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ABSTRACT: In ternary mixtures of an associative polymer (AP), hydrophobically end-capped poly-
(ethylene oxide), C1,EQ460Ci12, and the nonionic surfactant, C,,Eg, hydrophobic microdomains are formed
at much lower concentrations than the cac and cmc of the binary systems. Strong interactions promote
formation of large networks and result in a substantial depression of the cloud point temperature, CPT
(below that of the polymer and the surfactant), a decrease in the diffusion coefficient, and an increase in
the solution viscosity. A more hydrophobic surfactant is more effective in forming these structures. At
higher relative surfactant concentrations, however, the networks dissolve and the CPT increases. A second
more hydrophobic AP added to a C1,EQ460C12 solution does not change the solution structure in the same
way. In mixtures of two APs, the CPT is found to lie in between those of the two polymers. The networks
formed in this case are always smaller than those formed by either of the APs. Addition of an AP to a
Ci12Es solution slightly increases the total aggregation number of the hydrophobic domains above that of
the pure surfactant aggregates. At concentrations where the surfactant structure dominates, the added
polymer has been found to associate with the existing domains rather than forming new ones. The bulky
hydrophobic groups of the AP in the ternary mixture effectively prevent the increase in Ngagy with

temperature observed in pure Ci;:Es systems and also in the presence of unmodified PEO.

Introduction

The present investigation of the interaction of a model
associative polymer (AP), hydrophobically end-capped
poly(ethylene oxide) (M,, = 20 800), with nonionic surf-
actants of the ethylene oxide type and with an AP of
lower molecular weight continues our study of the
binary polymer system.! The main conclusions from the
latter study were that most of the polymer molecules
are free below Cp < 1073 g mL™? or exist in the form of
oligomeric aggregates. Hydrophobic micelle-like micro-
domains start to form above ca. 3 x 1073 g mL™?! (static
fluorescence) and have aggregation numbers around
15—30 end groups (dynamic fluorescence), independent
of the polymer concentration. Larger multicentered
clusters start to form at about Cp, > 7 x 103 g mL™* as
shown by dynamic light scattering, and the overlap and
bridging of these clusters are considered to be respon-
sible for the abrupt viscosity increase starting at C, ~
2 x 1072 g mL~1. These observations are compatible
with the results of fundamental studies performed on
both binary (polymer—water) and ternary (polymer—
water—surfactant) systems, employing techniques such
as static and dynamic fluorescence,’~® light scatter-
ing,17~° surface tension,” NMR self-diffusion and
relaxation,® 13 ESR,1* SAXS,% and SANS.®

The previous results are summarized in a schematic
picture of the aggregation steps and aggregate structure
(Figure 1). The absolute concentrations at the steps of
the aggregation process vary dramatically with polymer
mass and the hydrophilic—lipophilic balance.6 In par-
ticular, for our AP having a rather high molecular
weight, it is difficult to isolate a concentration region
with only isolated “flower” micelles. The formation of
clusters of micelles seems to start at concentrations close
to the cmc.

* To whom correspondence should be addressed.
® Abstract published in Advance ACS Abstracts, June 1, 1996.

Most studies of surfactants in ternary systems deal
with anionic surfactants, usually SDS.2512-1416-18 The
general effects on addition of this surfactant are in-
cluded in Figure 1. At low concentrations, below the
cmc of the surfactant, SDS interacts mainly with the
hydrophobic end groups of the polymer, resulting in a
strengthening of the network and giving an increase in
the viscosity of the solution.513.16-18 At high surfactant
concentrations, the end groups become solubilized and
the network structure is destabilized. SDS micelles also
interact with the oxyethylene main chain of the poly-
mer.251213 Cationic surfactants, on the other hand,
seem to interact only with the end groups of the
polymer.313 Unlike usual nonionic polymers,1°-20 the
HEUR associative polymers have also been found to
interact strongly with nonionic surfactants,® leading to
a large increase in solution viscosity. The present study
aims to further clarify the effect of the addition of
nonionic surfactants on associative polymer association.
For comparison, we have also investigated the effect of
adding an AP with much lower molecular weight (M,
= 6 000), although still much more hydrophilic than the
surfactant.

Experimental Section

The model associative polymer (poly(ethylene didodecyl
ether)) used in this study has the following simple chemical
structure: B—w—H where w is a poly(ethylene oxide) chain
(PEO; Hoechst) with a molecular weight of about 20 000 and
M is a paraffinic chain with 12 carbon atoms. It is denoted
C12EQ460C12. This sample was synthesized and purified by the
method described in previous papers.®1°

The sample was characterized by size exclusion chromatog-
raphy with THF as solvent. The chromatograms exhibit only
one peak, corresponding to that of the unmodified PEO. The
molar mass of PEO was M,, = 20 800 with M/M,, = 1.01.
C12EQ460C12 had M, = 20 300 with M,,/M,, = 1.02. The molar
mass of C1,EO136C12 was My, = 6 030 with Mw/M,, = 1.0, and
this polymer was prepared in the same manner as C1,EQ460C12.
The cloud point and the cac of C1,EO13:C12 have been reported
to be 13 °C and 10™* g mL™, respectively.® The degree of
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Figure 1. Schematic representation of the proposed AP aggregates at different polymer concentrations, with and without

surfactant.

substitution of the hydroxyl groups was determined by *3C,
1H, and ?H NMR and elemental analysis. The results were
confirmed by a determination of the residual OH groups by
UV spectroscopy after reaction of the naphthyl isocyanate
group on the polymer. The degree of substitution was found
to be 0.95 for C12EO460C12 and 0.85 for C12E0135C12.

C12Eg was obtained from Nikko Chemicals, Japan, and C1,Es
from Bachem Feinkemikalien, Switzerland. The two samples
were used without further purification. The cloud points of
these two surfactants are 77 and 50 °C,?! respectively, and
their critical micelle concentrations are 71 and 68 uM,
respectively.?2 Cy,E,3, purchased from Sigma, was also used
as received, and its cmc has previously been determined as
175 uM.2® Pyrene (Py) and dimethylbenzophenone (DMBP),
used in the fluorescence studies, were purchased from Aldrich.

Sample Preparation. The preparation of samples for
fluorescence measurements has been described earlier.> To
dissolve pyrene completely in the hydrophobic microdomains,
the solutions were stirred at least overnight before measure-
ment. The pyrene concentration used for the mixture with
surfactant was < 107% M. The DMBP concentration was
chosen to be less than one DMBP molecule per micelle. The
measurements were normally made on aerated samples. The
lifetime 7o thus determined was affected by oxygen quenching,
but it was shown that oxygen quenching had no effect on the
determination of the aggregation number. For light scattering,
all solutions were prepared in distilled water and filtered using
0.2 um Millipore filters.

Steady-State Fluorescence. Pyrene li/l; ratios report
changes in the environment of the probe.?* The high sensitiv-
ity of this method facilitates determination of very low cac and
cmc values. The equipment used for the steady-state fluores-
cence measurements was a SPEX Fluorolog 1680 combined
with a SPEX Spectroscopy Laboratory Coordinator DM1B. The
fluorescence spectra were measured between 350 and 500 nm
with excitation wavelength at 320 nm.

Time-Resolved Fluorescence Quenching (TRFQ). Us-
ing dynamic fluorescence quenching, the micelle aggregation
number, Nagg, can be obtained from analysis of the fluorescence
decay curves determined using a single-photon-counting setup.®
In this study, pyrene and dimethylbenzophenone (DMBP) were
used as the fluorescent probe P and quencher Q, respectively.
Two measurements were performed on each surfactant/
polymer solution: one with only pyrene at very low concentra-
tion, [P] = 1075 M, yielding the probe fluorescence lifetime 7o
in the micellar environment, and the second at the same low
[P] and a quencher concentration [Q] comparable to the micelle
concentration [M]. The determination of aggregation numbers
from fluorescence quenching measurements is based on the

Infelta-Tachiya equation for quenching in monodisperse mi-
celles.?62” The fluorescence decay curves were shown to obey
the equation

1(t) = 1(0) exp(—Ajt — Ag[1 — exp(—A,1)]) 1)

where I(t) and 1(0) are the fluorescence intensities at time t
and t = 0, respectively, following excitation. A,, As, and A,
are time-independent parameters that can be obtained, to-
gether with 1(0), by fitting eq 1 to the experimental data.

In the case where the distributions of probe and quencher
over the micelles are frozen on the fluorescence time scale,
the expressions for Az, As, and A, are?82°

_ [Qlm.
S MI *

where ko = 1/1q is the fluorescence decay rate constant of the
probe in the micelles without quencher and at low pyrene
concentration (no excimer formation), [M] is the molar micelle
concentration, [Q]m is the concentration of quencher in mi-
celles, and kg is the pseudo-first-order rate constant for the
intramicellar process. The lowest surfactant concentration,
2 mM, is already well above both the cac (ca. 0.75 mM) and
the cmc (ca. 71 uM), and it can be assumed that all the polymer
end groups are involved in the formation of mixed micelles
and that the free surfactant concentration is negligible, so that
the total aggregation number is given by

A, = kg; A, =kq (2)

_ceg+cs_i
M [Qln

where ¢ is the total surfactant concentration and ceq is the
end-group molar concentration. The total aggregation number,
Ny, is the aggregation number of the mixed micelle (end groups
+ surfactants) when the surfactant preferentially binds close
to the end groups of the polymer and forms mixed-micellar
type aggregates. The number of end groups of the polymer
per micelle, Neg, is given by

Neg = Co/[M] (4)

At the lowest surfactant concentration used in this study,
2 mM, the distribution of the quencher between aggregates
and the aqueous solution was considered. The distribution
constant, Kp, defined by [Q]n/[Qlag = Ko[S]m, was estimated
from UV-absorption measurements on the quencher DMBP
in solutions and gave Kp = 2.3 x 103 L mol~! at 20 °C.

Dynamic Light Scattering (DLS). The scattering cells
(10-mL cylindrical ampules) were immersed in a large-
diameter thermostated bath of index-matching liquid (trans-

(Ceg 1+ C5) ®)
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decalin). Polarized (VV) DLS measurements in the self-
beating (homodyne) mode were performed using a frequency-
stabilized Coherent Innova Ar ion laser operating at 488 nm
with adjustable output power. A typical laser power was 500
mW for the polarized data at the higher concentrations. The
incident light was vertically polarized with a Glan—Thompson
polarizer, with extinction better than 107°.

The detector optics employed a 4-um-diameter monomodal
fiber coupled to an ITT FW130 photomultiplier, the output of
which was digitized by an ALV-PM-PD amplifier—discrimina-
tor. The signal analyzer was an ALV-5000 digital multiple-t
correlator (Langen GmbH) with 288 exponentially spaced
channels. It has a minimum real time sampling time of 0.2
us and a maximum of about 100 s. The intensity autocorre-
lation function, g®@(t), was measured at different angles. When
not otherwise indicated, the temperature was 20 °C.

Data Analysis. The DLS data were analyzed by nonlinear
regression procedures. The various models used in the fitting
procedures are expressed with respect to g®(t), while the fitting
was performed with respect to the measured g®(t), described
as

g?(t) — 1 =B[1 + Blg®(t)’] (5)

where 3 is a nonideality factor which accounts for the deviation
from ideal correlation and B is a base line term. The
autocorrelation function g\¥(t) can be written as the Laplace
transform of the distribution of relaxation rate G(I'):

g”(t) = ["G(I) exp(~Tt)dl (®)

where T is the relaxation rate and t is the lag time. For
relaxation times, 7, g&)(t) is expressed here as

g =/ " 7A@ exp(—tir) d In @)

where A(r) =I'G(I'). tA(r) was obtained by regularized inverse
Laplace transformation (RILT) of the dynamic light scattering
data using a constrained regularization calculation algorithm
called REPES®%%! as incorporated in the analysis package
GENDIST. This algorithm directly minimizes the sum of the
squared differences between experimental and calculated g®@(t)
functions. It allows the selection of a “smoothing parameter”,
probability to reject—the higher the probability to reject, the
greater the smoothing. A value of 0.5 was normally chosen
in the analysis.

Viscosimetry. The viscosity measurements were per-
formed using an Ubbelohde capillary viscosimeter. The flow
time for water at 25 °C was 43.8 s. The result of the
measurements is expressed by the relative viscosity, 7 = t/to,
where t and to are the flow times for mixed solution and
solvent, respectively.

Results and Discussion

Solubility and Phase Diagram. (@) C12EO460C12—
Ci12Es System. One important property of an associa-
tive polymer Ci12EO460Ci2 in water solution is the
separation into two phases above the cloud point tem-
perature, a phenomenon which is well known for
unmodified PEO as well as poly(ethylene oxide) surfac-
tants (C,En). Cloud point measurements were per-
formed by visual observation in glass tubes. After
heating the samples to above the clouding temperature,
the cloud point was taken as the temperature at which
the last visible sign of opalescence disappeared on
cooling. Cloud point data for the polymer C12EQO460Ci2
are presented in Figure 2 as a function of concentration.
The decrease of the cloud point, as compared to the
unmodified homologue PEO, LCST (lower critical solu-
tion temperature) = 102 °C,32 is due to the presence of
the hydrophobic end groups.® The polymer and the
surfactant C1,Eg have cloud points in the same temper-
ature range, LCST ~ 75 °C.
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Figure 2. Cloud point temperature of aqueous solutions of
the associative polymer C12EQ460C12 (A) and of mixtures with
the surfactant (C12Eg) at 0.5 (O), 1.0 (O), 2.0 (¢), 3.0 (x), and
4.0 (+) wt % polymer as a function of the total content (C, +
Cs).
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Figure 3. Ternary phase diagram of the C1,Eg—C12EO460C12—
water system. The two-phase region is shown at four tem-
peratures: 45, 50, 55, and 60 °C; the line corresponds to the
position of the minima in the CPT curve (see Figure 2).

Surfactants interact strongly with hydrophobized
polymers and, depending on the properties of the
surfactant, they can either favor or hinder phase
separation.3® The variation of the cloud point on addi-
tion of surfactant is shown in Figure 2 for several
polymer concentrations. With only the polymer present,
phase separation results in a dilute and a more con-
centrated solution, probably containing an extended
transient polymer network with hydrophobic nodes.
Addition of a nonionic surfactant results in a stabiliza-
tion of the nodes and the network, so that phase
separation occurs at a lower temperature. The increase
of the cloud point above a certain surfactant concentra-
tion can be understood by dissolution of the network
when enough mixed micelles have formed to reduce the
number of polymer molecules per node below a critical
value. In agreement with this, the surfactant/polymer
ratio is practically constant at the cloud point minima,
except at the highest polymer concentration.

A schematic ternary phase diagram was determined
and is shown at four temperatures in Figure 3. The
two-phase region is always situated at low surfactant
concentrations and its size increases with temperature.
It is well known that the interaction between EO chains
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Figure 4. Cloud point temperature of solutions of C1,EQ460Ci2
(©) and of the mixture of C1,EQ460C12 in the presence of 5 mM
of Cles (O) and C12E5 (D)
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Figure 5. Cloud point temperature of solutions of C1,EQ460Ci2
(O), C12EO136C12 (O), and the mixture of C12EO136C12 With 102
g ML C12EO460C12 (O) as a function of the total polymer
concentration.

in water becomes more attractive with an increase in
temperature. One of several proposed explanations for
this is that in the —O—C—-C—-0O sequence there are
many nonpolar but only a few polar conformers. In-
crease in temperature favors the more numerous non-
polar conformers, leading to less favorable water—EO
contact.3* The increased attraction between EO chains
results in a larger two-phase area. Reducing the length
of the EO chain of the surfactant reduces the hydro-
philicity of the surfactant and results in a stronger
interaction, as shown in Figure 4 for C1,Es. Comparing
the phase diagram with that obtained for unmodified
PEO, the most important difference is that the two-
phase area is an island close to the water corner in the
present system, while PEO—CE, gives a segregative
phase separation.’® The C;,EQ460C12—CnhEnm system is
of the associative type (i.e., polymer and surfactant are
in the same phase).

(b) C12EO460C12—C12EO136C12 System. The aim of
this section is to compare the effect of the triblock
copolymer, C12EO136C12, ON the SO|Ubi|ity of C12EO460C12
with that of the diblock nonionic surfactant Cy,Eg, as
discussed above. Figure 5 shows the cloud point tem-
perature of the mixed system C12EO460C12—C12EO136C12
as a function of the total concentration, where the
concentration of C1,EQ460C12 is held constant (1072 g
mL~1). The cloud point curves for the two pure poly-
mers are also shown in the figure. Contrary to the
mixed system C12EQO460C12—C12Es where the cloud point
is dramatically decreased below that of both the polymer
and the surfactant, the cloud point of the C1,EO460C12—
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Figure 6. Variation of the intensity ratio 1,/l5 of the fluores-
cence pyrene spectrum in aqueous solutions of C1;Es (®) and
of C12Eg in mixture with 2.2 x 103 g mL-1 C12EO460C12 (O)

C12E0O136C12 system lies between those of the two pure
polymers.

For the mixture of the two polymers, the simple two-
state relationship

Tep(Mix) = pTgp + (1 — p)Tep (8)

seems to be valid. Here Tcp(mix) is the cloud point of
the mixture, Tgp and T2, are the cloud points in the
pure polymer solutions, and p is the fraction of polymer
1.

The differences between the polymer—polymer and
surfactant—polymer systems show the different roles
played by the components in the mixture. In the pure
surfactant system, the phase separation at the cloud
point is driven by the increasingly attractive interac-
tions between the micelles. Addition of a polymer that
strongly associates with the micelles and is able to
interconnect them by formation of bridges will, of course,
strengthen the attractions and favor phase separation.

The difference between the polymer mixture and the
polymer—surfactant system is that when the second
polymer is added, it does not have the ability to reinforce
the hydrophobic nodes by allowing them to grow from
rather small aggregation numbers with a lot of remain-
ing hydrocarbon—water contact to well-developed non-
ionic micelles. For this to occur, a surfactant with a
small hydrophilic group is required.

cac of the Mixed C12Eg—C12EO460C12 System. The
1./13 ratio of the intensities of the first and third vibronic
peaks in the fluorescence spectrum of pyrene was
measured in solutions of C1;EO460C12 (2.2 x 1072 g
mL™1) and Cy;Eg (Figure 6). These results are compared
with those for a pure C12Eg solution.

The ratio I1/13 is an index of the polarity of the probe
microenvironment. For pure C;,Eg solution, the ratio
starts to decrease from 8 x 10~5 M, which corresponds
to the cmc. The I4/l3 ratio decreases over a rather
narrow concentration range and is complete at 2 x 107
M, showing that all pyrene is sited in the micelles at
this concentration. The 14/13 ratio for the mixed C;,Eg—
C12EQO460C12 system starts to decrease already at a very
low surfactant concentration (6 x 10-% M), indicating
that hydrophobic microdomains start to form at con-
centrations (cac) much lower than the cmc of the pure
surfactant. In this case, the decrease of 11/13 is more
gradual, showing a less cooperative aggregation process.
All pyrene seems to be in the hydrophobic environment
at a surfactant concentration of about 1 x 107 M. The
total concentration cs + Ceq is then about 3 x 1074 M.
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Figure 7. Fluorescence decay curves for pyrene in mixed
solutions of C12Eg (5 mM) and C12EQ460C12 (4 x 1072 g mL™Y)
in the absence and presence of quencher.
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Figure 8. Variation of the total average aggregation number
(polymer end groups + surfactant) and the aggregation
number of polymer end groups per micelle as a function of the
polymer concentration in solutions of 2 (O), 5 (O), 10 (¢), 20
(X) and 40 mM (+) C1oEs.

Aggregation Numbers in Mixed Hydrophobic
Domains. In this section, we discuss the results from
dynamic fluorescence quenching measurements on mixed
aggregates of C12EO460C12 and C12Es. These results all
apply to measurements at 20 °C with polymer concen-
trations between 0 and 0.04 g mL~1. In the absence of
surfactant, the polymer aggregation number is about
15—-30 end groups per micelle for 0.01 < C, < 0.07 g
mL~11 In the presence of the surfactant, the fluores-
cence decay curves exhibit well-developed tails with
decay constants similar to those without quencher
(Figure 7), so that eq 1 could be used in the evaluation
of the data. As compared to the pure polymer,! there
is less perturbation from impurity fluorescence at short
time scales. The results are of high quality and the
values of the aggregation numbers should be reliable.
In addition, the cac used in the calculation of the
aggregation number is very much lower than the cac
for the pure polymer.t It is also lower than the cmc of
the surfactant C;,Eg (cmc: 71 uM). The concentrations
of free polymer and surfactant are therefore insignifi-
cant in the systems studied (with at least 2 mM C;,Eg).

The total average aggregation numbers of the hydro-
phobic domains at different surfactant concentrations
are presented as a function of polymer concentration in
Figure 8, together with the average number of polymer
end groups per domain. We note from these results that
there is a slight increase in the micelle aggregation
number with surfactant concentration even in the
absence of polymer. Up to about 0.02 g mL™! of
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Figure 9. Variation of the aggregation number of C1,Es (Cs =
5 mM) micelles with temperature in water () and in a 2 x
1072 g mL! solution of C12EO460C12 (O).

polymer, the total aggregation numbers change little
with polymer concentration, but at the highest polymer
concentrations, the numbers increase, to about 95 at
0.04 g mL~1. This is a rather surprising result; looking
upon the aggregates as nonionic mixed micelles, one
would expect that the introduction of a surfactant with
a much larger head group than CizEg would result in
smaller micelles. We have no satisfactory explanation
of this effect. It is probably significant, however, that
the increase in size occurs at a polymer concentration
at which extensive networks should be present in the
solution, and the polymer molecules may readily form
bridges between the existing micelles, without needing
to create new nodes.

Figure 8 also shows that the average number of
polymer ends per aggregate increases almost in propor-
tion to the polymer concentration, indicating that the
number of micelles remains about constant and that the
polymer associates with the existing domains, rather
than creating new ones. A closer inspection of the data
shows that the micelle concentration increases some-
what with polymer concentration at the lowest surfac-
tant concentrations, but not at all at the highest. At 2
mM surfactant, the micelle concentration increases from
0.035 mM without polymer to 0.062 mM at 0.04 g mL~1
of the polymer.

The above results pertain to compositions with more
surfactant than polymer end groups, and the aggregates
are larger than those formed by the polymer end-groups
alone, according to our previous estimates.! Interest-
ingly, in at least one of the solutions, with 5 mM
surfactant and 0.04 g mL! of polymer, the number of
polymers associated with the structure (ca. 20) is larger
than in the pure polymer solution. The large hydro-
phobic domain gives more space for the polymer back-
bone in the vicinity of the micellar core so that more
polymers may associate with it.

Effect of Temperature on CjEg Aggregation
Number. Temperature was found not to influence the
aggregation number in contrast to pure nonionic surf-
actant micelles, where Nagg increases strongly from a
temperature about 20 °C below the cloud point.36
Figure 9 shows the variation of the aggregation number
of C12Eg as a function of temperature in pure Cy2Eg (5
mM) solutions and in a mixture with the polymer (Ceg
~ 2 mM) at the same surfactant concentration. In the
absence of polymer, the curve shows the same features
already observed with other alkylpoly(oxyethylene glycol
monoethers) of the type CEn, surfactants.36:37 Above a
certain temperature close to the cloud point, an increase
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in Nggg is observed. In the presence of the polymer
C12EO460C12, 0N the other hand, Nagg is constant even
near the cloud point of the mixture (ca. 45 °C). As
observed by Zana et al.,®® the micelle aggregation
number of nonionic Ci2Eg does not change in the
presence of a low molecular weight unmodified PEO (M
= 20 000); the behavior was the same as in the absence
of polymer. The bulky hydrophobic groups from the
polymer in the mixed micelles evidently prevent the
formation of larger aggregates, with less curvature.
Recent results in the same type of system but a higher
M, PEO (600 000) show that the micelle aggregation
number is reduced significantly.*?

The fact that the aggregation numbers are also
independent of temperature allows us to estimate the
aggregation numbers for the micelles formed at the
compositions which correspond to the minima in the
cloud point curves of Figure 2. The surfactant/polymer
aggregation numbers are, starting with the lowest
concentration of polymer (0.005 g mL~1), 57/5, 60/6, 70/
7, and 67/13, giving an almost constant ratio. It will
be shown below that a minimum value of the diffusion
coefficient as a function of surfactant concentration
occurs at about the same composition, whereas the
maximum in viscosity requires almost twice as much
of the surfactant.

Dynamic Light Scattering Measurements. Dy-
namic light scattering measurements were made on
mixtures of C12EO460C12 and the surfactants CizEs,
Ci2Es, and Ci2E»3 in dilute aqueous solutions over a
wide range of compositions. Mixtures of the two as-
sociative polymers, C12EO460C12 and C12EO136C12, Were
studied at 25 °C. All measurements were made at a
scattering angle of 90°.

(@) C12EO460C12—C12Eg. 1. Variation of the Dif-
fusion Coefficient of the Aggregates at Fixed Ci,Eg
Concentration. At all polymer concentrations, the
measured correlation functions were found to be closely
single exponential at high Ci;Eg concentrations, but
double exponential at concentrations below about 1 mM
of C12Es. The fact that two modes are present at low
surfactant concentration is consistent with observations
on the pure polymer without surfactant, where two
modes were observed at the same polymer concentra-
tion, as discussed previously.! At high surfactant
concentrations in the present system, the free micelles
are not sufficiently different in size from the micelles
associated with a single polymer coil to produce sepa-
rable relaxation modes. We note that the scattered
intensity increases strongly on addition of surfactant.
This increase (between 3 and 20 times depending on the
composition) will be related to the change in mass/
contrast between polymer and polymer/surfactant com-
plex.

Figure 10 shows the diffusion coefficients, D = TI'/g?,
as a function of polymer concentration at 0, 0.6, 1, and
2 mM Cy2Es. The corresponding relaxation time dis-
tributions were bimodal, and the amplitude of the fast
mode increases with increasing polymer concentration.
Both modes were shown to be diffusive, as determined
from the linear dependence of the relaxation rate on the
squared scattering vector magnitude. It is clear that
the fast diffusion mode, Dy, in this low surfactant
concentration region is of the same magnitude inde-
pendent of the surfactant concentration. In pure poly-
mer solutions, we have previously interpreted the fast
diffusion coefficient as originating either from the
nonaggregated polymer or from small oligomeric ag-
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Figure 10. Variation of diffusion coefficient of the fast mode
(open symbols) and the slow mode (filled symbols) at different
constant Ci,Eg surfactant concentration (0 (O), 0.61 (O0), 0.99
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Figure 11. Variation of diffusion coefficient with polymer
content at different and constant C,,Eg concentration (0 mM
fast mode (@), 5 mM (O), 19.3 mM (O), 39.5 mM (¢), and 76.2
mM (x)).

gregates.! On addition of surfactant, the fast mode
probably corresponds to mixed micellar aggregates
containing a few polymers. The diffusion coefficient of
pure C12Eg micelles is about 7 x 10711 m2 s~1 (see Figure
12), which is close to the value observed at the lowest
polymer concentrations. The diffusion coefficient of the
pure polymer is about 5 x 1071 m2 s~1, and the small
mixed aggregates do not diffuse much slower in the
concentration range considered. Thus, there seem to
exist a population of mixed micelles, as well as the
larger clusters of interconnected micelles that give rise
to the slow diffusion mode. This slow mode is the
dominant feature in the relaxation time distribution
already at the lowest concentrations of surfactant and
polymer studied (e.g., 0.61 mM CiEg and 0.1 wt %
polymer). In the pure polymer solution, at very low
concentration, an even slower mode was noted and
attributed to loose complexes formed through PEO—
PEO interaction, strengthened by the hydrophobic
modification; the fact that this mode disappeared on
addition of salt corroborates this interpretation.! We
conclude that in the surfactant—polymer system the
slow mode is due to finite clusters of interconnected
mixed micelles.

The distributions of the relaxation times at an inter-
mediate surfactant concentration of 5 mM at all polymer
concentrations were clearly unimodal. The diffusion
coefficients corresponding to this mode are presented
in Figure 11 as a function of polymer concentration, at
five concentrations of surfactant, and also in the absence
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Figure 12. Variation of diffusion coefficient with surfactant
concentration at different constant C,,EO460C12 content [0 (x),
0.5 (0), 1.0 (¢)] and PEO at 0.5 wt % (O).

of surfactant. At the highest surfactant concentrations,
40 and 76 mM, the curves are very similar to the fast
mode in Figure 10, but at lower surfactant concentra-
tion, the diffusion coefficient decreases strongly with
polymer concentration, indicating the formation of mul-
ticentered clusters. At the highest polymer concentra-
tion, 1 wt %, and 40 mM C,;Eg, there is less than one
polymer per micelle (see Figure 8), and little clustering
would be expected, whereas at 5 mM surfactant, there
are about 5 polymers per micelle, which would allow
the formation of an extensive network. The points for
0.2 wt % polymer, 5 mM surfactant and 1 wt % polymer,
19 mM surfactant correspond to almost the same value
of the diffusion coefficient, which is substantially lower
than that of the free polymer. From Figure 8 (linear
interpolation in the 5 mM case), there would in both
cases be an average of about 1.7 polymers per micelle.
Evidently, fairly large clusters are already formed under
these circumstances.

2. Variation of the Diffusion Coefficient of the
Aggregates at Fixed Polymer Concentration. Fig-
ure 12 shows D as a function of the concentration of
Ci2Eg at 0, 0.5, and 1 wt % polymer. Apart from the
clearly bimodal distribution of the surfactant-free sys-
tem, the distributions are essentially unimodal. At low
surfactant concentration, the diffusion coefficient of the
clusters decreases strongly as compared to the values
for the unmodified polymer and C1,Eg.3° An increase
of the diffusion coefficient for the complex is then
observed at higher surfactant concentrations and, at the
highest concentration, the values approach the curve
for the unmodified polymer as well as that for pure
Ci12Es. Here two regions can be clearly distinguished.
At low surfactant concentrations, the decrease in D,
which shifts slightly toward higher values upon in-
creased polymer concentration, is due to the surfactant-
induced formation and stabilization of the network as
described above. At high surfactant concentrations, the
network dissolves, and free mixed micelles are eventu-
ally formed. This type of minimum has been observed
with other surfactants and the same type of polymer.13

The compositions of the hydrophobic aggregates at the
minimum can be estimated from the results in Figure
8. They are found to contain an average of 3—4
polymers per hydrophobic node. The compositions
correspond closely to those which give cloud point
minima. Evidently, these are compositions which allow
extended, probably highly ramified, networks to form,
but still, at temperatures below the cloud point, not
attractive enough to induce phase separation.
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Figure 13. Variation of the relative viscosity of mixed
solutions as a function of C1,Eg concentration at a constant
polymer concentration (9.8 x 1073 g mL™1).
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Figure 14. Variation of diffusion coefficient with polymer
concentration at different constant Ci,Eg/C1,EQ460C12 molar
ratios: 3 (), 4 (O), 9 (»), 16 (O), 20 (x), 30 (@), 47 (#), 92 (m),
and 185 (+).

Viscosity Measurements. The relative viscosity of
aqueous solutions of C12EO460C12 was measured previ-
ously.r The intrinsic viscosity was found to be lower
than that for the unmodified analogue, PEO. In the
present study, the relative viscosity of the polymer
solutions in the presence of Ci2Eg has been measured.
Figure 13 shows the relative viscosity of the mixed
solution at a polymer concentration of 0.98 wt % as a
function of surfactant concentration. This curve shows
a pronounced maximum of the type already observed
in other associative polymer/surfactant systems.3.134041
The surfactant concentration necessary to produce the
viscosity maximum was previously found to depend on
the concentration of the associative polymer and its
structure. The maximum occurs at a higher surfactant
concentration than the minimum observed for the
diffusion coefficients and is believed to reflect the
formation of larger clusters or a strengthening of the
network. From the results in Figure 8, it can be
estimated that an average of two polymer molecules is
associated with the hydrophobic domains at the com-
position of the maximum. At higher surfactant concen-
trations, dissolution of the clusters or network occurs.

3. Variation of the Diffusion Coefficient of the
Aggregates at Fixed Molar Ratio (r = CjyEg/
C12EQO460C12). The dynamical behavior of the mixed
clusters was studied along dilution lines at various
ratios, r = number of surfactant molecules/number of
polymer end groups. The measured correlation func-
tions are closely single exponential. Results are shown
in Figure 14 for the diffusion coefficients as functions
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Figure 15. Variation of diffusion coefficients as a function of
surfactant concentration at fixed C12EQ460C12 concentrations;
Cp=10.5 x 1072 g mL for C12E¢ (O) and C12E; (), and Cp =
1072 g mL~?! for C1oEg (0), CpoEsg (><), and C1oE»; (A)

of the polymer concentration at various r values. Two
regions are clearly present. At high ratios, the diffusion
coefficients are high and increase with polymer concen-
tration. The approximate sizes of the aggregates at
infinite dilution are about Ry = 50 and 40 A, respec-
tively, for r = 92 and r = 185. For comparison, Ry for
the free C1,Eg micelles is about 35 + 2 A, Micelles with
an average of less than one associated polymer are the
diffusing entities in this range of r-values.

At low r-values, on the other hand, and in particular
below r < 20, the diffusion coefficient decreases strongly
with increasing polymer concentration. At intermediate
ratios, the diffusion coefficient shows a minimum at a
certain concentration, and an increase on dilution. The
lowest diffusion coefficients are observed at about the
same ratio where the minimum in D is observed as a
function of surfactant in Figure 12. It is interesting that
an extrapolation to C, = 0 of the single-mode data from
higher concentrations, for all curves with r below 47,
results in approximately the same value, corresponding
to Ry ~ 140 4+ 20 A. The results indicate that multi-
centered clusters are formed already at very low poly-
mer and surfactant concentrations, since the limiting
diffusion coefficient is too small to correspond to surf-
actant-reinforced flower micelles.

4. Comparison of the Diffusion Coefficient with
Three Surfactants at Fixed Polymer Concentra-
tion. The diffusion coefficients of the clusters are
shown as a function of surfactant concentration in
Figure 15 for the three nonionic surfactants, C;,E¢ and
C12E23 and Cy,Eg at concentrations of polymer of 0.005
and 0.01 g mL~%. The results clearly demonstrate that
the position and the depth of the minimum, as discussed
above, are markedly influenced by the hydrophobicity
of the surfactant. In the case of C12Eg, the minimum is
deeper than for Ci;Eg and it is shifted toward higher
surfactant concentration. For C12E»3, on the other hand,
there is no well-defined minimum in this concentration
region. However, if a minimum at low surfactant
concentration is present, it is much shallower than for
the other two surfactants. The surfactant/end group
molar ratio corresponding to the mimima increases for
C12E23, C12Es, and CizEs, respectively, r = 5, 7, and 9,
with increasing hydrophobicity of the surfactant but is
independent of the polymer concentration. A more
hydrophobic surfactant is apparently more effective in
forming large mixed aggregates.

(b) C12EO460C12—C12EO136C12. INn this section, the
dynamic light scattering of mixed aggregates of the two
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associative polymers, C12EQ460C12 and C12EO136C12, IS
considered. As the pure C;2EO460C12 system has al-
ready been investigated,! we will start with the results
for pure C12EO136C12; the measurements were made at
7 °C, which is well below the CPT (Experimental
Section). The main difference between these two poly-
mers is that the autocorrelation functions of C12EO136Ci2
are essentially single exponential in the concentration
range 0.005—0.014 g mL~! as shown in Figure 16. The
relaxation time distributions for this polymer are pre-
sented as a function of polymer concentration. The
main mode is diffusive and the corresponding diffusion
coefficient is plotted in Figure 17.

In Figure 17 the diffusion coefficients are shown as a
function of the total concentration of polymer (or
polymer end groups). The diffusion coefficients from the
fast mode of pure C12EQ460C12 from ref 1 are also given.

The diffusion coefficients for the mixed system and
for the pure short-chain polymer follow the same curve
in this representation, and fall between the values for
the fast and slow modes of the long-chain polymer. A
remarkable feature of the results (not only from DLS)
for the latter was the fact that the concentration region
with micelle-like aggregates alone is very narrow. A
region with unimers or oligomers goes swiftly over into
one where multicentered clusters or networks are
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Figure 17. Variation of diffusion coefficients as a function of
the total molar polymer end-group concentration at various
molar ratios (C12E0136C12/C12EO460C12), 0.99 (O), 1.43 (D), 2.82
(x), 5.63 (+), and for pure C12EQO460C12 (fast mode (M), slow
mode (¢)), and pure C1,EO136C12 (slow mode (@®)).

already present together with micelles. At low concen-
trations a slow mode is present, which represents only
a very small fraction of the material and which is
strongly suppressed on addition of salt.! The aggregates
responsible for this slow mode are reminescent of the
large aggregates often observed in water-soluble poly-
mers like PEO at low concentrations but are probably
reinforced by the more hydrophobic nature of the
modified polymer. These aggregates differ from the
multicentered clusters appearing at higher concentra-
tions.

In the present case, the diffusion coefficient at low
concentrations approaches the value for the fast mode
in C12EO460C12. As discussed previously,! the diffusion
coefficient of flower micelles with low aggregation
numbers would not be expected to be much lower than
that of a unimer; for a micelle with 20 polymers, a fair
guess would be a reduction by a factor of 2. The
monotonous decrease of the diffusion coefficient must
therefore be taken as due to interactions and a progres-
sive clustering of the primary micelles, which for the
short-chain polymer start to form at a much lower
concentration than for the long-chain compound.

The fact that the diffusion coefficient decreases in the
same way with the molar concentration in the mixed
systems and in the pure short chain polymer indicates
that the concentration of hydrophobic nodes—of similar
size—is the decisive factor. This behavior contrasts with
that observed when a small nonionic surfactant is
added. This is not surprising since the surfactant
cannot bridge the micelles and was furthermore shown
to have a profound effect on the size of the hydrophobic
nodes.

The slow mode appearing at high concentrations of
the long-chain polymer corresponds to a much lower
diffusion coefficient than that observed for the mixed
systems or the short-chain polymer. A direct compari-
sion cannot be made, however, since in the long-chain
system the relaxation time distribution is more complex
with an additional intermediate mode.

Conclusion

In mixtures of C12EQ460C12 and the nonionic surfac-
tant, C;,Es, hydrophobic microdomains start to form at
much lower concentrations than the cac and cmc of the
pure systems. The low cac of the mixture promotes
formation of larger structures resulting in a depression
of the CPT/LCST, below that of both the modified
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polymer and the surfactant. At higher surfactant
additions, however, these structures dissolve and the
CPT increases. The phase separation in the pure
surfactant system is driven by the increasingly attrac-
tive interactions between micelles. The bridges formed
by the polymers in the mixed aggregates strengthen
these attractions and favor phase separation. A second
AP added to an AP solution does not alter the solution
structure in the same way. In mixtures of two APs the
CPT is found to lie in between those of the two polymers.

Addition of AP to a C12Eg solution slightly increases
the total aggregation number of the hydrophobic micro-
domains, above that of the pure surfactant aggregate.
Excluding the very lowest surfactant concentration
studied, the added polymer associates with the existing
domains rather than forming new ones. As the mixed
hydrophobic domains are large, they are able to host
more polymer (with bulky head groups) than those of
the pure polymer. The bulky hydrophobic groups from
the AP in the mixture effectively prevent the increase
in Nagg generally observed in pure Ci;Eg systems and
also in the presence of unmodified PEO.

The results from the dynamic light scattering and
viscosity measurements corroborate the results pre-
sented above. At low additions of surfactant to an AP
solution, larger structures are formed, resulting in a
minimum in diffusion and a maximum in viscosity. The
large structures completely dissolve on further surfac-
tant addition. A more hydrophobic surfactant is more
effective in forming large mixed aggregates. An AP with
shorter PEO chain, C12EO136C12, Which has a much
lower cac than C;,EO460C12, gives a much simpler
relaxation spectrum, and a different concentration
dependence. For C12EO;336Ci2 alone and in mixtures
with the long-chain polymer, the diffusion coefficient
decreases in the same way on a molar concentration
scale, indicating secondary aggregation which depends
on the concentration of hydrophobic nodes.
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