
Available online at www.sciencedirect.com
C. R. Chimie 12 (2009) 121e128
http://france.elsevier.com/direct/CRAS2C/
Account / Revue

Nonionic polymers and surfactants: Temperature anomalies revisited
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Abstract
In view of a rapidly increasing importance in applications, as well as significant fundamental observations, the temperature
anomalies displayed by several oxyethylene compounds, including poly(ethylene glycol), and oxyethylene surfactants and
copolymers continue to create interest but also controversies. Here we review a wide range of experimental observations and
present the different theoretical approaches that have been suggested. We find that a model that attributes the temperature effects to
conformational changes that make the oxyethylene groups less polar at higher temperature has a strong predictive power and gives
a quantitative rationalization of phase diagrams and other observations. In line with observations, it also predicts that the behaviour
is not restricted to aqueous solutions but also occurs in other solvents. Different NMR approaches as well as Raman spectroscopy
directly demonstrate the conformational behaviour predicted. We also note that the relevant molecular segment also occurs in other
compounds, like cellulose derivatives such as methylcellulose. In line with this, qualitatively the same type of temperature
anomalies is found for these compounds as with oxyethylene-containing substances. To cite this article: Bjö. Lindman, G.
Karlström, C. R. Chimie 12 (2009).
� 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

A most conspicuous feature of several nonionic
surfactants and polymers is the fact that, from being
highly miscible with water at lower temperature, these
systems phase separate into one water-rich and one
water-poor phase at higher temperature; the macro-
scopic phase separation is preceded by a strong
turbidity of the solution commonly referred to as
‘‘clouding’’ [1]. The phenomenon is not only scien-
tifically intriguing but has, in view of ubiquitous
applications of these systems, received a considerable
attention from applied sciences. The present authors
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have for a long time been concerned with both
experimental and theoretical studies of nonionic
surfactants and polymers containing oxyethylene
groups and one of us (GK) has presented a theory [2],
considered to provide a thorough molecular under-
standing as well as being useful in designing industrial
formulations. The extension of the model to nonionic
carbohydrates in general has also been briefly indicated
and supported by experimental observations.

In spite of extensive work, the area has, however,
remained largely controversial for aqueous systems of
oxyethylene compounds (here abbreviated EO; simple
nonionic surfactants with m EOs being abbreviated
CnEm). Furthermore, the extension of the concepts to
important polymer systems like cellulose derivatives
has remained largely unnoticed. In view of this
by Elsevier Masson SAS. All rights reserved.
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Fig. 1. Aggregates of nonionic oxyethylene-based surfactants

change with temperature and head-group size. (By the courtesy of

Ulf Olsson.)

122 B. Lindman, G. Karlström / C. R. Chimie 12 (2009) 121e128
situation, taken together with a steadily increasing role
of EO-based polymers and surfactants, as well as
nonionic cellulose derivatives, in applications, it was
deemed appropriate to review the situation empha-
sizing some recent developments. The literature in the
field grows rapidly; therefore, we restrict references to
a few selected studies as well as previous reviews
giving additional literature.

Temperature anomalies of nonionic oxyethylene
surfactants and polymers are ubiquitous.

There is an extensive literature on temperature
dependent effects of these surfactants and polymers.
We will here only give a limited list illustrative for
our discussion and in the next section a few
illustrations.

Temperature effects include the following:

- Phase behaviour: Clouding [3e7];
- Solubility: Nonionic surfactants are water soluble

at low T but oil soluble at high T [4];
- Surfactant critical micelle concentation (cmc)

decreases with T [4];
- Opposite temperature dependences of cmc in oil

and water [4];
- Micelle size may increase strongly with T [8e10];
- Surfactant self-assembly aggregates undergo

dramatic shape changes with T [11];
- Microemulsions undergo striking structural change

with increasing T (from oil-in-water to water-in-oil
via bicontinuous) [10];

- Emulsions: Nonionic surfactants stabilize oil-in-water
emulsions at low T but water-in-oil at high T; at
intermediate T emulsions are highly unstable [4,12];

- Soil removal by surfactants: Maximum as a func-
tion of T, maximum shifted to higher T for a longer
oxyethylene chain [13,14];

- Intermicellar interactions change from repulsive to
attractive with increasing T;

- Surface forces change from repulsive to attractive
with increasing T [15];

- Polymer and surfactant adsorption: higher T gives
increased adsorption and more compact adsorbed
layers [16];

- Polymer incompatibility: The compatibility with
a second polymer changes strongly with T [17,18];

- There is a decreased hydration with increasing T
[19];

- Polymeresurfactant interactions are strongly T
dependent [20e23];

- Block copolymer cmc decreases strongly with
increasing T and self-assembly structures undergo
dramatic changes [24].
2. Textbook examples for nonionic surfactants

2.1. Surfactant self-assembly structures

Extensive studies of the phase behaviour of nonionic
oxyethylene surfactants have been performed [11,25].
They show a very rich pattern, however, with the system-
atic changes with the number of oxyethylene groups and
temperature as schematically illustrated in Fig. 1.

In terms of a conventional surfactant packing
model, we infer that the area per head-group increases
with an increasing number of EOs which is an
expected behaviour. The temperature dependence of
self-assembly is, on the other hand, in important
respects opposite to that for other surfactants. The only
reasonable conclusion is that the area per head-group
decreases with increasing temperature. This can be
understood in terms of a less favourable watereEO
interaction at higher temperature, thus a decreased
hydration, which is in line with other observations [19].

2.2. Surfactant adsorption

As illustrated in Fig. 2, surfactant adsorption
increases strongly with increasing temperature [26].
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Fig. 2. The temperature dependence of (a) the adsorption of

a nonionic surfactant on PMMA latex and (b) the cross-sectional area

per surfactant molecule; adapted from Ref. [26].

Fig. 3. Temperature depedenence of the cleaning efficiency of

nonionic surfactants; from Ref. [27].
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Such data can be converted into a strongly decreased
area per head-group with increasing temperature.

2.3. Soil removal

These nonionic surfactants show an excellent
cleaning performance. However, soil removal is
strongly temperature dependent as exemplified in
Fig. 3 [27].

3. Theoretical aspects

Having listed a number of intriguing observations
for the oxyethylene-based surfactants and polymers we
aim at identifying a general mechanism. Important
parts in such an undertaking would be, firstly, to
examine the breadth of these phenomena; in particular
it would be important to see if we observe the same
type of phenomena for other solvents than water and if
there is an extension to other classes of solvents.
Secondly, the underlying mechanisms can only be
established by molecular level studies, mainly by
spectroscopic studies. We will return to these issues
after considering some general theoretical principles,
mainly addressing temperature dependences of
solubilities.

The thermodynamic quantity, which determines the
miscibility of two substances is the free energy of
mixing. In simple theories, like the regular solution
theory, and the adaptation of this theory to polymers,
the FloryeHuggins model, there are two contributions,
an entropic and an energetic one. The interested reader
is referred to standard textbooks for more information
about these types of models. In these simple models,
the entropic contribution, which originates from the
mixing of the different types of molecules, is always
favoring mixing and the energetic one may favor or
disfavor mixing depending on if the interaction
between the different types of molecules is more or
less attractive than the average interaction between the
two types of molecules that are mixed. Normally this is
formulated in terms of an effective interaction param-
eter weff

12 , where the indexes 1 and 2 refer to the two
substances that are mixed. The effective interaction
parameter is defined through the equation

weff
12 ¼ w12� 0:5� ðw11 þw22Þ ð1Þ

In this equation the quantities w12, w11, w22 are inter-
action parameters between the components in the
considered system. It is easy to show that only the value
of weff

12 influences the miscibility of the two components.
The remaining parameters only correspond to a choice
of zero energy level for the two components. It is thus
possible to write the mixing energy in these simple
systems

Umix¼n1f2weff
12 ¼n2f1weff

12 ¼n1n2=ðn1þn2Þ�weff
12 ð2Þ
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Here n specifies the number of moles of one component
and f the concentration (mole fraction) of a component.
This concentration is 1 for the pure system. The cor-
responding expression for the entropy of mixing in
regular solution theory is

Smix ¼�Rðn1 lnðf1Þ þ n2 lnðf2ÞÞ ð3Þ

Since the concentrations always are equal or smaller
than 1, this term is always positive and gives a negative
contribution to the free energy of mixing (see below Eq.
(5)) and thus always favors mixing as indicated above.
The energetic term can favor mixing or de-mixing
depending on the sign of weff

12 . When one or both of the
mixed molecules are polymers, the corresponding
theory is called the FloryeHuggins theory. In this
model, the expression for the mixing energy remains, if
we let n represent not the number of moles of the
polymer but the number of moles of monomers that the
polymer is made from. The expression for the mixing
entropy is slightly modified.

Smix ¼�Rðn1=m1 lnðf1Þ þ n2=m2 lnðf2ÞÞ ð4Þ

where m specifies the degree of polymerization of the
two components.

The mixing entropy favors also in this case mixing
of the two components and since this term is multiplied
with the absolute temperature T, when the contribution
to the free energy is evaluated

DAmix ¼ Umix� TSmix ð5Þ

one may conclude that a system that mixes at a lower
temperature will also mix at a higher temperature. What
actually determines the phase behavior is the second
derivative of mixing free energy with respect to the
composition (v2A/vn1

2)n2,T. If this quantity is positive for
all concentrations then the two components are
completely miscible. It is easy to show that the second
derivative of the mixing entropy, as formulated above, is
always positive. This means that we need a mixing energy
that, at least for some concentrations, has a negative
second derivative that can outweigh the entropic contri-
bution if we want to obtain a decreased solubility at
increased temperatures; this also means that the effective
interaction parameter must be temperature dependent.
There are at least three distinctly different ways to obtain
this as will be shown and discussed below.

The probably most studied polymeric system, which
shows a reversed solubility is the PEO (polyethyleneoxide)
or PEG (polyethyleneglycol)ewater system and actually
all three possibilities to achieve the reversed solubility have
been suggested as the mechanism behind the behavior.
The first explanation was given by Kjellander
[28,29], who suggested that water (the solvent) could
be organized in two different ways, one highly struc-
tured hydrogen-bonded way with low internal entropy
and low energy, which was the dominating structural
element at low temperatures, and a less structured high
entropy and energy organization that became more
abundant as the temperature increased. He further
assumed that the PEG or PEO polymer interacted
favorably with the low temperature water structures
and less favorably with the high temperature forms of
water. He never gave any mathematical dress to the
ideas but we will for the sake of completeness do this
below. To start we will introduce a two-state model of
the liquid (water). This model will then be linked to
a polymer using a FloryeHuggins description of
a polymeric solution. To start we will assume that
water can interact in two different ways, a hydrogen-
bonded way and a non-hydrogen-bonded way. The
probability for a hydrogen-bonded interaction will be
labeled p and the probability for a non-hydrogen-
bonded interaction will consequently be (1� p). The
model will also need information about these proba-
bilities at a very high temperature where the system
entropy dominates the behavior. What is actually
required is the relative volume of phase space for the
hydrogen-bonded interaction and the non-hydrogen-
bonded interactions. Without loss of generality we can
assume the first volume to be 1 and the volume of the
non-hydrogen-bonded part of phase space to be Q. We
will label the strength of the hydrogen-bonded inter-
action with wh and the corresponding value for a non-
hydrogen-bonded interaction with wn. The energetic
expression for water in this model would be

Uwater ¼ nðpwh þ ð1� pÞwnÞ ð6aÞ

It is easy to see that it is only the difference between
these two interactions that is of importance and that wh

can be set to 0 without loss of generality. It only
corresponds to a choice of zero energy level. We may
thus write

Uwater ¼ nð1� pÞweff
n ð6bÞ

The corresponding entropy expression will be

Swater ¼ nRðp lnðpÞ þ ð1� pÞlnðð1� pÞ=QÞÞ ð7Þ

The total free energy expression for the water would in
this approximation read

Awater ¼ nð1� pÞweff
n � nRTðplnðpÞ

þ ð1� pÞlnðð1� pÞ=QÞÞ ð8Þ
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In order to yield a meaningful description of water the
expression above should be minimized with respect to p;
weff

12 must be positive and Q larger than 1. At low
temperatures, the behavior will mainly be determined
by weff

12 which is positive. The optimized solution will
then be that, p is close to 1. This corresponds to that most
water molecules are hydrogen-bonded. At sufficiently
high temperatures the behavior will be dominated by the
entropic term, which will favor a solution where p and
(1� p)/Q are equal. For large Q values, the system will
be dominated by non-hydrogen-bonded structures.

A water solution described as above can show
reversed solubility properties at elevated temperatures
if we assume that the interaction between the solute
and the hydrogen-bonded water is more favorable than
the interaction with the non-hydrogen-bonded water or
as said by Kjellander [28,29], the solute fits into the
hydrogen-bonded structure. If we add a polymer to
water described with Eq. (8) using the FloryeHuggins
model we obtain

Amix ¼ n1ðf1ð1� pÞweff
11 þ RTðplnðpÞÞ

þ ð1� pÞlnðð1� pÞ=QÞÞ þ RTðn1 lnðf1Þ

þ n2=m2 lnðf2ÞÞ þ n1f2pweff
1h 2

þ n1f2ð1� pÞweff
1nh 2

ð9Þ

In Eq. (9) we recognize the first three terms of the
equation as the free energy expression for the pure
water, the third part is the ordinary FloryeHuggins
mixing entropy contribution to the free energy, where
we have used the fact that the degree of polymerization
for water is 1. Finally, the last part corresponds to the
mixing of the polymer and the solvent. In particular we
note that weff

1h 2 and weff
1nh 2 are the effective interaction

parameters between hydrogen-bonded water and the
solute and between non-hydrogen-bonded water and the
solute.

This type of model will capture the solution
behavior for molecules that have a minimum of their
solubility at temperatures between 0 and 50e60 �C,
like benzene. In this temperature regime, we may
expect that the destruction of the hydrogen-bonded
network of water gives a significant contribution to the
mixing free energy.

An alternative explanation to the reversed solubility is
given by Goldstein [30]. He assigns it to a breakdown of
the hydrogen bonds between the solvent and the solute.
His formulation of the theory is built on the partition
function of the system and that one gets separate
contributions from hydrogen and non-hydrogen-bonded
interactions between the solvent and the solute. One can
formulate the same theory using expressions like the one
in Eq. (9). One then obtains

Amix ¼þn1f2RTðp lnðpÞ þ ð1� pÞlnðð1� pÞ=QÞÞ
þRTðn1 lnðf1Þ þ n2=m2 lnðf2ÞÞ þ n1f2pweff

1h 2

þ n1f2ð1� pÞweff
1nh 2

ð10Þ

The meaning of the parameters in the equation is
now slightly different. p is no longer the probability for
hydrogen-bonded water molecules but instead the
probability for hydrogen-bonded interaction between
the solvent and the solute. In the same way, Q now
measures the relative importance of hydrogen and non-
hydrogen-bonded interactions between solvent and
solute at very high temperatures. Goldstein used the
model to describe the phase behavior of the PEOe
water system.

Finally one of us has suggested that a reversed
solubility can be obtained if the polymer can adopt
different types of conformations, and that these
conformations interact with the solvent in different
ways [2,31]. Note the similarities between this model
and the one suggested by Kjellander. In Kjellander’s
model one assumes that the solvent can exist in two
different forms while in this last model we assume that
the polymer can exist in different conformations. At
higher temperatures the form that disfavors solubility
becomes more abundant in both models. This results in
a reduced solubility. The formal free energy of mixing
for the last model can be written

Amix ¼þn2RTðp lnðpÞ þ ð1� pÞlnðð1� pÞ=QÞÞ
þRTðn1 lnðf1Þ þ n2=m2 lnðf2ÞÞ þ n1f2pweff

1 p2

þ n1f2ð1� pÞweff
1 np2 þ n2f2ð1� pÞ0:5�weff

p2p2

þ n2f2ð1� pÞpweff
p2 np2

ð11Þ

This last model has been extensively used to model the
phase behavior of systems containing water and poly-
mers containing the structural element CH2O CH2 like
PEO, UCON (a random copolymer of PEO and poly-
propyleneoxide (PPO) and different copolymers of
cellulose and PEO as well as the phase behavior of
nonionic surfactants of EO-type in water. The modeling
is based on the experimental observation that the
polarity of ethylene oxide containing compounds
decreases with increased temperature and that it is
strongly influenced by the polarity of the solvent.
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An analysis of Eqs. (9)e(11) shows that they are
effectively able to give the same type of phase behavior
and that is not possible to determine which of the
proposed mechanisms that are the explanations of the
observed behavior by comparing theoretical and
experimental observations. It may well be that the
actual behavior in a real system is influenced by all
three mechanisms.

It is, however, clear that the solubility minimum
observed for hydrocarbons like benzene at low temper-
ature does not have the last two mechanisms as its origin.

It is also clear that there is overwhelming experi-
mental data for EO-containing molecules that indicates
that their polarity decreases with increased temperature.

This gives strong support for the idea that the last
mechanism is important for these systems.

4. Analogous conformational effects are expected
for polysaccharides

We have in a number of applications used the model
described above for EO-containing compounds to
describe also the phase behavior of modified celluloses
[17,18,32]. The obvious reason for this is that these
systems contain structural elements that are identical to
the one building the PEO polymer (Fig. 4). We have
Fig. 4. Structural element of polysaccharides.
previously pointed out that not only celluloses, that are
modified with ethylene oxide groups contain this
structural element, but that it is also frequently
appearing in other cases like methylcellulose [33,34].

Nonionic cellulose derivatives show a phase
behaviour in water, that is quite analogous to that of
poly(ethylene glycol) and its copolymers. However,
striking temperature effects are seen in almost all
macroscopic properties. As illustrated in Fig. 5,
nonionic cellulose derivatives show a strongly
temperature dependent adsorption [16].

As can be inferred a relatively minor temperature
increase leads to a markedly increased adsorption.
However, at the same time as the adsorption increases
the thickness of the adsorbed layer decreases strongly.
This corresponds to a strong compaction of the
adsorbed layer, which arises naturally in the confor-
mational model. Thus a change over, to less polar
states leads to a decreased hydration, and, conse-
quently, to a contraction of the polymer chains.

Another striking feature of the nonionic cellulose
derivatives is that with increasing temperature there is
an enhanced interaction with all types of surfactants
[17,18,21,35]. As this enhanced interaction is
Fig. 5. Adsorbed amount and adsorbed layer thickness from ellips-

ometry ethyl hydroxyethyl cellulose adsorbed from 0.1 wt% solution

onto hydrophobized silica at 25 �C (open symbols) and 33 �C (filled

symbols); from Ref. [16].
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displayed by all classes of surfactant, leading to effects
such as a decreased critical association concentration
(cac), thermal gelation and associative phase separa-
tion, it must be ascribed to a hydrophobic effect, again
supporting the notion that these polymers become
more hydrophobic at higher temperature. We illustrate
the behaviour in Fig. 6 by the phase diagram of an
aqueous system of a nonionic cellulose derivative and
a nonionic surfactant [18].

As can be seen, as a function of increasing
temperature, an associative phase separation is
induced. With increasing temperature it becomes more
and more extensive.

5. Temperature anomalies are not restricted to
aqueous systems

We have above found some compelling evidence in
favour of the conformational model. In order to test
alternative models further we will consider results
obtained using other solvents than water. As noted
quite some time ago by Shinoda [3,4,12], a striking
effect of nonionic EO-based surfactants is that while
their aqueous solubility decreases strongly with
increasing temperature their solubility in hydrocarbons
increases. Thus in a water-oil two-phase sample there
is with increasing temperature a transfer of dissolved
surfactant from the aqueous to the oil phase.

Another piece of direct evidence against models
based on water structure or hydrogen-bonding comes
from observations of clouding and other related effects
Fig. 6. Phase diagram of an aqueous system of a nonionic polymer,

ethyl hydroxyethyl cellulose, and a nonionic surfactant, C12E8; from

Ref. [18].
in non-aqueous systems. Thus studies of nonionic
surfactants and polymers in formamide [36e39] have
established clouding phenomena fully analogous to
those in water and it has also been observed that
clouding of poly(ethylene glycol) occurs in t-butyl-
acetate [40], a non-hydrogen-bonding liquid. Further-
more, great analogies between water and formamide
have been found for oil/surfactant/polar solvent
systems. Furthermore, it was found that different salts
influence the phase behaviour of EO-containing
substances in water and formamide in a similar way.
All these observations are naturally explained by the
two-conformation model.

6. Experiments confirm the predicted conforma-
tional effects

The conformational model suggests that the EO-
chain conformation is very significant for the interac-
tion with solvent molecules. This assumption gained
support from quantum mechanical ab initio calcula-
tions and statistical mechanical simulations as well as
phase diagrams calculated based on predicted confor-
mational changes [2,31].

Spectroscopic measurements are, of course, needed
to further probe this issue. Based on measurements of
NMR spinespin coupling constants of 1,2-dimethoxy-
methane, as well as its dielectric properties, it was
concluded in the beginning of the 70s that the EO
segments change their average conformation from
being more polar at low temperatures to being less polar
at high temperatures [41]. Carbon-13 NMR chemical
shifts [42] are particularly illustrative in this respect. For
the ethylene oxide chains in nonionic surfactants, the
chemical shifts suggest that a trans conformation around
the CeC bond becomes more stable when the temper-
ature is increased or if the environment is made less
polar [43]. On the other hand, the ordinary up-field shift,
corresponding to an increasing population of gauche
conformers, was observed for the nonpolar part at
higher temperature. In a similar study for EO copoly-
mers, analogous results were obtained [44]. It was also
possible to theoretically rationalize the observed
carbon-13 chemical shifts as a function of temperature
and solvent composition using the conformational
model. This study also showed that qualitatively the
same conformational effects occur for other solvents
than water and also for liquid neat poly(ethylene
glycol).

With the development of the NMR technique it has
become possible to get deeper insight as well as to
investigate phases that were previously not amenable
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to investigation. Recently, the lamellar liquid crystal-
line phase of a nonionic surfactant was investigated
with respect to 13Ce1H dipolar couplings applying
a two-dimensional recoupling method [45]. For the
hydrophobic tails, the population of gauche conformers
was found to increase with temperature corresponding
to a decreased order parameter. For the hydrophilic
part, strikingly an increased dipolar splitting, corre-
sponding to an increased order parameter, is found as
temperature is increased. A corresponding behaviour
was found in the 13C chemical shifts in the lamellar
phase, as, with increasing temperature, the chemical
shifts of the head-group carbons decrease while for the
alkyl chains an increase was observed.

Raman spectroscopy may also provide a direct insight
into conformational states and several EO compounds
were investigated by Matsuura et al. [46e49], who found
that the most stable conformation of a OCCO segment in
surfactant and polymer molecules is transegauchee
trans. With increasing temperature in the liquid state, the
fraction of trans conformations around the CC bond
increases. These results were confirmed for nonionic
surfactant solutions [50].
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