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Enhancement of Wormlike Micellar Structure Induced by
O-Carboxymethylchitosan with or without Hydrophobic M odifications

Ping Guo and Rong Guo*

School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, People’s Republic of China

The enhancement of wormlike micellar structure after the addition of O-carboxymethylchitosan (OCMCS)
or hydrophobically modified O-carboxymethylchitosan (hm-OCMCS) has been studied by rheology and
freeze-fracture transmission electron microscopy (FF-TEM). The results show that the viscoelastic properties
of the wormlike micelles composed of Tween 80 and Brij 30 increase significantly after the addition of
OCMCS. However, as the OCMCS molecules are hydrophobically modified, the viscosity enhancement is
reduced and even diminishes with an increase of the length of aliphatic chains. FF-TEM was also used to
provide a direct investigation of the microstructure changes of wormlike micelles after the addition of OCMCS
and hm-OCMCS. Combined with the rheological behavior of OCMCS and hm-OCMCS, it is speculated
that these results originate from a greater degree of intra-aggregation of polymers after hydrophobic
modifications, which results in a weaker interaction between polymers and micelles. Additionally, the influence
of temperature on the rheological behavior of polymer/wormlike micelle systems also demonstrates the

intra-aggregation of polymers is the main impact factor in these systems.

I ntroduction

The formation and properties of wormlike micelles have
drawn considerable interest in basic research and practical
applications.* 2 In the past two decades, extensive studies have
focused on the rheological behavior of wormlike micellar
solution containing ionic surfactants and different kinds of
binding counterions.*~7 Recently, the formation of viscoelastic
wormlike micellar solutions in nonionic surfactant systems are
also receiving much attention.®® Aramaki et al.'® have inves-
tigated the viscoelastic properties of wormlike micelles in Tween
80 aqueous solution with trioxyethylene alkyl ether (C,EO3, m
= 12, 14, and 16). We also found the formation of wormlike
micelles in Tween 80 + Brij 30 (C12.EQ,) + H,O systems.™*

Wormlike micelles can entangle with each other, forming
transient networks and exhibit viscoelastic behavior. However,
the structure of these micelles are extremely sensitive to external
conditions as shown by the variation of their rheological
behavior, because the individual micelles are constantly being
destroyed and recreated through Brownian fluctuations. Nowa-
days, several researchers have already demonstrated that
polymers can considerably modify the viscoelasticity of the
wormlike micelles.***3 Couillet et al.** have found the syner-
gistic effects occurring in the viscoelastic behavior of mixtures
of 0.4 M KCI aqueous solutions containing erucyl bis-
(hydroxyethyl)methylammonium chloride (EHAC) surfactant
and hydrophobically modified guar in a concentration domain
from (0.01 to 2.5) mass fraction and in a temperature range
from (25 to 80) °C. Besides, the addition of some polymers
can also decreases the viscosity of wormlike micelles. For
example, Suksamranchit et al.*> have reported that addition of
water-soluble polymer polyethylene oxide (PEO) decreases the
rheology of HTAC/NaSal solutions. However, most of this
research was carried out in ionic surfactant solutions. Only a
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few studies were devoted to polymers interacting with nonionic
wormlike micelles, whereas nonionic surfactant systems are
receiving much attention these days because growing environmental
awareness has stimulated the search for nontoxic and biodegradable
surfactants such as polyoxythylene sorbitan fatty acid esters
(Tweens) and sucrose esters. It is believed that knowledge of the
structure and dynamics of nonionic wormlike micelles is vital from
both environmental and application points-of-view.

O-Carboxymethylchitosan (OCMCS) is a derivative of chi-
tosan, and its physicochemical properties are optimized by
comparing with chitosan.*®*” Now, much research has reported
that the rheological behavior of hydrophobically modified
OCMCS (hm-OCMCS) is different from that of most other
polymers, such as hydrophobically modified polyacrylamide or
hydroxyethyl cellulose, whose viscosity can be improved by
the introduction of hydrophobic groups randomly distributed
along the chains.*®2° For hm-OCMCS, its viscosity decreases
with the increasing length of the pendant because the longer
hydrophobic pendent promotes the intra-aggregation of the
polymer molecules. In recent years, the kind of polymers like
hydrophobically modified polyacrylamide has been widely used
as thickening agents in wormlike micellar solutions, because
the addition of such polymers leads to a stronger synergy in
shear flow than that without hydrophobic modification. Here,
we want to know if the addition of carboxymethylchitosan and
its hydrophobic-modified derivatives, which show different
rheological properties, could lead to different results in the
mixtures of wormlike micelles and polymers in aqueous
solution, and we hope this work could supply some new ideas
about how to use polymers to adjust the viscoelastic properties
of wormlike micelles.

So, in this paper, we report the influence of OCMCS and
hm-OCMCS on the structure of the nonionic wormlike micelles
composed of Tween 80 and Brij 30. Actually, the opposite
results are obtained in our systems. We find that the addition
of OCMCS and hm-OCMCS both increase the viscoelastic
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Scheme 1. Chemical Structures of OCMCS and
hm-OCMCS

OCMCS C,-OCMCS (n =4, 8)

properties of wormlike micelles at room temperature, but the
effect of hm-OCMCS is weaker. This may be attributed to the
different intra-aggregate behavior of OCMCS and hm-OCMCS,
which results in the variation of interactions between polymer
molecules and wormlike micelles.

Materials and M ethods

Materials. Polyoxyethylene sorbitan monooleate (Tween 80,
97 %, Sigma) and Brij 30 (> 99 %, Sigma) were all used as
received. OCMCS (My, = 2.5-105; degree of carboxymethyl
substitution > 90 %, and degree of deacetylation > 90 %) and
chitosan (My = 2.0-10%; degree of deacetylation > 90 %) of
biomedical grade purity were supplied from Qingdao Biochemi-
cal Pharmacy Co., China. Water used was deionized and distilled
twice.

Methods. Preparation of Hm-OCMCS. Hm-OCMCS was
synthesized by applying a series of versatile reactions reported
previously.?>#2 First, 2.0 g (11.2 mmol) of chitosan (CS) was
suspended in 50 mL of methanol, and then 4 g (56 mmol) of
butaldehyde or 8 g (56 mmol) of octaldehyde was added in the
suspension while stirring at room temperature. After 24 h of
reaction, NaBHy, solution (1.0 g, 26 mmol in 10 mL of water)
was slowly added to the reaction mixture. The resulting mixture
was stirred at room temperature for another 24 h, and then 2 M
HCI was added to it to adjust its pH to 7. After being repeatedly
washed with methanol and water, hm-CS was collected by
filtration and dried at 50 °C overnight under a reduced pressure.
Second, hm-CS was immersed in 50 mL isopropanol containing
an appropriate amount of NaOH (about double weight of hm-
CS) to swell and alkalize for 24 h. Five grams of monochlo-
roacetic acid was dissolved in 25 mL of isopropanol and then
added to above solution for 20 min. After 8 h of reaction, the
mixture was filtered to remove the solvent. The filtrate obtained
was dissolved in 100 mL of water, and 2 M HCI was added to
it to adjust its pH to 7. Then this solution was centrifuged
to remove the precipitate, and 400 mL of ethanol was added to
precipitate the product. Finally, the product was filtered, rinsed
thrice with ethanol, and vacuum-dried at 50 °C. The product
structure was confirmed by 'H NMR and *C NMR spectra.
The degree of N-alkyl and O-carboxymethyl substitution were
found to be about 60 to 70 and 90 by elemental analysis. The
chemical structures of OCMCS and hm-OCMCS are shown in
Scheme 1. According to the length of alkyl chain grafted on
OCMCS, C,-OCMCS was used to express different hm-
OCMCS in the following experiments.

Rheological Measurements. The rheological measurements
were performed in a rheometer Rheostess RS600 (HAAKE
RheoStress) at 25 °C using a Couette (cup, DG41, 5.100 mm)
for low viscosity solutions and cone—plate geometry (diameter
35 mm and cone angle 1°) for highly viscous gels. Frequency
sweeping measurements were performed in the linear viscoelas-

tic regime of the samples, as determined previously by dynamic
strain sweeping measurements. The repeatability of this vis-
cometer is better than 99.5 % by performing different sets of
measurements of the same substances. The viscosity uncertainty
was verified with water at 25 °C, finding that the deviations
with the reference data are lower than 1 %. The processes of
breaking and reforming of wormlike micelles are determined
by the ratio of & = TyeadTrep, IN WhiCh 7 is the average waiting
time when the micelle with average length L is separated into
two parts, and 7, is the time when micelles reform together
again. For a quickly separated reaction & = Tyrea/Trep < 1, the
viscoelastic wormlike micellar solutions behave as a Maxwell
fluid described by following equations:*

G(0) = G, wzriz . )
1+ oty

G"(0) = G2 — (2)
1+ w1y

where Gy is the plateau modulus, which is given by G’ at high
w, G’ is the elastic modulus, G” is the loss modulus, and 7 is
relaxation time.

When plotting G” against G, there should be a semicircle
called the Cole—Cole plot. It follows that:

Moreover, the zero-shear viscosity (10) is given by the
relation:

o
TR = G, (4)

The relaxation time 7 can be estimated at (wg) ™ where wg
is the frequency at which G’ is equal to G”.

Fluorescence Experiments. The steady state emission spec-
trum of pyrene was performed on a spectrofluorophotometer
(RF-5301, Shimadzu Company, Kyoto, Japan) equipped with
a thermostat (& 0.5 °C). Pyrene was used as the probe to
determine if the microenvironmental polarity exists. The respec-
tive uncertainties on 14/l (the intensity ratio of the first peak to
the third of the fluorescence spectrum of pyrene) were estimated
to be less than 3 %.

Freeze-Fracture Transmission Electron Microscopy
(FF-TEM). A small amount of sample was placed in a sample
cell, and then it was quickly plunged into liquid nitrogen. Then
the frozen samples were fractured and replicated in a freeze-
fractured apparatus (Balzers BAF 400D). Replicas were exam-
ined with a transmission electron microscope (TEM, Tecnai 12
Philip, Holland).

The temperature for this experiment was kept at (25 £ 0.1) °C.

Results and Discussion

Influence of OCMCS on the Structure of Wormlike
Micelles. In the following experiments, Wrweengo+srijzo (Mass
fraction) is fixed at 0.3, and the effects of OCMCS on the
structure of wormlike micelles with Tween 80/Brij 30 (mass
ratio) = 3.0, 3.5, and 4.0 are discussed respectively.
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Figure 1. Steady shear rate viscosity curves for different wocmcs (Wocmes (mass fraction): W, 0; @, 0.006; A, 0.008; v, 0.01; 4, 0.014) at Tween 80/Brij 30
(mass ratio) = (a) 3.0, (b) 3.5, (c) 4.0, and wy,0 = 0.7 and the corresponding zero-shear viscosity as a function of OCMCS content (d) with Tween 80/Brij

30 (mass ratio) = W, 3.0; @, 3.5; A, 4.0.

The steady-shear viscosity as a function of shear rate at
different mass ratios of Tween 80/Brij 30 in the absence and
presence of OCMCS are shown in Figure 1la—c. In the absence
of OCMCS, the samples display the typical behavior of
wormlike micelles. The viscosity curves are characterized at
lower shear rates by a Newtonian plateau, then followed by a
shear-thinning region at higher shear rates because the micelles
become aligned in the direction of the applied flow.2* 26 The
addition of OCMCS has an obvious effect on the viscosity of
these samples. As can be seen from Figure 1la—c, the viscosity
of wormlike micelles increases sharply with OCMCS content,
and the critical shear rate (shear rate at which shear thinning
occurs) shifts to lower shear rate region. This indicates that the
wormlike micelles become more structured after the addition
of OCMCS. The effect of OCMCS on the viscosity of wormlike
micelles described in Figure 1a—c is more clearly seen in Figure
1d, where zero shear viscosity, 7, is plotted as a function of
OCMCS content. It can be seen that 7, of the wormlike micelles
increases with OCMCS content. When Wocmcs (mass fraction)
increases to 0.014, 7, is 2 to 3 times of magnitude higher than
the pure surfactant solutions. We envisage that the OCMCS
chains may wrap around wormlike micelles resulting in the
significant viscosity enhancement.

The effect of OCMCS on the viscoelastic properties of the
wormlike micelles has been studied by oscillatory shear
measurements. Figure 2a—c gives the variation of the elastic
modulus (G), and the viscous modulus (G”) with oscillation
frequency (w) at different OCMCS contents. All of the samples
show a liquid-like behavior (G" < G”) at the low frequency
region, but both G" and G” increase with w, and solid-like
behavior (G" > G”) is observed at the high frequency region.
This is also the typical viscoelastic behavior of wormlike
micelles,?” which is attributed to the entanglement of the
wormlike micelles to form a transient network. However, by
comparison, the wormlike micelles become more viscous after
the addition of OCMCS. As can be seen from Figure 2a—c, G’

and G” increase with OCMCS content at the low frequency
region, and the shear frequencies corresponding to the G” and
G” crossover, wg, shift to lower values. wr is equivalent to the
inverse of relaxation time, 7z, which is related to the average
length or the network structure of the wormlike micelles. 75
increases with OCMCS content (Figure 2d), indicating the
variation of network structure of wormlike micelles after
addition of OCMCS. We believe that the long chains of OCMCS
may reduce the distance between two separate wormlike
micelles by wrapping around the wormlike micelles and result
in the formation of more rigid network structures.

To investigate the bridge effect of OCMCS between two
micelles clearly, we also studied the influence of OCMCS on
the rheology behavior of rod micelles. Steady state shear rate
viscosity plots and dynamic rheological measurements for the
Tween 80 + Brij 30 systems at various contents of OCMCS
are shown in Figure 3, parts a and b, respectively. As can be
seen from Figure 3, the viscosity of this sample is much higher
than that of a common spherical micellar solution in the absence
of OCMCS (Figure 3a), but G'—G” crossover frequency cannot
be measured in dynamic rheological experiments (Figure 3b),
implying that there are long rod micelles in this system but the
interconnected network is not formed completely. However, after
the addition of OCMCS, its viscosity increases greatly (Figure
3a), and when woemes (mass fraction) increases to 0.01, a
crossover of G” and G” (wg) is observed at high frequencies
(Figure 3b), which shows clearly that OCMCS links the long
rod micelles and a complex network is formed.

The interpretation of the complex structures formed was
confirmed using FF-TEM. Figure 4a—c shows the FF-TEM
images of wormlike micelles at Tween 80/Brij 30 (mass ratio)
= 3.0 and wy,0 = 0.7 (mass fraction) in the absence and
presence of OCMCS. From these figures, we can see that the
addition of OCMCS promotes the network structure of wormlike
micelles, suggesting the polymer chains may wrap around the
wormlike micelles to form complex network structures. This is
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Figure 3. (a) Steady shear rate viscosity curves for different Wocmcs (Wocmes (mass fraction): B, 0; @, 0.006; a, 0.008; v, 0.01; 4, 0.014). (b) Variation of
elastic modulus, G” (open symbols), and viscous modulus, G” (filled symbols), as a function of oscillatory-shear frequency (@) (Wocmcs (mass fraction): H,
0; @, 0.01; A, 0.014) at Tween 80/Brij 30 (mass ratio) = 5.0 and wy,0 = 0.7 (mass fraction).

consistent with the analysis of rheology data. Moreover, the
polymer chains act as physical cross-links can be seen more
clearly from Figure 4d—f. Figure 4d shows the FF-TEM image
of long rod micelles, and the network structure is not formed.
But, after the addition of OCMCS, the complex network
structure is observed (Figure 4e,f).

Influence of hm-OCMCS on the Structure of Wormlike
Micelles. Philippova et al.*? have concluded that hydrophilic
polymers that contain some hydrophobic segments always have
an obvious effect on surfactant aggregates, because such
polymers prefer to reside in water and contact with micelles
only by hydrophobic units. Addition of such polymers to
micelles always increases its viscosity greatly. Here, the linear
aliphatic chains were grafted on the OCMCS backbone, but the
physical linking effect of alkyl chains is not observed.

We find that the addition of hm-OCMCS has little discernible
influence on the viscosity of wormlike micelles (Figure S1 in
the Supporting Information). At lower content of hm-OCMCS,
the viscosity shows no systematic variation. When Whm.ocmcs
(mass fraction) increases to 0.005 or above, a small increase in

viscosity is observed, and ultimately a phase separation occurred
(Figure 5a). Compared with the results obtained in OCMCS/
wormlike micelles mixtures under the comparable conditions,
which is also shown in Figure 5a, we find that as the OCMCS
molecules are hydrophobically modified, the viscosity enhance-
ment is reduced, and the enhancement diminishes with an
increase of the length of aliphatic chain. The same results are
attained at Tween 80/Brij 30 (mass ratio) = 3.5 and 4.0. So,
we suspect that there are no efficient hydrophobic interactions
between micelles and alkyl chains on hm-OCMCS, which may
be attributed to the greater degree of intra-aggregation of
polymers after hydrophobic modifications. In general, polymers
after hydrophobically modified (hm-polymers) have the capabil-
ity of forming interacting networks in solution through associa-
tions between the hydrophobic side chains from different
polymer molecules (i.e., hydrophobic associations), thereby
inducing viscosity increase. But, chitosan or its derivatives are
special. Ortona et al.?® have studied the aggregation behavior
of hydrophaobically modified chitosan in aqueous solution. In
that paper, linear aliphatic chains of length variable from 5 to
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Figure 4. Freeze-fractured images of micelles at Tween 80/Brij 30 (mass ratio) = (a—c) 3.0; (d—f) 5.0; and wy,0 = 0.7 (mass fraction) in the absence
(sample a and d) and presence of OCMCS (Wocmcs (mass fraction): 0.006 in sample b and e, 0.01 in sample ¢ and f).
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Figure 5. Zero-shear viscosity of polymer/wormlike micelle systems (a) and polymer solutions (b). (a, b) B, OCMCS; ®, C,-OCMCS; a, Cs-OCMCS.

12 carbon atoms have been grafted on the chitosan backbone
by amination reaction. They find that for Cs, Cg, and Cyo
chitosan, the increasing length of the pendant promotes intra-
aggregation of the polymer molecules and the aggregation
becomes compact as shown by the reduction of its hydrody-
namic radius. A similar result has been found here. As can be
seen from Figure 5b, the viscosity of OCMCS solution shows
three different scaling regions. The compositions corresponding
to the two breaks in the viscosity curve are overlap composition
(w* = 0.0002), which is the polymer composition at which
chains start overlapping, and entanglement composition (w, =
0.002), above which the chain dimensions form entanglements.
So, above entanglement composition, the viscosity of OCMCS
solution increases sharply. However, the solution viscosity of
hm-OCMCS increases slowly in the studied content region, and
the viscosity value is not only much lower than that of OCMCS
but also shows a descending trend with increasing the length
of the aliphatic chains, suggesting a shrinking effect of the
polymer chains driven by the hydrophobic interaction of alkyl
chains. From a general viewpoint, if the intramolecular hydro-
phobic interactions of polymer chains were strengthened, the
intermolecular interactions of polymers and other molecules
would be weakened. So, the magnitude of viscosity follows
the order: 1ocmcsiwormlikemicelles > 1]C,-OCMCS/wormlikemicelles =
1cg-0CcMCS/wormlikemicelles > Nwormlikemicelles (the schematic representa’

tion of the interactions between OCMCS/hm-OCMCS and
wormlike micelles is shown in Figure 6).

FF-TEM was also used to investigate the microstructure
changes of mixed micelles after the addition of hm-OCMCS
(Figure 7). Compared with Figure 7a—c, we find that complex
networks are also formed in hm-OCMCS/wormlike micelle
systems. But, compared with OCMCS/wormlike micelle sys-
tems, it seems the network structure of hm-OCMCS/wormlike
micelles is less compact, which is consistent with above
rheological data.

Effect of Temperature on the Structure of Polymer/
Wormlike Micelles Systems. From above experiments, we
conclude that the different intra-aggregation behaviors of
OCMCS and hm-OCMCS are the main reason inducing the
different rheological behavior of polymer/wormlike micelles
systems. A study of the effect of temperature on the rheological
behavior of polymer/wormlike micelle systems also demon-
strates our explanation, because temperature is still an important
parameter that affects the aggregation of polymers.

Figure 8 allows us to compare the dependencies of the
viscosity of wormlike micelles on temperature in the absence
and presence of polymers. It can be seen that the trend of the
no—t curve remains the same after the addition of polymers.
When the temperature is increased, #o first increases to a
maximum, then followed by a sharp decrease. It is speculated
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fraction): W, 0; @, 0.002; A, 0.006; ¥, 0.01. (b) Wc,-ocmcs (mass fraction): W, 0; @, 0.002; A, 0.006; Wc,.ocmcs (mass fraction): v, 0.002; 4, 0.006.

that there are two factors that should be considered in this
process.?® First, as the temperature increases, the extent of
hydration of the EO groups of surfactant molecules decreases,
which reduces the average area of amphiphile molecules on the
micellar surface, and then decreases the spontaneous curvature
of micelles. Hence, the extent of micellar growth increases,
resulting in the increase of 7, Second, the scission of the
wormlike micelles also becomes favored with increasing tem-
perature, thus decreasing the viscosity of the system. For a
nonionic surfactant, such as Tween 80 and Brij 30, the hydration
of the oxyethylene unit is sensitive to the temperature, and this
effect on the micellar growth opposes that of micellar scission.
Consequently, the decreased interfacial curvature is the main
factor at lower temperature, and 7, increases. The contribution
of micellar scission becomes significant at higher temperatures.
So, the viscosity of the solution decreases, and eventually the
wormlike micellar behavior is lost.

Besides, compared with Figure 8 parts a and b, we find
another similar phenomenon. Although the influence of hm-
OCMCS is weaker than that of OCMCS, the additions of
OCMCS and hm-OCMCS both lead to a larger increase in
viscosity at lower temperature, and with increasing the tem-
perature, the enhancement of the viscosity becomes smaller. We
suspect that the disruption of H-bonding interaction of polymer
and surfactant molecules at higher temperature is one of the
reasons in this process. The variation of aggregation behavior
of polymers at different temperatures is another important factor.
As can be seen from Figure 9a, 1o of both OCMCS and hm-
OCMCS solution decreases by increasing temperature, implying
that the OCMCS/hm-OCMCS aggregates become more com-
pact. This is further confirmed by pyrene I./l3 against temper-
ature in polymer solutions (Figure 9b). It is well-known that
the intensity ratio of the first peak to the third (Ii/15) of the
fluorescence spectrum of pyrene shows the microenvironmental
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Figure 9. Variation of zero-shear viscosity (a) and I,/I3 of pyrene (b) with temperature in OCMCS (Wocmcs = 0.005) (M) and C,-OCMCS (We,.ocmes =
0.005) (®, C,-OCMCS; A, Cg-OCMCS) solutions.

Table 1. Value of Flow Activation Energy of Wormlike Micelles

with Different Wocmcs OF We, -ocmcs

E'?

w (OCMCS or C,-OCMCS) kJ-mol !
0 95.838
0.002 (OCMCS) 110.494
0.005 (OCMCS) 120.555
0.01 (OCMCS) 126.632
0.002 (C,-OCMCS) 109.674
0.005 (C,-OCMCS) 116.301
0.002 (C;-OCMCS) 104.917
0.005 (C-OCMCS) 117.321

polarity where the probe exists. It appears that 1,/13 decreases
sharply with increasing temperature, suggesting that a more
hydrophobic region is formed because of the shrinkage of
polymer chains. So we speculate that a greater degree of intra-
aggregation of polymer chains leads to a weaker interaction
between polymer chains and wormlike micelles at higher
temperature and then results in », scarcely increasing with
OCMCS/hm-OCMCS content.

In above systems, we also find that, at higher temperatures,
1o decreases exponentially with temperature (Figure S2 in the
Supporting Information), which is in accordance with the
Arrhenius equation,®

E
— 7
log 7,(T) = log K + 2303RT (5)

where E, is the flow activation energy, R is the universal gas
constant, and K is a constant. The value of flow activation energy
can be calculated from the slope of the straight line, and the
results are shown in Table 1. As can be seen from Table 1,
after the addition of OCMCS or hm-OCMCS, the value of flow
activation energy becomes larger, which indicates that polymer
chains can link the wormlike micelles, resulting in a higher
resistance to flow and consequently a higher activation energy
for flow. But, compared with OCMCS/wormlike micelle
mixtures, E, is smaller in hm-OCMCS/wormlike micelle
mixtures, which suggests that the interaction between OCMCS
and wormlike micelles is stronger and the complex network is
more rigid. This is consistent with the results obtained in above
rheology experiments.

Conclusions

In a word, intra-aggregation behavior of OCMCS and hm-
OCMCS is the main impact factor in our experiments. Because
the grafted alkyl chains promote the intra-aggregation of hm-
OCMCS, the aggregation of hm-OCMCS becomes more

compact than that of OCMCS, which results in the weaker
interactions between hm-OCMCS chains and surfactant mol-
ecules. So, although the additions of OCMCS and hm-OCMCS
to wormlike micelles both lead to the formation of more rigid
complex network structures at room temperature, the effect of
hm-OCMCS is weaker. FF-TEM images show the complex
network structures clearly.

Temperature is also an important factor that can influence
the aggregation behavior of polymer molecules. At lower
temperature, the OCMCS and hm-OCMCS chains are looser,
which favors the intermolecular interactions between polymer
chains and micelles. Hence, a larger increase in viscosity can
be observed at lower temperature.

Supporting Information Available:

Steady shear rate viscosity curves and zero shear viscosity versus
1/T in Figures S1 and S2, respectively. This material is available
free of charge via the Internet at http://pubs.acs.org.
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