denotes the aggregation
number for normal micelles.

In an equilibrium dialysis experiment one obtains the
quantities [S ], and [S]eq, where [S]e, is the molar con-
centration of surfactant in equilibrium with polymer (pos-
sibly also including normal micelles). In the general case
when [$ 1., > CMC, it is then assumed that N, is given by

N, =([5]eq — CMC)/[M],., 4)
and for N, one then gets
Ny = ([8ket — [S1ea/[M T, 5)
M7, = (Micelles] — [M],
= [Micelles] — ([S1eq
— CMC)/N, . (6)
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Under the fairly realistic assumption that N, varies with
[S]eq in a similar way as it varies with the total surfactant
concentration in a solution free of polymer, N, calculated
according to (5) will unambiguously give the average ag-
gregation number for clusters bound to polymers. The size
of normal micelles was determined in separate experiments
and agreed with literature data [10, 21, 30-32]. It should
be observed that [S]., denotes the equilibrium value de-
termined in a dialysis experiment corrected for the Donnan
effect.

Often one has for the calculation of N, assumed the
existence of a critical adsorption concentration, denoted
CAC, for the interaction of surfactant with a polymer [15,
16, 257 such that all surfactant in excess of CAC is adsorbed
until saturation of the polymer. Since our dialysis data as
well as for instance the solubilization results to be dis-
cussed later do not support this assumption, such a pro-
cedure for the calculation of N, has not been adopted here.
This point is further discussed under the section Results
and discussion.

It cannot be excluded, especially for higher polymer
concentrations, that in the vicinity of CMC there will be
competitive equilibria between cluster formation on the
polymer chain and formation of normal micelles. In this
case the equations given here must be modified. Further-
more, at higher concentrations the large number of highly
charged clusters per volume unit may lead to coulombic
interaction. Although the equations given in this section
will be used throughout this study, for the data treatment
the problems just mentioned will be discussed in connec-
tion with the results.

Results and discussion

Fluorescence quenching experiments have been performed
on the system EHEC/SDS/water according to the method
by Turro and Yekta {107 and using pyrene as a probe and
benzophenone as quencher. The measurements have been
performed for selected values of polymer (EHEC) concen-
tration in the range 0-0.2% by weight and for surfactant
(SDS) contents from 0 up to 22 mM, the maximum
amount depending upon polymer concentration. An
example of the pyrene emission spectrum obtained with
the excitation wavelength set to 334 nm is shown in Fig. 2.
From such spectra the intensity maxima I, and I are
determined. The average ratio of fluorescence intensities
(I°/I) in the presence (I) and absence (I°) of quencher were
calculated as the arithmetic average of I9/I, and 13/I;. In
Fig. 3 the logarithm of the ratio 1°/1 is plotted for one high
and one low polymer concentration versus quencher con-
centration. For the low polymer concentration there is
a linear regime with a slight downward curvature at ele-

2,07

In(le/1)

0,51

0,0 i T T T
0 5 10 15 20

[Benzophenone)/105M

Fig. 3 Plot of In(I%I) for pyrene (conc. < 107 M) as a function of
benzophenone concentration in aqueous EHEC/SDS-solutions at
20 °C for determination of cluster concentration according to Eq. (1).
© 0.20% EHEC + 11.5 mm SDS, @ 0.03% EHEC + 11.5 mm SDS

vated quencher concentrations as observed also by others
using the same probe/quencher pair [16]. From such plots
the initial slope has been determined and its inverse has
been put equal to [Micelles] (see Theory section). The
values are given in Table 1.

From studies of the dialysis equilibrium in the same
system [1, 6] data are available for [S],, and [S],, as
defined in the Theory section. In this discussion of experi-
mental results we will more specifically write SDS instead
of the more general designation S. From such dialysis data
the values of [SDS],,, and [SDS]., in Table 1 have been
calculated according to the model described in a previous
paper [1], Fluorescence quenching measurements on the
binary system SDS/water give values of N,, as defined in
the Theory section.

Combining the values of [Micelles], [SDS]iy,
[SDS].,, and N, the average cluster aggregation number
of polymer bound SDS clusters, N, has been calculated
according to Eqgs. (5) and (6). The results are found in
Table 1. To illustrate the effects observed, the values of N,
have been plotted versus [SDS],, and [SDS],,, see Figs. 4
and 5, respectively. The dialysis results are plotted in
Fig. 6. It is obvious that dialysis equilibrium depends
markedly both qualitatively and quantitatively on the
polymer concentration. To further illustrate the dialysis
equilibrium features the amount of surfactant redis-
tributed to the polymer, y, expressed as millimoles per
gram, is plotted versus [SDS],, in Fig. 7 for one polymer
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Table 1 Summary of experimental data

and calculated values, especially average =~ EHEC  [SDS],, [SDS], N, [Micelles], [Micelles],,; m n B
aggregation numbers and cluster % mM mM mM mM
concentrations in the EHEC/SDS/water
system; n = number of g]ucose units per 0.20 2.50 2.20 34 0.088 0.088 0.04 89 277
polymer bound SDS cluster and 3.50 2.55 82 0115 0.115 01 68 223
m = number of polymer bound SDS 5.00 295 16.6 0.124 0.124 0.3 63 189
monomers per glucose unit. 7.00 342 215 0.167 0.167 05 45 196
9.00 3.82 309 0.167 0.167 0.7 45 185
10.5 4.00 326 0.199 0.199 0.8 39 180
11.5 4.10 37.6 0.197 0.197 09 40 178
13.0 428 43.8 0.199 0.199 1.1 39 176
150 440 54.3 0.195 0.195 14 40 171
17.0 5.00 58.0 0.207 0.207 1.5 38 177
20.0 8.15 535 0.221 0.239 1.5 35 197
220 13.6 50.8 0.165 0.265 1.1 48 191
0.05 2.50 2.40 0.9 0.114 0.114 005 17 604
5.00 4.25 6.3 0.110 0.110 04 18 227
7.00 5.40 15.7 0.101 0.101 0.8 19 201
9.00 6.15 29.4 0.097 0.097 1.5 20 179
11.0 7.15 373 0.103 0.106 20 19 185
13.0 9.70 40.5 0.082 0.124 1.7 24 170
15.0 12.2 34.6 0.081 0.161 14 24 166
17.0 14.5 35.0 0.072 0.184 11 27 163
0.03 5.00 4.50 49 0.102 0.102 0.4 12 170
8.00 6.10 22.0 0.086 0.086 1.6 14 122
10.0 7.80 334 0.066 0.078 1.9 18 136
11.5 8.65 33.2 0.071 0.097 20 16 144
12.0 100 314 0.062 0.110 17 19 136
- 13.0 11.0 30.6 0.065 0.127 1.7 18 135
15.0 12.2 31.8 0.088 0.168 24 13 137
60
N 40
p
Tt Ne
201
o
A
oo T — T — |
0 5 10 15 20 25 T

[SDS]iot/mM

Fig. 4 Average aggregation number of polymer bound SDS clusters,
N,, as a function of [SDS],, at 20°C. O 0.20% EHEC, @ 0.05%
EHEC, A 0.03% EHEC

concentration. The specific features of the dialysis equilib-
rium and the temperature dependence, will be discussed in
more detail elsewhere [5, 6].

Figure 6, which is only based on dialysis equilibrium

0 5 10 15
[SDSJeq/mM

Fig. 5 Average aggregation number of polymer bound SDS clusters,
N,, as a function of [SDS],, at 20°C. O 0.20% EHEC, @ 0.05%
EHEC, A 0.03% EHEC, x 0% EHEC (extrapolated values)

data, shows some fundamental features of the system
worth noting before going further in the analysis. In the
first place there is an onset of redistribution for [SDS],, =
[SDS]i: & 2 mM (previously denoted the “foot point”).
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Fig. 6 Equilibrium dialysis data at 20°C in the EHEC/SDS/water
system plotted as [SDS], versus [SDS],,. B 0.50% EHEC,
O 020% EHEC, T 0.10% EHEC, @ 0.05% EHEC. Dialysis data
for 0.03% EHEC, used in the calculation of N, was extrapolated
from the primary data of the higher EHEC concentrations presented
in this figure
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Fig. 7 Equilibrium dialysis data at 20°C presented as a plot of
y (mmoles of SDS bound per gram of EHEC) as a function of
[SDS],, for aqueous EHEC/SDS solutions. The EHEC concentra-
tion is 0.20%

This feature is independent of polymer concentration and
marks the onset of redistribution of surfactant to the
polymer. It reveals itself as a slower increase of [SDS].,
with increasing [SDS},,, above the foot point in Fig. 6 or

as the onset of increase of y in Fig. 7. As the total amount
of SDS present in the system increases further, one reaches
a second “point of change” after which [SDS]., begins to
change more quickly again with [SDS],,, although still in
a linear way. This second point of change occurs for
[SDS]., ® CMC when the polymer concentration is low
but the value of [SDS],, for this change decreases as the
polymer concentration is increased. The slope of the curve
[SDS]., vs. [SDS],,, becomes almost 1, ie., similar to the
slope before the “foot point,” for the lowest polymer con-
centration, but has a higher value for the higher polymer
concentrations. Evidently, normal micelles begin to form
at this point. Whether or not the adsorption to the poly-
mer still continues cannot be judged unequivocally from
these curves. For the present investigation it should be
noted, however, that up to this point the equilibrium dialy-
sis provides very reliable data for the calculation of N,.

The values of N,,, calculated as described above, show
the same “foot point” as the dialysis equilibrium results
after which there comes a considerable and almost linear
increase in N, with [SDS].,. It is found that N, < N, for
all compositions within the range investigated. It is also
found that the maximum value of N, attained decreases
with decreasing polymer concentration and levels off with-
out a maximum at about N, = 25 (extrapolated value) in
a solution infinitely dilute with respect to polymer, see
Fig. 5. This should be compared with N, ~ 60-70 for
normal SDS micelles [10, 21, 30-32].

It is worth noting, by comparing Figs. 6 and 7, that the
second point of change in the dialysis data corresponds to
the maximum in N,.

When N, is plotted versus [SDS]., (see Fig. 5) there are
also indications of a “break point” halfway between the
foot point and maximum. This break point comes out
more clearly for the higher polymer concentrations. It
seems to mark a composition where the rate of increase of
the number of clusters per volume unit, ie. {Micelles],
begins to level out whereas the cluster size increases ab-
ruptly, see Fig. 8.

With reference to some remarks in the Theory section
concerning the correction for normal micelles it is evident
from the previous discussion that up to the “second point
of change” the results given for N, are entirely unequivo-
cal. However, above this point it is unclear to what extent
normal micelles begin to form and if and how the adsorp-
tion to the polymer continues. As mentioned earlier, this
will affect the calculation of N,. However, we will not carry
this discussion any further here but intend to come back to
this important matter in the future.

The hydrophobic index, I, /I, as defined in the Theory
section can be used to further clarify the solution structure
at the molecular level. The ratio I,/I; of the first
{A = 373 nm) and the third {1 = 384) vibronic peak in the
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Fig. 8 Total and polymer bound cluster concentrations ([Micelles],,
and [Micelles], respectively) as a function of [SDS],, for aqueous
EHEC/SDS solutions at 20°C. [Micelles],,: ® 0.20% EHEC,
W 0.05% EHEC. [Micelles],: O 0.20% EHEC, OO0 0.05% EHEC.
The dotted line (- - - -) refers to an “ideal” reference situation in the
binary SDS/water system assuming a fixed aggregation number 65
and CMC = 8.2 mM

pyrene emission spectrum, see Figs. 2 and 9, is known to be
a monitor of the pyrene microenvironment polarity [12,
33, 34]. This ratio is commonly used as a sensitive indi-
cator of micelle or cluster formation both in the absence
and presence of polymer [16, 23, 25, 26, 33].

From Fig. 9, where intensity ratios I,/I; are given for
water solutions containing either only the surfactant, SDS,
or both surfactant and polymer, EHEC, the sensitivity of
the technique is evident. For solutions containing only
SDS, the ratio I;/I; decreases sharply in the interval
6—-8 mM SDS (inflexion point at about 7 mM SDS), indi-
cating the formation of normal micelles into which pyrene
is preferentially distributed with a high distribution coeffi-
cient. It is also evident that the presence of polymer
(EHEC) even in minute amounts (0.03% by weight) dra-
matically shifts the point of decrease of the ratio I;/I5 to
a narrow region at 1-2 mM SDS (inflexion point at about
1.5 mM SDS).

Furthermore, this decrease appears to be fairly inde-
pendent of the polymer concentration. As indicated earlier,
the surfactant concentration at such a point is often
termed critical adsorption concentration, denoted CAC.
For the system at hand the CAC value correlates well with
previously reported results from viscometry and equilib-
rium dialysis [1], as well as with the solubilization data
given in Fig. 10.

2,01
189 "
x x
o * x
1,6 1
[}
= x
= 8
141
%
o
R0°8 o
1,2 x x
1 be 088 o o o
1.0 . . T -
0 5 10 15 20
[SDS}tot/mM

Fig. 9 Hydrophobic index (I,/I5) for pyrene (conc. < 107¢ M)
tuminiscence in aqueous BHEC/SDS-solutions as a function of
[SDS];,, at 20°C. O 0.20% EHEC, @ 0.05% EHEC, A 0.03 EHEC,
x 0% EHEC
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1,51

Asgs

1,01

0,51

0 5 1'0 115 20 25
[SDSJtot/mM

Fig. 10 Absorbance at 495 nm of solubilized Oil Orange SS, A,45, as
a function of [SDS],,, in aqueous EHEC/SDS-solutions at 20 °C.
O 0.20% EHEC, @ 0.05% EHEC, A 0.03 EHEC, x 0% EHEC

By several techniques a fairly sharp CAC point can
thus be experimentally defined in the sense that it indicates
the onset of redistribution. 1t is sometimes assumed that all
surfactant in excess of CAC is adsorbed until saturation on
the polymer [3, 14-16, 21, 22, 24, 25, 29, 35]. Our equilib-
rium dialysis data as well as the solubilization results
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contradict this assumption. In the system EHEC/SDS/
water it is correct only for sufficiently high polymer con-
centrations, cf. Fig. 6. For this reason the CAC value has
not been used in the calculations of N,, but rather the
dialysis equilibrium data, as already explained.

Since the normal CMC for SDS at 25 °C, as determined
by many classical techniques, is often found in an interval
8.0-8.3 mM [4, 36], it should be noted that the response of
I,/15 to the molecular changes occurs at somewhat lower
surfactant concentrations than indicated by such tech-
niques. The same observation holds for the “foot point,”
normally at 2 mM in our system. The fact that the onset of
interaction between EHEC and SDS is sampled at slightly
lower surfactant concentrations by the hydrophobic index
as compared to other methods (viscosity, equilibrium dia-
lysis, electrical conductivity, etc.) has been observed by
others [33, 37] for similar binary surfactant/water systems.
The most likely explanation of this is the great sensitivity
of the fluorescence technique and the low concentration
and the high preferential distribution coefficient of the
probe used. Thus the hydrophobic index is much more
sensitive to the onset of the cooperative redistribution
process than to its quantitative magnitude. In Fig. 9 the
slightly lower I,/I, ratio (indicating a less polar microen-
vironment of pyrene) in the EHEC/water solution com-
pared to pure water should be observed.

In contrast to this, the dye solubilization measure-
ments should present an adequate indication of the “vol-
ume” of the cluster formation together with the relative
solubility in the clusters. If this is true the absorbance at
the selected wavelength 495 nm, A,gs, should correlate
with the product {(N)>[Micelles]. This product, which
according to (3} is equal to [ST,, — [Sree, should be
approximately proportional to the total volume fraction of
clusters or micelies. On the other hand A,q5 is a measure
of the total amount of dye solubilized under saturation
equilibrium conditions. Hence the number B, defined by

B = Asos/{<{N>[Micelles]} = Asos/{[STioe ~ [Slicec} » (7)

should be a quantitative measure of the solubilization
efficiency. If the various types of clusters present in the
system were identical in this respect, § should be a con-
stant irrespective of the SDS content above the foot point.
A similar relation to (7) has been discussed earlier [38, 39].

In Fig. 10 the primary results from dye solubilization
experiments are presented. In the binary SDS/water sys-
tem a regression calculation on the solubilization data
gives a CMC value 7.5 mM, in fair agreement with the
hydrophobicity index results. In the presence of polymer
there appears to be some solubilization even for [SDS],,,
smaller than 2 mM. There is apparently also a difference
between low and high polymer concentrations, the solubil-
ization being more efficient at the highest polymer concen-

tration investigated, 0.2%, than at the lower ones. This is
probably an effect of the degree of homogeneity of the
polymer segment distribution in solution, since the critical
overlap concentration, ¢*, for the EHEC fraction used is in
the vicinity of 0.2% [1]. For the polymer concentration
0.2% the A g5 vs. [SDS],,; curve in Fig. 10 shows a break-
point at the “foot point” value [SDS],,, = 2 mM. For the
lower polymer concentrations the plots A,gs vs. [SDS ]
curve more smoothly from the origin upwards to an ap-
proximately linear part without any sharp making of the
foot point.

A calculation of § according to (7) for the data in
Fig. 10 supports the view that the presence of polymer
enhances the dye solubilization (see Table 1). In the first
place, f is found to be approximately constant over an
extended interval in [SDS] from the foot point and
upwards. Secondly, for the 0.2% polymer containing solu-
tions an average value f§ ~ 183 M ™! is found, as compared
to f~ 138 M ! for the polymer free SDS/water solution.
The higher § value indicates a better solubilization capa-
city. From Table 1 it is seen that at 0.03% EHEC and for
the “linear part,” one has f ~ 138 M~ ! which equals the
value for the SDS/water system.

In polymer solutions free of surfactant almost no trace
of solubilization was detected (Aso5 = 0.009 for 0.2%
EHEC in water). Thus, it must be concluded that the
polymer itself does not adsorb or redistribute the dye. For
this to occur an amphiphile must be present. However,
even minute amounts (much below the foot point at
2 mM) tend to give some redistribution although the main
effect sets in at and above 2 mM SDS.

It is possible to calculate a solubilization ratio, 8, by
a combination of known cluster concentrations (see
Table 1), dye solubilization data (see Fig. 10) and the mo-
lar extinction coefficient of the dye (&= 1.99x
10*M ~*cm ™! [38, 39]). This ratio describes the number
of SDS/EHEC clusters per dye molecule. It has been
proposed that 6 for many surfactants should be one
micelle/cluster per dye molecule [38] although this con-
clusion has been debated [40]. In the SDS/EHEC system
we find that J is a function of both polymer and surfactant
concentration. For the highest EHEC concentration
(0.20%) & goes from a high value (low solubilization capa-
city) at the footpoint towards a limiting value of approxim-
ately two clusters per dye molecule (which equals & in pure
SDS/water solutions according to our results) when
[SDSTJi > 17 mM. The lower polymer concentrations
shows similar behavior but with higher values of & up to
SDS concentrations where formation of normal non-
polymerbound micelles starts.

The conclusion is that dye solubilization is a sensitive
means of detection of cooperative amphiphile-polymer
interaction. The method gives results analogous to equi-



92 S. Nilsson et al.

. Aggregation numbers in polymer-surfactant systems

librium dialysis data. However, the quantitative inter-
pretation in terms of the amount of amphiphile being
redistributed rests on the validity of relations like (7). Since
this relation, at least in the system studied here, seems to be
valid with good precision, it appears as if dye solubili-
zation could be a convenient and rapid method for quanti-
tative measurements of formation of hydrophobic clusters
in water solution.

From an applied point of view the observations just
made indicate a principle for increasing the solubilization
capacity of a polymer/surfactant/water system by increas-
ing the polymer concentration above c*.

In a comparison between the hydrophobic index re-
sults and the solubilization data discussed above it must
not be forgotten that there are chemical differences be-
tween the substances used and that this certainly will effect
the observations.

As already mentioned the results obtained in this study
seem to indicate the onset of micelle formation at or
slightly above 7mM SDS as compared to 8.0-8.3 mM
normally given in the literature as the CMC for SDS in
water. Earlier investigation made by us utilizing other
techniques like surface tension and electrolytic conductivity
tend to give values of CMC in the vicinity of 8§ mM [4].
Since the onset of cooperative cluster formation is also
connected with a (rapidly) growing value of the aggrega-
tion number as the SDS content is increased, it can be
expected that different techniques can be sensitive to differ-
ent averages of N or that N must attain a certain minimum
value characteristic of the method in question before
cooperativity can be detected. Since fluorescence spectro-
scopy is very sensitive it may not be surprising that it
detects even the first stages of cooperative cluster forma-
tion leading to an “observed” CMC value somewhat lower
than the “established” one 8.0-8.3 mM [4, 36]. This effect
has been reported by others [33, 37].

Model of interaction between EHEC and SDS

Complexes between surfactants and nonionic water sol-
uble polymers were identified more than 20 years ago and
have since then been the subject of continued investiga-
tions [3, 41]. In this particular field the PEO/SDS/water
system is probably the best known [3,13,15, 21,35,
41-44] and it is believed that the following interaction
model is valid. When PEO and SDS are present in the
same water solution SDS adsorbs as small micelle like
clusters (20 A in radius [44], N = 35 [15]) along the PEO
chain. The adsorption starts abrubtly when a critical SDS
concentration (CAC) is exceeded and the size of these
polymer bound clusters seems to be constant up to the
saturation of the PEO chain. The spacing between these

clusters is controlled by a sensitive balance between hydro-
phobic attractive and coulombic repulsive forces. After the
saturation of the polymer and when the free nonpolymer-
bound SDS concentration exceeds CMC, even normal
micelles form.

Although there are similarities, the mechanism of inter-
action between EHEC and SDS is more complex than in
the case of PEO and SDS and the observed effects differ in
many respects between the two systems [1-4]. The origin
of this different behavior resides in important differences
between the two polymers. At first, EHEC is a substitution
polymer with a cellulose backbone and two different types
of substituents (ethyl- and hydroxyethylgroups) (see
Fig. 1). Not all cellulose hydroxyl groups have substituents
attached, nor can they be expected to the uniformly dis-
tributed along the chain. If also the possibility to form
oligo(ethylene)chains is taken into account it is easy to
imagine EHEC as a polymer with preferred binding sites
for SDS in contrast to the homogenous PEO. Another
difference is the high hydrophobicity of EHEC compared
to the hydrophilic PEO. The cloud point (CP) of this
particular EHEC-fraction (CST-103) is 28-35°C [4] and
the CP of PEO is approx. 90-100°C [45]. This high
hydrophobicity of EHEC increases the tendency of self-
aggregation and phase separation. Very important for the
specific properties of EHEC is also the uneven type and
degree of substitution along the chain together with a high
polydispersity (as indicated from SEC experiments [46]).
The last difference is the chain stiffness. Cellulose deriva-
tives are rather stiff and rigid [47, 48] whereas PEO is
a much more flexible polymer. All this taken together is
likely to explain the observed differences in the interaction
mechanism with SDS between these two polymers.

When SDS is added to an aqueous EHEC solution,
SDS clusters start to form abruptly above a certain con-
centration (“footpoint,” CAC) and adsorb to the EHEC
chain. This footpoint seems to be insensitive to polymer
concentration. In contrast to the PEO/SDS-system these
clusters appear to increase in size (up to a certain limiting
plateu value) both with increasing polymer and surfactant
concentration. The maximum in N, (see especially Fig. 5)
seems to mark the onset of formation of normal micelles.
In particular the maximum in Nj is related to the max-
imum in the dialysis equilibrium as is also the decreasing
part above the maximum. Hence the exact value of N,
depends closely on the precise interpretation of the dialysis
data and in this region close to and after the maximum the
competition with normal micelle formation may be suffi-
ciently developed to require a more elaborate theory be-
fore precise conclusions can be drawn.

To illustrate the sensitivity of N, to different ways of
utilizing the basic data some results for 0.05% EHEC are
shown in Fig. 11. If the true dialysis equilibrium data are
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Fig. 11 Restilts from model calculations of N, with different assump-
tions as described in the main text. The resulting values of N, are
plotted as a function of [SDS],,, for aqueous 0.05% EHEC and SDS
solutions assuming a CAC = 2 mM (M) or using dialysis data from
0.20% EHEC (O) and comparing with results calculated from 0.05%
EHEC dialysis data assuming CMC=82mM (O) or
CMC = 7.0 mM (@)

used the lower curves are obtained. As seen, they are not
very sensitive to the exact choice of CMC (7 or 8.2 mM, cf,
the previous discussion). On the other hand, if the CAC
value of 2mM is used to sharply mark the onset of
cooperative clustering, quite large values of N, are ob-
tained. Finally, if the dialysis equilibrium for 0.2% EHEC
is used the results will fall somewhere in between. In all
cases the shape of the dependence of N, on [SDS],, is
preserved and the position of the maximum remains un-
changed. With reference to the previous discussion, the
results with CMC =7mM and true dialysis data for
0.05% EHEC appear to be the most reliable ones for this
particular case.

From the experimental data for the polymer bound
cluster concentration, [M],, and an average molecular
weight for a glucose unit including substituents it is pos-
sible to calculate the average number of monomer units, »,
in the polymer chain per polymer bound SDS cluster (see
Table 1). This number is an indicator of the average
distance between clusters along the chain. The results from
such calculations show a clear difference between high and
low polymer concentrations. This is consistent with the
anticipated model that at increased polymer concentra-
tions the tendency by different polymer molecules to share
a cluster should increase and » should be large. Even the
cluster size will become larger (see below).

It is also possible to calculate the average number of
polymer bound SDS monomers m per polymer glucose

(monomer) unit from [M],. N,,, and the average molecular
weight of the polymer glucose unit. This number indicates
the amount of SDS that is bound to the polymer and can
be compared with the dialysis data, see Table 1 and Figs. 6
and 7. By comparing m with the parameter y (mmoles SDS
bound per gram of EHEC) in Fig. 7 it is seen that m and
y follow almost the same shape of dependence of [SDS],,
with a maximum in SDS adsorption to the polymer stightly
below CMC ([SDS]., < CMC). The numerical values of
m varies between 0 and 2, ie., up to approximately two
SDS monomers per polymer glucose unit can be adsorbed,
the exact value depending on both the polymer and
[SDS]., concentrations.

Both at low and high polymer concentrations the clus-
ter size N, tends to level off at increased concentrations of
surfactant. The reason for this could be somewhat different
in dilute and more concentrated polymer solutions. In
a dilute polymer solution, with little interaction between
different chains, an equilibrium is likely to build up
between polymer hydrophobic sites and free surfactant.
Approaching CMC, a situation is reached where also
competition with the formation of normal micelles will
contribute. In a concentrated polymer solution, on the
other hand, and especially above c*, several polymer mol-
ecules are likely to share one cluster and the higher con-
centration of hydrophobic substituents tends to increase
the cluster size, N,,. The dye solubilization correlates with
the cluster size in the sense that a certain cluster size must
be reached before a proportionality is reached between the
amount of dye solubilized and the increase in amount of
SDS bound in a cluster. This is evident from Fig, 10 since
only at sufficiently high SDS concentrations, where N, is
large, do the curves become linear and parallel,

In a concentrated polymer solution the clusters tend to
bind the polymer molecules together until the polymer
species become more or less “saturated” with clusters.
When more SDS is added normal micelles begin to form.
A particular polymer molecule may then solubilize its
hydrophobic sites just as well in a normal “free” micelle
and the networking tendency will decrease. This competi-
tion will favor the normal micelles as their relative number
increases, which will be the case when the total SDS
concentration increases, and the network will disintegrate
with a decrease in viscosity as a consequence. This is
probably one reason for the decrease of adsorption, cluster
concentration, and cluster size shown in Figs. 5, 7 and
8 after the maximum level.

In conclusion, let us make a few important quantitative
observations borne out by the experimental results. The
fluorescence quenching studies directly give the cluster
concentration in the system, see Fig. 8. The main basic
result is that in a dilute polymer solution (¢ < 0.05%
EHEC) the cluster concentration is fairly constant up to
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the point where normal micelles begin to form. (To be
precise, there is a small decrease in cluster concentration
over the interval 2mM < [SDS],, < 6 or 8 mM). On the
contrary, in a more concentrated polymer solution, the
cluster concentration increases strongly in a similar inter-
val, cf. Fig. 8. After the CMC point the increase in cluster
(micelle) concentration, for the dilute polymer system,
gradually approaches the increase characteristic of the
binary SDS/water system. In the more concentrated poly-
mer system the situation is quite different, however, and
above [SDS]., = 4 mM, which seems to mark the onset of
formation of normal micelles, the rate of increase of cluster
concentration is less steep. Nor does the average cluster
size increase. From this, one may possibly conclude that
the concentrated polymer solution provides an environ-
ment which is capable of solubilizing molecularly disper-
sed surfactant even above a critical micelle concentration.

The observation of an almost constant cluster concen-
tration in dilute polymer solution leads to the important
result that the number of “sites” on which clusters form is
constant {or almost constant). All these sites appear to
become active after the foot point and the aggregation
number increases gradually from very small values up to
3040 at saturation. A quantitative theory must take this
into account.

If the previous hydrodynamic data [1] are combined
with the cluster concentrations given here (Table 1 and
Fig. 8), and if it is assumed that at low polymer concentra-
tions all clusters must reside inside the coil region, an
“effective” cluster concentration inside the coil of the order
of 1 mM is obtained. This would correspond to the con-
centration of normal micelles in the SDS/water system
when [SDS],,, ~ 100 mM. The distance between clusters
inside the coil is estimated from our data to be of the order
of 100 A, which is large enough for the Debye-Hiickel
theory to hold. In these dilute polymer solutions the dis-
tance between coils (assuming close packing) is of the order
of 1500 A and the coil diameter is about 500 A.

Calculations based on our data show that in a more
concentrated polymer solution (0.2% EHEC) the distance
between coils will be comparable to the coil diameter. As
long as the polymer sites are not saturated the inter-
molecular interaction can then be expected to be strong
and networks will form resulting in high bulk viscosities.
As more clusters form (see Fig. 8) they also quickly become
saturated (N, approaches its maximum) and a dramatic
drop in viscosity could be expected. This viscosity profile
as well as the strong interaction region (high values of the
Huggins constant) were borne out by our previous hy-
drodynamic results [1].

It may be concluded from the discussion above that the
results presented in this paper give substantial and quan-
titative support for the interaction model suggested earlier
[1, 4]. According to this model there is a marked difference
between the macroscopic consequences of the am-
phiphile-polymer interaction in a dilute polymer solution
and a polymer solution sufficiently concentrated to have
a homogeneous segment distribution. Thus the interaction
goes from a more or less exclusive intramolecular form to
one which is strongly intermolecular and even leads to
network formation (high viscosity). At a sufficiently high
amphiphile concentration the networking tendency is de-
creased, for reasons just explained.

The cluster formation also promotes solubilization in
a way that provides interesting means for “storing” hydro-
phobic components by a viscosity regulating mechanism
in aqueous systems. This is presently being further explored.

Acknowledgement This work has been financially supported by
grants from the Swedish Natural Science Research Council, the
Swedish Council for Engineering Sciences, and Pharmacia AB. We
would also like to thank Professor Sven Mardh, Institute of Medical
and Physiological Chemistry, Uppsala University, for placing the
fluorescence spectrophotometer at our disposal.

References

1. Holmberg C, Nilsson S, Singh SK,

5. Results from our laboratory dealing

with electrolyte dependence of the

Sundeléf L-O (1992) J Phys Chem
96:871

2. Carlsson A (1989) Nonionic cellulose
ethers-Interactions with surfactants,
solubility and other aspects. Disserta-
tion, Lund

3. Goddard ED (1986) Colloids and sur-
faces 19:255 (Review on interactions be-
tween surfactants and neutral polymers)

4. Nilsson S, Holmberg C, Sundels6f L-O
(1994) Colloid Polym Sci 272:338

with temperature dependence of the
EHEC/SDS/water system properties

6. Holmberg C, Nilsson S, Sundeléf L-O

Thermodynamic properties of surfac-
tant/polymer/water systems with respect
to clustering adsorption and micelle
formation as a function of temperature
and polymer concentration. The EHEC/
SDS/water system (Manuscript in pre-
paration

7. Results from our laboratory dealing

10.

11.

EHEC/SDS/water system properties

. Hammarstrém A, Sundeldéf L-O (1993)

Colloid Polym Sci 271:1129

. Sundeléf L-O (1992) 34th IUPAC Int

Symposium on Macromolecules,
Prague, Results presented during lecture
(Special lecture 2-S1.3)

Turro NJ, Yekta A (1978) J Am Chem
Soc 100:5951

Zana R (1987) In: Zana R (ed) Surfactant



Colloid Polym Sci (1995) 273:83-95
© Steinkopff-Verlag 1995

95

12

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

solutions, new methods of investigation.
Marcel Dekker, New York, pp. 241
Thomas JK (1980) Chem Reviews
80:283

Zana R, Lianos P, Lang J (1985) J Phys
Chem 89:41

Zana R, Lang J, Lianos P (1982) Polym
Prep (Am Chem Soc Div Polym Chem)
23:39

Lissi EA, Abuin E (1985) J Colloid Inter-
face Sct 105:1

Winnik FM, Winnik MA (1990) Polym
3 22:482

Winnik FM, Winnik MA, Tazuke
S (1987} I Phys Chem 91:594

Winnik FM, Ringsdorf H, Venzmer
J (1991) Langmuir 7:905

Sivadasan K, Somasundaran P (1990)
Colloids and surfaces 49:229

Chandar P, Somasundaran P, Turro NJ
(1988) Macromolecules 21:950

Witte FM, Engberts JBFN (1989) Col-
loids and surfaces 36:417

Brackman JC, Engberts JBFN (1991)
Langmuir 7:2097

Tanaka R, Meadows J, Phillips GO,
Williams PA (1990) Carbohydr Polym
12:443

Chu D, Thomas JK (1986) J Am Chem
Soc 108:6270

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Lofroth J-E, Johansson L, Norman A-C,
Wetterstrom K (1991) Progr Colloid
Polym Sci 84:73

Turro NJ, Baretz BH, Kuo PL (1984)
Macromolecules 17:1321

Reports in which they have used the
pyrene/benzophenone pair to determine
N and to study fluorescence quenching
in micellar solutions: Almgren M, Alsins
J, van Stam J, Mukhtar E (1988) Progr
Colloid Polym Sci 76:68 and (1988)
Wikander G, Johansson LB-A (1989)
Langmuir 5:728

Malliaris A (1987) Progr Colloid Polym
Sci 73:161

Almgren M, Léfroth J-E (1981) J Colloid
Interface Sci 81:486

Lianos P, Zana R {1981} J Colloid Inter-
face Sci 84:100

Hayter JB, Penfold J (1983) Colloid
Polym Sci 261:1022

Moroi Y, Humphry-Baker R, Gratzel M
(1987) J Colloid Interface Sci 119:588
Kalyanasundaram K, Thomas JK (1977)
J Am Chem Soc 99:2039

Stdhlberg J, Almgren M (1985) Anal
Chem 57:817

Jones MN (1967) J Colloid Interface Sci
23:36

Handbook of pharmaceutical excipients

37.

38.
39.

40.
41.
42,
43,

4.

45.

46.

47.

48.

(1986) American Pharmaceutical Asso-
ciation (AphA), Washington DC, pp. 272
Ananthapadmanabhan KP, Goddard
ED, Turro NJ, Kuo PL (1985) Langmuir
1:352

Schott H (1966) J Phys Chem 70:2966
Goddard ED, Hannan RB (1977) In:
Mittal KL (ed) Micellization, solubiliz-
ation and microemulsions vol. 2.
Plenum Press, New York, pp. 835-
Anacker EW (1968) J Phys Chem 72:379
Breuer MM, Robb ID (1972) Chemistry
and Industry 13:530 (Review on interac-
tions between surfactants and polymers)
Dubin PL, Gruber JH, Xia J, Zhang H
(1992) I Colloid Interface Sci 148:35
Moroi Y, Akisada H, Saito M, Matura R
{1977} I Colloid Interface Sci 61:233
Cabane B, Duplessix R (1982) J de Phy-
sique 43:1529 and (1987) J de Physique
48:651

Sjoberg A, Karlstrém G, Tjerneld
F (1989) Macromolecules 22:4512
Unpublished  Size-exclusion  liquid
chromatography (SEC) experiments on
cellulose derivatives from our labora-
tory

Wirick MG, Waldman MH (1970)
J Appl Polym Sci 14:579

Manley RStJ (1956) Arkiv for Kemi
9:519



