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Abstract

The thickening effect of a hydrophobically modified polymer in an aqueous solution is dependent on intermolecular hydrophobic
associations, and if the polymer concentration is significantly above the overlap concentration also on chain entanglements. In this investiga-
tion we have added different cyclodextrins (CD) in order to decouple hydrophobic polymer—polymer associations via inclusion complex
formation with the polymer hydrophobic tails. Both size and hydrophobicity of the cavity of the CD-molecules were found to have an effect
on the process. In addition, the influence of chemical structure of the polymer hydrophobic tails was investigated. Either a linear Cy4-chain or
a more bulky nonylphenol group was used. The viscosity as a function of CD-concentration first decreased strongly, and then attained a
constant value. At excess CD the viscosity became virtually the same as in a solution of the unmodified parent polymer, provided that
complex formation was not sterically hindered. This suggests that all hydrophobic links, originating from the hydrophobic modification
process, which influence the rheology could be deactivated. On the other hand, with combinations where the complex formation was
hindered to a certain degree the initial decrease was less accentuated, and also, the viscosity leveled out at a significantly higher value.

In an attempt to rationalize the data a simple model based on the assumption that each complex formed deactivates one rheologically active
link was used. In combination with the Langmuir adsorption model the number of complexes as a function of CD concentration could be
obtained. This model also gave a value of the complex formation constant. Furthermore, in solutions where all hydrophobic links could be
deactivated the results from the model suggested that all polymer hydrophobic tails were originally active in forming the network. © 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydrophobically modified polymers (HM-P), or water-
soluble associative polymers, are now routinely used in
technical formulations. (Glass, 1989, 1996). They are
added with the purpose to modify the rheology of a solu-
tion or to increase the stability of a dispersion. Such formu-
lations contain, as a rule, a wide range of components that
may interact with the polymer molecules in various ways.
In some cases such an interaction results in a lower visc-
osity than what was expected from tests in simpler solu-
tions, while in other cases synergism may increase the
thickening effect in the final formulation. Sometimes,
which is worse, it may happen that the solution becomes
thermodynamically unstable, resulting in a phase separa-
tion. Although complications also occur in solutions based
on conventional (non-hydrophobically modified) thickeners
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such phenomena are more frequent in formulations
containing the hydrophobically modified version of the
polymer. One reason can be traced to that many
compounds have a preferred tendency to interact with the
polymer hydrophobic moieties. Therefore molecularly
specific information has been invaluable in the understand-
ing of macroscopic properties that such solutions possess.
Such data, like binding of surfactant molecules to the poly-
mers, has been obtained by self-diffusion measurements
with NMR, fluorescence probe measurements, etc. (Bokias,
2001; Burke & Palepu, 2001; Chronakis & Alexandridis,
2001; Colby, Plucktaveesak, & Bromberg, 2001; Griffiths,
Fallis, Teerapornchaisit, & Grillo, 2001; Hoff, Nystrom, &
Lindman, 2001; Jiménez-Rigaldo, Selb, & Candau, 2000;
Miguel, Burrows, Formosinho, & Lindman, 2001; Piculell,
Thuresson, & Ericsson, 1995; Piculell, Guillermet, Thur-
esson, Shubin, & Ericsson, 1996; Schillen, Anghel, Miguel,
& Lindman, 2000; Thuresson, Soderman, Hansson, &
Wang, 1996). For instance it has been possible to rationa-
lize differences in phase behavior and rheology between
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Fig. 1. Possible structural segment of HM-EHEC. R = (C,4) for HM(C,4)-EHEC while for HM(NP)-EHEC R = (NP).

solutions based upon a HM-P or upon the unmodified
parent polymer. It is now generally accepted that in semi-
dilute aqueous solutions of a water-soluble polymer a
hydrophobic modification leads to an increased viscosity
due to a formation of a three-dimensional network that is
physically held together by inter-polymeric hydrophobic
associations. It is also recognized that the strength of the
associations and the stoichiometry of the junctions can
be modified by addition of surfactant (Thuresson et al.,
1996; Thuresson, Karlson, & Lindman, 1999). Although
tedious to obtain, such detailed knowledge about one
system can later be used in similar systems to interpret
macroscopic properties in terms of molecular mechan-
isms.

A normal route to elucidate the effect of a hydrophobic
modification is to compare properties of solutions contain-
ing the HM-P with those of the unmodified parent polymer.
However, besides that it is time-consuming to synthesize
and to investigate both the HM-polymer and the unmodified
analogue, it should be born in mind that by making two
polymers fractions it is possible, or even likely, that these
differ by more than just the hydrophobic modification. A
way to circumvent this, and to obtain knowledge about
the effect of the hydrophobic modification, is to decouple
the hydrophobic associations. This could be done by for
instance adding surfactant in excess (so that each hydropho-
bic tail is decorated by a micelle) or by adding excess
amount of diethyleneglycol monobutyl ether, BDG, to the
aqueous solution of the HM-P (Karlson, Joabsson, &
Thuresson, 2000). At such conditions the HM-P solution
has a behavior resembling that of the unmodified parent
polymer under the same conditions. A complication is that
by following this route also other hydrophobic associations
like those originating from the polymer backbone of the
parent polymer are lost. Such associations are now known
to be responsible for many characteristic properties, among
which the thickening effect is one, of for instance certain

cellulose-based polymers (Akiyoshi, Sasaki, Kuroda, &
Sunamoto, 1998).

A more specific way is offered by cyclodextrin (CD)
which is a cyclic oligomer of alpha-p-glucose. The CD
molecule has a toroidal shape and contains a hydrophobic
cavity within an otherwise hydrophilic molecule (Connors,
1997; Immel & Lichtenthaler, 1996). The cavity has non-
polar properties because the glucose-units in the CD-ring
arrange in a way such that the hydrophilic parts, the hydro-
xyl groups, are oriented towards the outside of the ring.
Thus, a less polar guest molecule, with dimensions to fit
within the cavity, readily substitutes polar water molecules.
This hydrophobic attraction drives a complex formation,
which has for instance frequently been studied in surfac-
tant/CD systems. Various methods, e.g. calorimetry or
surfactant selective electrodes, have been used to determine
complex constants (Amiel & Sebille, 1996; Funasaki, Yodo,
Hada, & Neya, 1992; Junquera, Tardajos, & Aicart, 1993;
Mwakibete, Bloor, & Wyn-Jones, 1994; Mwakibete, Bloor,
Wyn-Jones, & Holzwarth, 1995; Park & Song, 1989; Sasaki,
Christian, & Tucker, 1989). Since bolt-and-nut (or host—
guest inclusion) complexes form between CD-molecules
and hydrophobic, or partly hydrophobic, compounds, like
long-chained alcohols, or surfactants, complexes are also
anticipated between HM-P and CD. By hiding the hydro-
phobic moieties of a HM-P within the cavities of CD mole-
cules the HM-P solutions are expected to virtually behave
like solutions formed from their unmodified analogues. In
contrast to what was discussed above, by following this
latter route, effects from hydrophobic associations via the
polymer backbone are expected to prevail since the hydro-
phobic segments of the polymer backbone do not fit into the
CD cavity. This concept to reduce hydrophobic interactions
was used for the first time in the beginning of the nineties
(Eisenhart & Johnson, 1992; Lau & Shah, 1994). During the
last years CD has been used to decouple hydrophobe—
hydrophobe interactions and thereby controlling the
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a) b) c)

Fig. 2. Schematic presentation of the thickening mechanisms of HM-
EHEC. (a) Entanglements of polymer chains, (b) associations between
grafted hydrophobic chains, and (c) associations between hydrophobic
segments of the backbone. An open circle represents a hydrophilic glucose
unit and a filled circle represents a glucose unit that is hydrophobic due to a
high substitution degree of ethyl groups.

associations in HM-P solutions (Akiyoshi et al., 1998;
Zhang, Hogen-Esch, Boschet, & Margaillan, 1998), and
recently the idea was used to shield hydrophobic tails with
CD in order to characterize a sample of a hydrophobically
modified alkali-soluble emulsion (HASE) (Islam, Jenkins,
Bassett, Lau, & Ou-Yang, 2000). Since this inhibits aggre-
gate- and clusters-formation it became possible to use tech-
niques such as gel permeation chromatography and static
light scattering to characterize individual molecules.

In another approach the concept of bolt-and-nut complex
formation has been used to increase the viscosity in a solu-
tion of an amphiphilic polymer that contained short and
bulky hydrophobic moieties that showed low tendency to
self-associate. Instead the HM-P chains were connected via
agglomerates of covalently linked CD-molecules (Amiel
& Sebille, 1996, 1997, 1999; Sandier, Brown, Mays, &
Amiel, 2000).

In this paper we have focused on the interaction between
hydrophobically modified ethyl (hydroxy ethyl) cellulose
(HM-EHEC) (Fig. 1) and CD, and a range of combinations
of polymer hydrophobes and CD molecules have been used.
Properties that have been varied include size and hydro-
phobicity of the CD cavity as well as structure of the
polymer hydrophobic tails.

2. Experimental
2.1. Materials

Hydrophobically modified ethyl (hydroxy ethyl) cellulose
(HM-EHEC) was synthesized and purified from salt and
glycol impurities as described elsewhere (Karlson et al.,
2000). The hydrophobic moieties were either nonylphenol
(NP) or tetradecyl (C4). The HM(NP)-EHEC and HM(C4)-
EHEC samples were chemically characterized with respect
to modification degree of hydrophobic moieties as described
in a paper by Karlson et al. (Karlson et al., 2000), methyl-a-
cyclodextrins (M-a-CD), B-cyclodextrins (B-CD), and
methyl-B-cyclodextrins (M-B-CD), were supplied by
Wacker-Chemie (under the trade names Alpha W6 M1.8,
Beta W7, and Beta W7 M1.8, respectively). The dimensions

of the central cavity B-CD, which has seven glucose units,
has been reported to be about 6-7 A, while a-CD, which
has six glucose units, has a smaller cavity (4.7-5.3 A)
(Loftsson & Brewster, 1996) The degree of methylation
per glucose unit was 1.6—1.9 for both M-a-CD, and
M-B-CD as given by the supplier. The CDs were all of
pharmaceutical quality and were used without any further
purification. To all samples water of Millipore quality
was used.

2.2. Methods

Aqueous stock solutions containing HM-EHEC (1% w/
w) or HM-EHEC (1% w/w) and cyclodextrin (1% w/w)
were prepared by weighing the components in test tubes
before sealing with Teflon tightened caps. These solutions
were let to equilibrate for several days before proceeding. In
order to facilitate preparation of solutions with cyclodextrin
concentration below 0.1% w/w a dilution of the concen-
trated stock solution was made. The concentrated stock
solution (1% w/w CD and 1% w/w HM-EHEC) was
adjusted with the 1% w/w HM-EHEC solution to obtain a
new stock solution with 0.1% w/w CD and 1% w/w HM-
EHEC. From these three stock solutions, samples with
desired compositions were prepared by weight. All
contained a polymer concentration of 1% w/w, while the
CD-concentration varied in the range 0.02—1% w/w (0.15—
9 mmolal). Before any measurements, the final samples
were left to equilibrate at room temperature for at least 12 h.

The rheological measurements were performed with a
StressTech rheometer from Rheologica, Sweden. The
rheometer was equipped with a 4 cm, 1° cone and plate
system, and the temperature in the measuring geometry
was controlled to within =0.1 °C by an external water
bath. The rheometer was put in the continuous shear
mode, and the viscosity, 1, was determined as a function
of the shear rate,y. The reported 1 values are obtained from
the Newtonian plateau where 7 is independent of .

2.3. Model considerations

Our results were interpreted in a simple model where
CD-molecules are regarded to bind to the hydrophobic
tails of the polymer chains with a complex formation
constant K. It is assumed that 1:1 bolt-and-nut
complexes are formed, and we have chosen to represent
this complex formation within a Langmuir adsorption
model. The concentration of ‘adsorption sites’, B, in
the model is expected to correlate to the concentration
of polymer hydrophobic tails (in fact an almost quanti-
tative agreement is found). To obtain the K and B
values from our rheological data we have assumed
that m oc G, 7 o< nk,TToc n (Annable, Buscall, Ettelaie,
& Whittlestone, 1993; Green & Tobolsky, 1946). L.e. a
change in viscosity at the Newtonian plateau is only
dependent on the concentration of rheologically active
chains, n (k, is the Boltzmann constant, and 7T the
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Fig. 3. Relative viscosity of HM(C14)-EHEC solutions (1% w/w) as a
function of the cyclodextrin concentration, ccp. The full lines represent a
fit of Eq. (1) to the data. Open symbols were excluded from the fit. (a) M-,
(b) B, and (c) M-B.

temperature). Furthermore, the characteristic time, 7, of
the relaxation process, that is important for the viscosity
at the Newtonian plateau, is also regarded as indepen-
dent of the CD-concentration, ccp. By this latter
assumption the main contribution to the viscosity in
these HM-EHEC solutions is regarded to stem from
associations via the polymer hydrophobic tails, and the
effect from entanglements of the EHEC backbone is
insignificant (Fig. 2(a) and (b)). An estimate of the
overlap concentration, taken as the reciprocal intrinsic
viscosity, ¢* = 1/[n] = 0.2% w/w, justifies this assump-
tion, since at the polymer concentration used (1% w/w)
reptation is not likely to be a dominant relaxation
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Fig. 4. Same as Fig. 3, but for HM(NP)-EHEC solutions (1% w/w).

process. From this follows that (see Appendix A)

D7 _ -9
Mo — Moo
B+ cep + 1K (B + cop + 1/K)?
2 - 4 ~ Beeo
:1—
B
9]

Here m, and msare the viscosity without CD and at
excess CD, respectively, and @ is the fraction of occu-
pied binding sites in the Langmuir model. In the follow-
ing we have fitted this equation to our experimental



L. Karlson et al. / Carbohydrate Polymers 50 (2002) 219-226 223

Table 1

Viscosity of HM-EHEC solutions (1% w/w) in water, 7,, and with 20%
diethyleneglycol monobutyl ether (BDG), Mgpg. Chydrophobe 18 the concentra-
tion of polymer hydrophobic tails in the polymer solution (1% w/w). no and
mppe are given relative to the viscosity of water and 20% BDG in water,
respectively

HM-EHEC Mo MNBDG Chydrophobe (mmolal)
NP 440 36 0.28

Cuy 1439 42 0.29

0* 45 36 0

* Refers to the unmodified parent polymer, EHEC. Data from Karlson et
al. (2000).

data points ((n — M)/ (M9 — M) VS. ccp) With K and B
as fitting parameters.

3. Results

The two different HM-EHEC polymers were combined
with the three different CD molecules and the viscosity was
followed as a function of the CD-concentration, ccp. Thus,
six combinations have been investigated. Fig. 3 shows the
influence the three different CD-molecules have on the
HM(C,4)-EHEC solution, while the results obtained from
the HM(NP)-EHEC solutions are presented in Fig. 4.
Independent of the CD and of the hydrophobic tail of the
polymer the general trends are the same. At low ccp the
viscosity decreases rapidly and when ccp approaches
the concentration of polymer hydrophobic tails, Chygrophobe
(see Table 1), the decrease becomes less pronounced. At
higher ccp m levels out at a more or less constant level,
N . The full lines in each figure represent a fit of Eq. (1)
to the data (filled symbols). The agreement is good and the
K and B values obtained from the fit are given in Table 2.
We note that the concentration of ‘adsorption sites’, B,
correlates well to the concentration of hydrophobic tails in
the solution (compare Tables 1 and 2). Hence B varies only
slightly between chemically different CD-molecules, while
the difference is somewhat bigger between the two sets of
data from the two different polymers. From this analysis it
follows that the concentration of (available) ‘adsorption

Table 2

Complex formation constant, K, and concentration of adsorption sites, B,
obtained by fitting Eq. (1) to the experimental data. 7 is the viscosity at
excess CD

HM-EHEC CD K (rnrnolal_]) B (mmolal) N (MPas)
NP M-a 2.7 0.27 115

B 22.6 0.25 105

M-B 17.0 0.26 105
Cuy M-« 44.0 0.32 50

B 11.2 0.31 80

M-B 66.0 0.30 80

sites’ is about 10% larger in solutions of HM(C,4)-EHEC
than in solutions of HM(NP)-EHEC (Table 3).

In the HM(C,4)-EHEC solutions the complex formation
constant K is large when methylated CDs are used, while
with HM(NP)-EHEC the situation is different. Here the
binding instead seems to be dependent on the size of the
hydrophobic cavity. The binding is promoted by a large
cavity and a stronger binding is found for 3-CD than for
a-CD. Another interesting observation is that the viscosity
at excess CD is lower for solutions containing HM(C,4)-
EHEC than for solutions containing HM(NP)-EHEC. This
suggests that CD can deactivate a larger fraction of the
hydrophobic associations in the former solutions. However,
also in the HM(C,,)-EHEC solutions a small fraction of
hydrophobic associations (from polymer hydrophobic
tails) remains also at excess CD, since the viscosity of the
unmodified EHEC in an aqueous solution has an even lower
value, Table 1.

4. Discussion

In line with earlier observations on HM-P/CD systems
(Zhang et al., 1998), we find that the viscosity of HM-
EHEC solutions decreases on addition of CD (Figs. 3 and
4). The reason to the decreased viscosity is that the hydro-
phobic moieties of the polymer chains become hidden
within the CD-molecules. This deactivates hydrophobic
associations between polymer chains, and network forma-
tion is opposed (Fig. 5) (Akiyoshi et al., 1998; Zhang et al.,
1998). At high ccp the solution is likely to contain individual
polymer chains with the hydrophobic tails capped with CD
molecules, while at intermediate CD-concentrations prob-
ably clusters of HM-polymers (and CD-molecules) exist.

To further increase our knowledge about the mechanism
we have used a simple model to describe our data. Since this
model is based on a Langmuir adsorption isotherm the
complex formation constant between a CD-molecule and a
polymer hydrophobic tail is obtained, as well as the concen-
tration of ‘adsorption sites’ (polymer hydrophobic tails) that
are available for complexation with CD-molecules. The
simple model describes the data well, and the concentration
of adsorption sites, B, attains numerical values close to the
total concentration of polymer hydrophobic tails, Chydrophobe
(Tables 1 and 2). This means that almost all of the HM-
EHEC hydrophobic tails are available for capping with CD,
and that they contribute to the network forming process
(Fig. 2(b)). Following this discussion the viscosity at excess
CD, 1, is expected to be close to that of an aqueous solu-
tion of the corresponding polymer without hydrophobic
tails. This is indeed what we find (Fig. 3(a)). The best exam-
ple is given by the combination of M-a and HM(C,y)-
EHEC. Here the viscosity at excess CD, 7., is close to
that of the parent polymer (EHEC) in an aqueous solution,
Table 1. The reason to that 1 is higher for some HM-
EHEC/CD combinations is that all polymer hydrophobic
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Table 3

Complex formation constant, K, (mM ™Y, for B-CD in combination with
tetradecyl trimethyl ammonium bromide (TTAB) and tetradecyl sulphate
(TDS)

Surfactant K Reference
TTAB 39.8 Mwakibete et al. (1995)
TDS 48.2 Park and Song (1989)

tails are not available for complex formation with CD in
these cases. This steric hindrance becomes especially
obvious with the HM(NP)-EHEC, which has been modified
with a bulky nonylphenol-group. Judging from a compari-
son between B and Cpyarophobes Which has been determined
independently by chemical analysis, it seems that about
10% of the hydrophobic tails are not accessible to the CD-
molecules in this case. Within experimental error this corre-
sponds to what can be estimated from the 7 values. Such
considerations, by using Eq. (1), suggest that about 16% of
the hydrophobic tails are not accessible to the CD-molecules
in this case. We also note that technical NP used for the
synthesis of HM(NP)-EHEC contains nonylphenol isomers
with the nonyl group either in ortho or para position and
also a small fraction of phenol bearing two nonyl groups,
dinonylphenol. It is likely that dinonylphenol- and the orto-
nonylphenol-isomers constitute the fraction of hydophobic
tails have that too large dimensions to fit within the cavity of
the CD-molecules. About 10% of the NP consist of dino-
nylphenol and nonylphenol with the nonyl group in ortho
position.

With HM(C,,)-EHEC the 7 value is slightly higher with
[3-CDs as compared to M-a-CD, Table 2. We may speculate
that this again has steric reasons, but this time the overall
dimensions of the CD-molecule is suggested to be too large
for it to come in close contact with the polymer chains.
This would imply that there is an optimum size of the
CD-molecules.

In this context we note that the parent polymer by itself is
slightly associating. This is due to that the manufacturing
process results in polymer chains with a blocky structure
(Fig. 2(c)). In an aqueous solution the more hydrophobic
blocks (likely to contain a high substitution degree of
ethyl-groups) associate. This is expected to influence the

hydrophobic
tail

A

EHEC
backbone

ﬁ@e

viscosity, and furthermore, these hydrophobic patches are
also regarded to interact with hydrophobic compounds.
Surfactants are for instance believed to associate with
these parts of the polymer chains (Cabane, Lindell,
Engstrom & Lindman, 1996; Lindell & Cabane, 1998). As
discussed in Section 1 an excess amount of diethyleneglycol
monobutyl ether, BDG, can be added to decouple such
hydrophobic associations (Karlson et al., 2000). This is
the reason why viscosity decreases when BDG is added to
a solution of the unmodified EHEC polymer, Table 1. CD,
on the other hand, is not expected to be able to inhibit
such hydrophobic associations between polymer chains.
Indeed, there is no detectable influence of CD on the
viscosity of a solution of the parent polymer EHEC
(results not shown).

The complex formation constant, K, depends on the
combination of CD and HM-EHEC hydrophobic tails. The
two polymer hydrophobic tails that we have investigated
differ by their structure, and the nonylphenol tail is much
more bulky than the C;4 hydrophobic tail. From the obser-
vations for the HM(NP)-EHEC systems it seems clear that
the relative dimensions of the CD-cavity and the hydropho-
bic tail are important for the complex formation constant.
The B-CD, with the largest cavity, has the highest K-value,
while the smallest K-value, with the NP-hydrophobe, is
obtained with the M-a-CD, where the bulky nonylphenol
groups seem to fit less well. It is known that methylation
increases the height of the cavity but at the same time the
inner diameter of the cavity is decreased (Immel & Lich-
tenthaler, 1996). We found that K is smaller for M-3-CD
than for B-CD which shows that the bulky nonylphenol
group fits less well into the cavity of M-B-CD. This is prob-
ably the effect of the decreased inner diameter of the cavity.

Comparing the two HM-EHEC polymers it seems that a
straight C,4 hydrophobic tail more readily substitutes water
molecules within the CD-cavity, than a branched nonylphe-
nol group does. B-CD, which has the largest cavity, is
an exception since K has a larger value with the nonyl-
phenol hydrophobe. This may be due to a too large
cavity of the CD to fit the C,;; hydrophobic tail in
combination with a steric hindrance from large overall
dimensions of the CD molecule, as speculated above. It
seems that M-B-CD and the C,4 hydrophobic tail have

Fig. 5. Schematic representation of the disruption of the polymer network following complex formation between cyclodextrin and polymer hydrophobic tails.
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relative sizes that fit well together since this
combination has the largest K-value that we observe.

Finally we note that the K values we find for HM(Cy)-
EHEC are lower, but in the same range, as those obtained
with surfactants containing a Cs-alkyl group as hydro-
phobic tail (Mwakibete et al., 1995; Park & Song, 1989).
This may be due to that the polymer backbone is a large and
bulky ‘head-group’.

5. Conclusions

In this investigation CD have been added to solutions of
hydrophobically modified ethyl hydroxy ethyl cellulose,
HM-EHEC. When the CD concentration increased it was
found that the viscosity first decreased rapidly and then
attained a constant value. This is ascribed to deactivation
of the polymer hydrophobic tails since these form inclusion
complexes with the CD-molecules. The data could be well
represented by a simple model based on the Langmuir
adsorption model with the assumption that each polymer
hydrophobic tail/CD-complex deactivates one rheologically
active link in the polymer network. A close agreement was
found between the concentration of active links that could
be deactivated and the concentration of polymer hydropho-
bic tails. We also found that the complex formation
constant, K, was dependent on relative sizes of the polymer
hydrophobic tail and the cavity of the CD-molecule. For
instance, a more bulky hydrophobic tail gave a lower K
than a linear polymer hydrophobic tail, and provided
geometry does not oppose complex formation the K-value
increased by a methylation of the CD.

It was also argued that the CD only deactivates hydro-
phobic associations originating from polymer hydrophobic
tails. This is an important observation in the present system
since both hydrophobic tails and hydrophobic patches of the
backbone contribute to the cross-linking density.
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Appendix A

The viscosity at the Newtonian plateau, m,, can be
expressed as the product of the storage modulus in the
limit of high frequencies times the characteristic time of
the relaxation process, 1y = I, 7. Since G, is proportional
to the cross-linking density (G, = nkT), and the character-
istic time of the relaxation process is regarded constant
(independent of the CD concentration) the viscosity
becomes proportional to the cross-linking density, 1 o< n.

Furthermore, we assume that each CD that binds to a
polymer hydrophobic tail decreases n by deactivating one

active link. Without added CD the viscosity is 1, while
when all hydrophobic tails are deactivated (complexed
with a CD) the viscosity is 1. The following relationship
is obtained:

O < Mo — M (A1)
Mo — Mo

Here O is the fraction of hydrophobic polymer tails that are

capped with CD. We note that this equation is expected to

be valid in the polymer concentration range where the solu-

tion is percolated but where effects of entanglements are

negligible. Eq. (A1) can be rewritten to obtain:

- T TN — + T T

l—@oc | — Mo=™M _ Mo~ 71 To™Mm _ M—™M
Mo — Moo Mo — Moo Mo — Moo

(A2)

By rewriting the expression for the Langmuir adsorption
isotherm (K is the complex constant. cg,cp, and ccp are the
free, bound, and total concentrations of CD, respectively. B
is the concentration of polymer hydrophobic tails):

0= Key _ Klecep —¢) _ Kleep — OB)
1 + KCf 1 + K(CCD - Cb) 1 + K(CCD - @B) ’
since @ = i}
B
we obtain:

1{ KB+ Kcep + 1 KB + Kcop + 1)\2
0= —CCD * \/( —CCD ) _BCCD

B 2K 2K
(A3)
Egs. (A2) and (A3) give
T T -0
N0 — Neo
B+ ccp + 1K (B + ccp + 1/K)*
2 - 4 ~ Been
= 1 —
B
(A4)
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