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Abstract

Hydrophobically modified polymers (HM-P) typically behave as thickeners in a wide range of systems. The

thickening effect in an aqueous solution of this kind of polymer depends on intermolecular hydrophobic associations

and also on chain entanglements if the polymer concentration is significantly above the overlap concentration. In the

present investigation a rather short end-capped polymer has been investigated at concentrations that are significantly

below the overlap concentration. Despite the rather low polymer concentration, polymer chains were connected into a

three-dimensional network by using microemulsion droplets as cross-linking points. The simple structure of the solution

simplifies interpretations of results since chain entanglements can be expected to be of low importance and only

intermolecular hydrophobic associations have to be considered. In particular the rheological response is in most cases

well characterized by one single relaxation time and, then, the solution can be rationalized within the framework of the

Maxwell model. We have found that the length of the polymer chain’s hydrophobic end-groups, as well as the

temperature, have a large influence on dynamics of the system, while the length of the hydrophilic mid-block has a

relatively small significance. On the other hand, the connectivity in the system depends critically on the microemulsion

concentration. Thus, a maximum was found in viscosity as a function of volume fraction, interpreted as being due to a

decrease in crosslink lifetime.
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1. Introduction

Hydrophilic (homo)polymers have traditionally

found use as rheology modifiers in water based

systems. Since this type of polymers often is
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tion frequently encountered is phase separation
into one phase enriched in polymer and one phase

concentrated in the colloids. This was one reason

to why hydrophobically modified polymers (HM-

P), or water-soluble associative polymers (WSAP),

appeared on the market some 15 years ago. The

idea was that the amphiphilic properties of these

polymers should increase compatibility with dis-

persions by adsorbing to the surfaces of colloidal
particles, at the same time as they offer the

possibility to form physically cross-linked net-

works via the hydrophobic moieties of the HM-P

chains. The ‘thickening effect’ was expected to be

high for this type of polymer, and it was antici-

pated that significantly smaller quantities were

needed to obtain a desired shear profile as

compared with traditional thickeners. However,
it was soon realized that the physically cross-

linked network was sensitive to other components

in the solution and that the hydrophobic attrac-

tions appeared to be responsible also to other

problems. For instance, instead of the desired

increase in stability, phase separation may be

induced due to bridging-related mechanisms.

Despite draw-backs that were encountered,
HM-Ps are today found in many technical for-

mulations [1]. Such formulations generally have in

common a complex composition, and they may

contain a range of liquids, particles and colloids,

and surface-active compounds. Water based paints

may serve as a representative example. To be able

to understand underlying mechanisms that deter-

mine a sometimes unwanted behavior, investigated
mixtures have to be simple and the number of

components reduced. In the present investigation

we have used a well characterized system that is

based on a thoroughly investigated microemulsion

[2], and rather mono disperse end-capped

poly(ethylene glycol) polymers. The HM-P possi-

bility to act as bridges between the microemulsions

can strongly affect the system properties [3�/5]. In
the temperature and compositional range we have

chosen to work (within 17 8CB/T B/27 8C and

5%B/W (S�/O)B/20%), where W (S�/O) repre-

sents the weight percentage of (surfactant�/oil),

the microemulsion forms spherical droplets with a

diameter of approximately 160 Å [6]. The Fig. 1 is

a schematic representation of the microemulsion

C12E5�/decane�/water system. To refer to the case

of a water based paint formulation the microemul-

sion droplets may represent the binder particles

(latex) and the end-capped polymer the thickener.

In a simplified picture this structure can be viewed

as a ‘balls and stick’ model because the polymer-

chains are bifunctional (or sometimes, as we will

see below, only monofunctional). A reason to why

interpretations become particularly simple in the

present system is that the polymer concentration

can be reduced well below the overlap concentra-

tion, and still retain a three-dimensional network

that gives rise to a large rheological response. We

have investigated effects of varying the hydropho-

bic end-group as well as of a variation of the

length of the mid-block of the polymers, and of

microemulsion concentration. Questions that we

seek answers to are how microstructure and

dynamics are influenced by these variations, and

to obtain such information we have performed

rheological investigations. In particular it was

found that the rheological behavior is strongly

dependent on the chemical composition of the

polymer chains, and that a variation due to an

incomplete synthesis may largely influence the

results. Counterintuitively we found that above a

certain microemulsion concentration the viscosity

Fig. 1. Schematic representation of the C12E5�/water�/decane

microemulsion system.
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actually decreased with increasing concentration,
keeping the number of polymer chains per micro-

emulsion droplet fixed.

At higher microemulsion concentrations a very

strong temperature dependency of the viscosity

was found. These findings were attributed to that

when microemulsion droplets approach, stress

relaxation is facilitated since polymer-end groups

can more easily move from one microemulsion
droplet to another. This activation energy (from

Arrhenius’ plots) is strongly dependent on the

concentration, a fact which is at first surprising,

but we believe that this observation can be under-

stood by recognizing that microemulsion droplets

stabilized with EO-containing surfactants become

less repulsive and may also attract each other at

elevated temperatures.
Maxwell model was used to describe the dy-

namic moduli as a function of frequency. Within

the framework of this model, that has one elastic

component (spring) and one viscous component

(dashpot) in series, the storage, G ?, and loss, Gƒ,
moduli become

G?(v)�G�

t2v2

1 � t2v2
(1a)

Gƒ(v)�G�

tv

1 � t2v2
(1b)

G� is the plateau value of G ? at high angular

frequencies, v�/2pf , and t is the characteristic

time of the relaxation process. The fact that this
simple model describes the data quite well suggests

that the relaxation process, in the terminal zone,

can be characterized by a single exponential

relaxation time. Fitting Eqs. (1a) and (1b) to the

experimental data gives values of G� and t for

each composition and temperature that was in-

vestigated. G� is expected to increase with con-

centration since it is proportional to the number
density, n , of rheological active chains [7]

G�$nkBT (2)

where kB is the Boltzmann factor and T the

absolute temperature. The characteristic time, t ,

of the relaxation process is related to the activation

energy, E , for the relaxation process.

t8exp

�
E

kBT

�
(3)

From Arrhenius’ plots, which use the tempera-
ture dependency of t , E can be obtained.

It can be mentioned that since E values could be

extracted, and therefore, the structure seems to be

unaffected by temperature, it was possible to

perform a superposition of mechanical spectra

from different temperatures into one ‘masterplot’

by using the shift factors in Eqs. (4a) and (4b).

aT �exp

�
�

E

kB

�
1

T0

�
1

T

��
(4a)

bT �
n(T0)kBT0

n(T)kBT
�

G�(T0)

G�(T)
(4b)

2. Experimental

2.1. Materials

A range of hydrophobically end-modified poly-

ethylene glycols (HM-PEG), that have been
synthesized by a condensation between poly(ethy-

lene glycol), PEG, and fatty alcohols, were re-

ceived as kind gifts from Akzo Nobel Surface

Chemistry Stenungsund, Sweden. The average

molecular weights of the PEG polymers that

were used was either 12 000 or 20 000. This

corresponds to 280 or 450 repeating oxyethylene

units in the mid-block, respectively. Also two
different alcohol samples were used in the pre-

paration of the HM-PEG samples. Their hydro-

carbon part was either a mixture of C20�/C24

chains, or a mixture of C20�/C28 chains, with

average compositions of C21 and C24, respectively.

Fig. 2 shows the molecular structure of the entities

used.

Data for the four different HM-PEG polymers
that were obtained by combining these substances

are summarized in Table 1. The condensation

reaction will always result in a distribution be-

tween PEG polymers that have been di-substi-

tuted, mono-substituted, or polymers that have

not been substituted at all. Such variations will of
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course affect the properties of their solutions.

Non-substituted PEG in these solutions is not

expected to associate either to diblocks, to tri-

blocks or to microemulsion droplets once the

repulsion is expected and the PEG will reside in

the aqueous phase in-between the droplets (mainly

working as solvent).
Therefore, we have checked the polymer func-

tionality by 1H-NMR (see below).

The microemulsion with which the different

HM-PEG polymers were mixed is composed of

nonionic surfactant pentaethylene oxide dodecyl

ether (C12EO5), water and decane at a constant

surfactant to oil ratio of 52/48. C12EO5 was

obtained from Nikko Chemicals Co. Ltd., Tokyo,

Japan, and decane (�/99%) was obtained from

Sigma.
Except for the composition analysis (with 1H-

NMR), all chemicals were used without further

purification and the water used had been passed

through a MilliporeTM purification unit.

2.2. Methods

To be able to prepare the mixtures containing

HM-PEG and the microemulsion the following

route had to be followed. First the HM-PEG

polymer was dissolved in C12EO5, which is liquid

at room temperature. To this solution an appro-

priate amount of water was added. This resulted in

low-viscous aqueous solutions since surfactant

micelles at this stage are numerous, and each

polymer end-group can be decorated with a

micelle. This is known to effectively reduce the

viscosity in solutions of HM-P. To this low-

viscous solution the appropriate amount of decane

was added. The oil will enter the core of the

micelles and increase their size. During this process

the number of micelles will be significantly re-

duced. Actually, when oil is added the number of

polymer molecules per microemulsion droplet or

micelle (a ) increases by roughly a factor of 25

(from about a�/0.4�/10). This ratio has been kept

constant throughout the investigation and in all

samples that have been investigated a�/10. It

should be noted that all samples have been

prepared by weight and by assuming that all

HM-PEG polymers were di-substituted. However,

as we will see below, the effective a may be

significantly smaller due to incomplete synthesis.

To finalize the mixing of the samples a route was

employed where the viscosity was temporarily

reduced. When the temperature is increased to

above 30 8C the phase behavior changes from

spherical microemulsion droplets to a lamellar

phase in equilibrium with a water-rich phase.

This reduces the viscosity significantly and facil-

itates mixing of the samples (with a vortex). The

microemulsion phase was again induced by low-

ering the temperature, and the mixing was com-

pleted by that the samples were centrifuged

Fig. 2. Chemical structure of polymers and surfactant used.

Table 1

Shows data for the four different polymers that were used in the present investigation

Schematic structure and abbreviation C21EO280C21 C24EO280C24 C21EO450C21 C24EO450C24

Average composition of hydrophobes, by weight C21 C24 C21 C24

Approximate average molecular weight (kDa) 13 13 21 21

Approximate average end-end distance of unperturbed PEG (Å) (from [12]) 90 90 115 115
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repeatedly in reversed directions and equilibrated
in room temperature for at least 24 h before any

measurements were performed.

The rheological measurements were performed

by using a Physica UDS 200 rheometer or a

Reologica StressTech rheometer. Both rheometers

were equipped with automatic gap setting. A 5 cm,

18 cone and plate geometry with a solvent trap was

used to all investigated samples, and the tempera-
ture in the measuring geometry was controlled to

within 9/0.1 8C by a Peltier system. All measure-

ments were performed with the instrument in the

oscillatory shear mode, and to ensure that all

determinations were performed in the linear visco-

elastic regime, each rheological determination was

preceded by stress�/sweep measurements.

Before analyzing the composition of the HM-
PEG polymers by 1H-NMR they were purified

according to the following procedure. The dry

polymer powder was allowed to swell, or partly

dissolve, in acetone for a few hours followed by

addition of hexane. The less polar solvent pre-

cipitated the polymer as a white powder. This

procedure was repeated five times, after which the

polymer sample was dried thoroughly under
vacuum, and later dissolved in CDCl3 to a

concentration of 2 wt.%. From the ratio of the

peak area of the two different types of methylene

groups, in the polymer hydrocarbon tails and in

the oxyethylene part, it was found that the

CyEOxCy polymers all have an approximate

substitution degree of about 1.2 (instead of the

ideal 2.0). This may give an effective concentration
of di-substituted HM-PEG polymers varying in

between 20 and 60% of that expected if all HM-

PEG chains had been di-substituted. This will, as

will be obvious below, have large implications to

the behavior.

3. Results and discussion

The microemulsion that we have chosen to work

with is well characterized, and spherical micro-

emulsion droplets form in the concentration and

temperature ranges that we have used [2,6]. The

formed droplets can be viewed as oil-swollen

micelles and they have a hydrocarbon core radius

of about 75 Å. From an earlier investigation it is

also known that the size and structure of the

droplets are virtually insensitive to HM-PEG

polymers [8]. Due to hydrophobic attraction a

HM-PEG polymer is expected to adsorb to the

microemulsion droplets via the end-groups, while

the mid-block is expected to be in an aqueous

environment. These requirements are fulfilled in a

situation where polymer chains form loop con-

formations and both stickers from a HM-PEG

polymer are attached to the same microemulsion

droplet. This is likely to be the case when the

average distance between microemulsion droplets

is large compared with the length of the PEG-

block of the polymers. When the average distance

between micelles is in the same order, or small, as

the length of the mid-block of the polymer chains

the situation is different. Under such conditions a

HM-PEG polymer is likely to form a bridge

between two microemulsion droplets. Since the

latter results in a physically crosslinked network

this is expected to have large consequences for the

rheological properties of the system. At this stage a

gel-like or highly viscous solution is expected. Fig.

3 shows both types of polymer organization, loops

and bridges.
Generally, solutions only containing end-mod-

ified polymers are regarded to form polymeric

micelles, sometimes referred to as flowers, at low

concentrations. A large fraction of the HM-poly-

mers within these flowers are in a loop conforma-

tion. This is mainly due to that the concentration

of polymeric micelles is low, and the average

distance between flowers is large. When the

concentration increases the average distance be-

tween adjacent flowers decreases, and a bridge

conformation becomes more likely. The bridges

provide connectivity in the system, which gives rise

Fig. 3. Polymer-droplet association. Change over from loops to

bridges can result from a change in microemulsion concentra-

tion.
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to an attraction between micelles [9,10]. Apart

from favoring phase separation, the attraction also

influences dynamics, and in particular the viscosity

is expected to increase strongly as a result from

network formation. We believe that the mechan-

ism that is generally accepted to be responsible for

the strong concentration dependency in solutions

containing end-modified polymers [11], is closely

related to what happens also in the present system.

In an intermediate concentration range a transfor-

mation from loop to bridge conformations takes

place.

In the present system, with microemulsion

added, the Newtonian viscosity increases strongly

as a function of microemulsion concentration, at

low and intermediate concentrations, confirmed

by Fig. 4, where is shown the Newtonian viscosity

as a function of microemulsion concentration.

Here it deserves to mention that strong concentra-

tion dependencies with high values of the power

law exponent, x (h�/cx) have also been found in

semidilute systems of flexible polymers of high

molecular weight under theta solvent conditions

[12], and in an aqueous solution containing only a

HM-PEG polymer [13]. The large exponent was

believed to be due to attraction between polymer

chains as a result from poor solvent conditions.

Here the microemulsion contains a fixed number

of HM-PEG chains per microemulsion droplet,

and the behavior is in sharp contrast to the weak

concentration dependency that is observed for the

same microemulsion in the same concentration

range but without added HM-PEG. In the latter

case, the concentration dependency of the viscosity

is well represented by a hard sphere model [14].

Surprisingly it can also be seen in Fig. 4 that the

increase in viscosity falls off at a further increase in

the concentration of the microemulsion, and at

even higher concentrations the viscosity decreases.

This is unexpected since the viscosity normally is

found to increase when the concentration in-

creases. The reason to this behavior is 2-fold, first;

the concentration of rheologically active links is

expected to increase with concentration; and

secondly it is normally found that the dynamics

of a solution is slowed down at higher concentra-

Fig. 4. Newtonian viscosity as a function of the microemulsion concentration at 25 8C at a fixed number of polymer molecules per

microemulsion droplet (a�/4). Initially the viscosity increases strongly as a function of microemulsion concentration for the

C21EO280C21 polymer (k), while at higher concentrations the viscosity falls off. C21EO450C21 (m) could not be investigated at a

microemulsion concentration of 5 wt.% due to a phase separation.
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tions (due to entanglements etc.). However, a
similar observation, with a decreased viscosity

with an increasing concentration, has been re-

ported in an aqueous solution containing only an

end-capped PEG [15]. In the latter investigation

the viscosity was found to decrease above a

concentration of about 50 wt.% HM-PEG. This

was suggested to be due to a gradual change, on

the molecular level, from a structure containing
micellelike aggregates inter-connected via polymer

bridges to a more meltlike state, where microse-

gregation in hydrophilic and hydrophobic do-

mains is less pronounced. A related mechanism

may contribute also in the present solution. A

stress-relaxation requires that the end-groups of

the HM-PEG polymers move from one micro-

emulsion droplet to another. The fact that the
hydrophobic end-groups have to pass via an

aqueous environment opposes this process. By

increasing the microemulsion concentration the

microemulsion droplets approach each other and

the HM-PEG end-groups may have a possibility to

move via the less polar palisade layers of the oil

swollen micelles (these consist of ethylene oxide

groups and water), which results in a higher
dynamics and in a decrease in the viscosity.

The maximum in the viscosity is closely related

to the interdroplet distance where the polymer

chains are in their unperturbed states [16] (com-

pare Fig. 4 and the detail in Fig. 11 which shows

that above �/11 wt.% microemulsion), the inter-

droplet length is lower than the unperturbed C21�/

PEG�/C21. At higher droplet concentrations there
will be an entropic conformational loss in forming

a three-dimensional network and this unfavorable

contribution translates into a decreased viscosity.

In line with this we see a more important reduction

in viscosity as the EO chain becomes longer.

When the droplets are close to each other the

relaxation of the polymer chains becomes facili-

tated since a significant part of the volume
between hydrocarbon domains is occupied by the

EO chains; these have a lower polarity and thus

the transfer of the hydrophobic end-caps becomes

less unfavorable.

To test this hypothesis the dynamics that can be

obtained from rheological measurements have to

be investigated in detail. Fortunately the rheolo-

gical response from the present system is expected

to be rather simple since the low polymer concen-

tration suggests that the contribution to dynamics

from chain entanglements can be neglected [8,13].

Indeed, the Maxwell model that is the simplest

model of a viscoelastic fluid gives a fair description

of the dynamic moduli as a function of frequency.

G� and t are obtained from this model (Eqs.

(1a) and (1b)). The activation energy for the

relaxation process was obtained from t (Eq. (3))

in an Arrhenius’ plot. An example is given in Fig.

5, where is shown ln t as a function of the inverse

of the temperature; E /kB is given by the slope of

the curve. The fact that straight lines are obtained

in the Arrhenius’ representation suggests that the

structure of the solution is virtually unaffected in

the investigated temperature range. This was the

conclusion in a previous report where the same

microemulsion and a similar HM-PEG polymer

were investigated [8]. Since E is likely to be

Fig. 5. Arrhenius plot of the temperature dependence of the

relaxation time for a 10 wt.% microemulsion containing

C21EO280C21. An apparent activation energy, E of 106 kB was

obtained.
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coupled to the process of transferring a polymer
hydrophobic tail from a microemulsion droplet

(oil environment) to an aqueous environment it is

not surprising that the numbers obtained from the

Arrhenius’ plots are similar for polymers with the

same hydrophobic end-groups, Table 2. From this

it is also expected that the C24EXC24 polymers

should have higher E values than the C21EXC21

polymers have. This is indeed what is found, Table
2. The absolute values seem, however, to be very

high; higher than would be expected if the

temperature dependency of t was only determined

by the process where the hydrophobic tail of the

HM-PEG polymer was transferred from an oil to

an aqueous environment. The latter would give

roughly 1 kT per methylene group [17]. We will

return to this observation below.
A masterplot performed by a superposition of

mechanical spectra from different temperatures

and by using the shift factors in Eqs. (4a) and

(4b), is seen in Fig. 6.

Fig. 7(a) shows the evolution of G� with

microemulsion concentration. It can be seen, as

expected, that G� increases with concentration,

also in the range where the viscosity was found to
decrease. Regarding the evolution of t in Fig. 7(b),

we can see that t has a more complex behavior

and decreases strongly at higher concentrations.

Since the Newtonian viscosity can be expressed as

[7,18,19].

hv00� �G�t (5)

it is not surprising that the product of G� and t

follows the viscosity values presented in Fig. 4.

The fact that t decreases with an increasing

concentration (above a certain microemulsion

concentration) would suggest that the activation

energy, E , follows the same trend, Eq. (3). This is,

however, not the case. In Fig. 8 is shown that E ,

oppositely to what is expected from the concentra-

tion dependency of t , actually increases with

concentration.

Apart from the high numerical values of E we

now have two more observations that at first are

unexpected (t decreases and E increases with

concentration).
It is well established that poly(ethylene oxide)

chains repel each other at low temperatures.

However, as temperature increases there is a

progressively weaker repulsion that turns into an

Table 2

Summarizes activation energies (in units of kBT ) in the different systems

C21EO280C21 C24EO280C24 C21EO450C21 C24EO450C24

5% microemulsion 65

8% microemulsion 95 92

10% microemulsion 106 117 100 115

15% microemulsion 140 146

20% microemulsion 155 165

Fig. 6. Typical mechanical spectra of the frequency range

which was extended by performing a superposition of the

dynamic moduli from different temperatures by using Eqs. (4a)

and (4b) and a reference temperature of 25 8C. The measure-

ments were performed on a 10 wt.% microemulsion to which

the HM-P C24EO280C24 and Maxwell model did fit well to the

experimental data.
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attraction [20]. This explains the strong tempera-

ture dependence and the high apparent E .

Strong temperature dependences can be seen at

high microemulsion concentrations studied, as

confirmed by Fig. 9(a and b), where is shown the

relation between microemulsion concentration for

several temperatures between 17 and 27 8C. The

droplets become more distant from each other

Fig. 7. (a) Illustrates the relation between the plateau of the storage modulus (G�) and the microemulsion concentration. It can be

noted that G� increases with the microemulsion concentration, also in the range where the viscosity was found to decrease. (b) Shows

the relation between the relaxation time (t ) and the microemulsion concentration. Compared with G�, t has a more complex behavior

and decreases strongly at higher concentrations. Systems shown refer to C21EO280C21 at 25 8C.
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when temperature decreases which induces a lower

probability for the polymer chains to move to

adjacent droplets; this increases the relaxation time

and thus, the viscosity and the figures clearly

denote a lower viscosity at high temperatures.

The viscosity of long chain HM-PEG is more

influenced by the temperature than the viscosity of

the short one. This can be explained by the same

arguments shown above for the concentration

factor, considering that at high temperatures a

facilitated droplet approach is expected.

As the temperature effect is more evident at high

concentrations, the relaxation time becomes ex-

tremely low at high temperatures and high con-

centrations, which can explain the increase of E

with microemulsion concentration.
Concerning the concentration dependence of t

and E , we have above already explained that when

the droplet volume fraction increases to very high

values, the droplets are close enough so that

transfer of alkyl end-caps does not have to proceed

via a purely aqueous environment but via palisade

layers rich in ethylene oxide groups. Since the

palisade layers have a significantly lower polarity

than water this facilitated transfer of alkyl chains

between microemulsion droplets, reduces t . This

transfer is for hard-sphere microemulsion droplets

mainly determined by the volume fraction of

droplets but will be modified if there is an

attractive interaction.

In Fig. 10, the complex viscosity (/h��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(G?2�Gƒ2)=v2

q
) is given as a function of v for

the four different polymers at a microemulsion

concentration of 10%. It can be seen that the data

arranges in two groups. It seems that the viscosity,

as it should, is only slightly influenced by the

length of the mid-block of the HM-PEG polymer.

Surprisingly the highest viscosity is obtained with

the HM-PEG that has the shortest hydrophobic

tail. This is, however, understood by observing

that the polymers prepared with the shorter

hydrocarbon tails give higher G� values, Table

3. Since 1H-NMR suggested the substitution

degree to be about 1.2 (instead of the ideal 2.0)

for all polymer fractions, we conclude that the

synthesis has resulted in a larger fraction of di-

substituted (and non-substituted) HM-PEG poly-

mers with the shorter hydrophobic tail. The

chemical reaction with the longer hydrophobic

tail has on the other hand favored mono-substi-

tuted HM-PEG polymers.

Fig. 8. The apparent activation energy, E , as a function of microemulsion concentration for microemulsions containing C21EO280C21

(k) or C21EO450C21 polymer (m).

F.E. Antunes et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 215 (2003) 87�/10096



Fig. 9. The Newtonian viscosity (h0) as a function of the microemulsion concentration, (W (S�/O)), containing C21EO280C21

polymer;(9a) and C21EO450C21 polymer; (9b) for temperatures of 17 8C (j), 19 8C (m), 21 8C ( 4), 23 8C ( ), 25 8C (I) and

27 8C (k).
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Finally we have also roughly estimated how the

fraction of rheologically active chains changes as a

function of the average distance between micro-

emulsion droplets. This is performed by using G�

to calculate the variation in n with Eq. (2) and

relate it to the total polymer concentration. We

have chosen to normalize the abscissa with the

value obtained at the highest microemulsion con-

centration (20 wt.%). (Actually, in a closely related

system it has previously been concluded that at a

concentration of 20 wt.% virtually all HM-PEG

polymers that were bifunctional formed bridges

[5].) From Fig. 11 it follows that the fraction of

HM-PEG chains that give rheologically active

bridges decreases more than a factor of 20 in the

investigated regime (5�/20 wt.% microemulsion). It

is possible that, as was discussed above, in this

process the fraction of loop conformations in-

creases since it seems unlikely that dangling ends

form (due to unfavorable contact between the

Fig. 10. The complex viscosity as a function of the angular frequency for C21EO280C21 (k), C21EO450C21 (m), C24EO280C24 (^) and

Table 3

Summarizes the fitting parameters G� and t obtained when Maxwell elements were fitted to the rheological data for the four different

polymers in the 10% microemulsion at 25 8C

C21EO280C21 C24EO280C24 C21EO450C21 C24EO450C24

G� (Pa�1) 451.59 175.45 338.74 124.84

t�/ 103 (s�1) 53.8 53.5 79.6 61.5
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polymer hydrophobic tails and water). It could

also be that dilution induces larger concentration

fluctuations and domains enriched in microemul-

sion droplets form. These more concentrated
domains are separated from each other with

domains that have a lower concentration, and

only held together by a smaller number of HM-

PEG chains. The latter seems a reasonable con-

clusion since microemulsions containing the

C24EOxC24 polymer actually phase separated

macroscopically upon dilution to 5 wt.% A dilute

aqueous phase was formed in equilibrium with a
viscous phase, which most likely contained the

predominant amount of the microemulsion and

the HM-PEG polymer. This observation is in line

with other related investigations [8,21].

4. Conclusions

The addition of spherical O/W microemulsion

droplets with a small size distribution to the low-

disperse well-defined end-capped polymers can

prevent, in the studied polymer concentration

and temperature ranges, the known phase separa-

tion of aqueous solutions containing only HM-P.

We have studied structure and dynamics of these

systems by using rheology. It was found that the

molecular association structure is sensitive to

variations in the microemulsion concentration

and to the length of the mid-block of the HM-

PEG polymers, while the characteristic relaxation

time was sensitive to variations in the polymer

hydrophobic moieties. The results could be under-

stood by translating the microemulsion concentra-

tion to a mean distance between microemulsion

droplets and comparing this length with the end-

to-end distance of the unmodified parent poly-

mers. When the microemulsion concentration was

decreased and the average distance between dro-

plets became significantly longer than the end-end

distance of the unmodified parent polymer a loop-

conformation was favored over a rheologically

active link-formation. Apart from the concentra-

tion of active links that could be controlled by the

microemulsion concentration and by the length of

Fig. 11. The fraction of bridges, relative to concentration of bridges in 20 wt.% microemulsion, on dilution of the microemulsion. On

the abscissa is given the end-to-end distance [9] of a PEG with the same molecular weight as of the mid-block of the HM-P

C21EO280C21 divided by the average distance between the microemulsion droplets. When the abscissa value is lower than 1, the HM-P

is compressed between adjacent droplets.
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the HM-PEG mid-block, the viscosity also de-
pends on the characteristic relaxation time of the

system. This relaxation time was found to be

strongly influenced by the length of the hydro-

phobic moiety of the HM-PEG polymers, the

concentration of the microemulsion and by the

temperature. To understand the maximum in the

Newtonian viscosity as a function of microemul-

sion concentration, we need to focus first on the
relaxation time of the process. This property

decreases by increasing microemulsion concentra-

tion, giving a reduction in viscosity. At high

microemulsion concentrations, the microemulsion

droplets are closer and the polymer hydrophobic

groups can shift between droplets by the less polar

palisade layers. This process facilitates relaxation.

Temperature will have special effects on relaxa-
tion because of the anomalous temperature de-

pendence of the interaction between oxyetylene

chains and water [17]. Due to conformational

changes to less polar states on increasing the

temperature, the oxyethylene chain�/water interac-

tion will become less favorable. This will effect

both the polymer and the surfactant molecules. In

particular the microemulsion droplets will change
from being repulsive at low temperature to attrac-

tive at higher temperature. This will lead to droplet

clustering and a facilitated transfer of polymer

hydrophobes between droplet. This will contribute

to the strongly decreased relaxation time at higher

temperatures.
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