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Abstract

The aggregation behaviour of two ethylene oxide—propylene oxide—ethylene oxide block copolymers [PE182:(EO)¢-
(PO)34(EO)g and PE333:(EO);7(PO)so(EO);7] has been investigated using high sensitivity differential scanning calorimetry.
The thermal data obtained was examined using previously outlined procedures [I. Patterson, J. Armstrong, B. Chowdhry, S.
Leharne, Langmuir 13 (1997) 2219; B.Z. Chowdhry, M.J. Snowden, S.A. Leharne, J. Phys. Chem. 101 (1997) 10226]. These
data analysis routines have revealed the existence of a small dissociation transition within the thermal envelope of the overall
aggregation transition. The transition appears to be associated with the thermally induced break-up of large aggregates and
occurs simultaneously with or slightly before the micellar aggregation of the block copolymers. A reasonable linear
relationship exists between the van’t Hoff enthalpy and T/, (the temperature at which the transition is half completed) using
the data obtained for both copolymers, which suggests that the origin of the dissociation transitions in both copolymers is the
same. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ethylene oxide—propylene oxide—ethylene oxide
block copolymeric surfactants — commonly called
poloxamers, synperonics or pluronics — are widely
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used as laundry aids, detergents, dispersion stabilisers,
emulsifiers, solubilising agents and controlled release
agents in the pharmaceutical industry, bio-processing
aids and components in ink production [1]. These
surfactants are ABA block copolymers; the structure
of which is as follows:

HO—(CH;~CH7 0)5—(CHy-CH—0)-(CHy~CHyO )1

CH,
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The central block is synthesised from propylene
oxide (PO) and provides the molecule with its
necessary hydrophobicity. Hydrophilic ethylene
oxide (EO) blocks of equal length are attached on
either side of this central moiety. Manipulation of the
EO and PO block lengths provides a mechanism
whereby the surface activity of the surfactants is
readily controlled.

These copolymers show the unusual property of
aggregating to form micelles upon warming, a phe-
nomenon which has attracted much research interest.
Self-aggregation arises because the central PO block
— which together with the EO blocks is reasonably
water-soluble at low temperatures — becomes
increasingly hydrophobic as the temperature is raised.
Attempts to understand this phenomenon have pro-
ceeded by considering the aqueous solubility of EO
and PO homopolymers as a function of temperature. It
has been proposed [2] that EO chains in water may be
accommodated within an ice-like structure. The for-
mation of such a structure produces a favourable
(exothermic) enthalpy change but also results in an
entropy penalty associated with the enhanced structur-
ing of water. At low temperatures this enthalpy con-
tribution together with the combinatorial entropy
contribution of the chains, to the free energy of
mixing, outweighs the entropy penalty. However, an
increase in temperature reverses this balance giving
rise to phase separation. The theory may also be used
to account for the solubility of PO in water. In this
case, however, the pendant methyl group produces a
strain in the ice-like structure of water in the hydration
sphere which results in phase separation at lower
temperatures [2]. Such an explanation though is not
without controversy. Finney and Soper [31] using
neutron scattering have not found any evidence for
such structuring around non-polar methyl groups.
Other workers have proposed that the origin of the
increasing hydrophobicity of EO is the result of
changing conformations of EO segments [3]. For
the backbone segments —O-C—C-O- the preferred
orientation about the bonds is trans-gauche-trans
[3.4]. In such polar conformational states interaction
with water is favoured, there being, on average, some
two water molecules per EO unit. [4]. This state is of
low energy but also of low statistical weight, there
being only two of these conformations [3]. At higher
temperatures less polar orientations are favoured.

These are of higher energy but of higher statistical
weight — there being some 23 non-polar conforma-
tions. Self-evidently the less polar conformations
interact less favourably with water. The resulting loss
of water at higher temperatures permits EO chains to
come together. This model has been used with some
success to explain phase separation of EO in aqueous
solutions [3] and non-aqueous solvents [5]. The
changes in C—C bonds from gauche to trans, thereby
altering the polarity, has been confirmed by 3C NMR
[5.6].

Micellisation in EO-PO-EO block copolymers is
understood to arise for similar reasons [1,7]. As the
temperature of a block copolymer solution is raised
the PO block progressively loses its hydration sphere
resulting in a greater interaction between PO blocks on
different chains. The EO blocks on the other hand
retain their strong interaction with water thus, as is
common for all amphiphilic molecules, the differing
phase preferences of the blocks drives the copolymers
to form micelles.

Micellisation in aqueous solutions of these block
copolymers has been examined using a wide variety of
physical techniques [8]. Of interest to this present
study is, firstly, the observation that the strongly
endothermic nature of the micellisation process per-
mits an examination of the thermodynamics of the
transition using high sensitivity differential scanning
calorimetry [9,10]. Secondly a number of workers
using light scattering techniques have noted the pre-
sence of large pre-micellar clusters [11-14] which
begin to disappear as micelles are formed. These
clusters are thought to arise from the presence of
di-block components in the finished manufactured
products which arise because of the synthetic route
used [15].

Our interest in the thermal analysis of aqueous
solutions of these block copolymers arises from work,
which deals with their use for the facilitated removal
of coal tar contaminants from old manufactured gas
work soils [16]. As part of these investigations
HSDSC has been used to evaluate the amount of
surfactant present in micellar form as a function of
temperature and concentration [17] as well as a func-
tion of the presence of co-solvents [18] and co-solutes
[19]. As part of an ongoing research programme a
number of copolymer solutions have been examined
by HSDSC. The thermal output produced for some of
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these block copolymers solubilised in aqueous solu-
tion indicates that the transition peaks are composed of
two thermal events. The objective of this paper is to
provide details of how the thermal peaks are analysed
and to present thermodynamic data for the component
transitions, which, it is postulated, represent (a) the
dissociation of the large pre-micellar di-block aggre-
gates and (b) the aggregation of the tri-block mole-
cules to form micelles.

2. Experimental details
2.1. Materials

The copolymers were kindly donated by ICI Che-
micals and Polymers, Cleveland, UK. These materials
may contain a number of impurities introduced during
the reaction but were used as received. They may also
contain small amounts of butylated hydroxy toluene
(BHT) to prevent degradation. [15] The following
copolymers were used in this investigation: Syn-
peronic PE182 (BASF notation L62) EOgPO34EQO¢
and Synperonic PE333 (BASF notation P103)
EO7POg,EO;7. Solutions of various concentrations
were prepared using de-aerated double distilled water.
These solutions were further de-aerated prior to injec-
tion into the fixed cell of the calorimeter. Once
injected into the cell the solution was kept under
pressure, using nitrogen, to suppress bubble forma-
tion.

2.2. Methods

The scanning calorimetric data were obtained using
a Microcal MC2 high sensitivity differential scanning
calorimeter (MicroCal, Northampton, MA). The
instrument was interfaced to an IBM Model 30 Per-
sonal Computer. The DA2 software supplied by the
manufacturers facilitated instrumental control and
data acquisition. All calorimetric scans were normally
obtained at a scan rate of 1 K min~'. In some cases
samples were scanned at a variety of scan-rates. The
absence of any changes in the signal at different scan
rates indicates that the micellisation transitions exam-
ined are under strict thermodynamic control [20].
Uncertainty in the data was estimated to be of the
order £0.5%.

2.3. Data analysis

In DSC the observed change in enthalpy with
respect to temperature for a process under strict
thermodynamic control is given by

g,

d
dT = ¢C,,,XS = — [AHcal(Tl/Z) X ACp(T — T1/2)]

ar”
(D

where g, is the heat change at constant pressure, T the
temperature, ¢C, x, the apparent excess heat capacity
(i.e. the difference in heat capacity between the refer-
ence and sample cells), o the extent of change in the
system, AH.,(T,) the experimentally determined
enthalpy change at Ty, the temperature at which «
equals 0.5 and AC, is the difference in heat capacity
between the initial and final states of the system.

Given the temperature independence of T, and
AH_,(T1/) and assuming AC,, is independent of tem-
perature for the system of interest, the above equation
may be rewritten as

PCpxs = 2—; [AHcai(Tyj2) X AC,(T — Ty )2)] + 0AC,
2
The extent a of conversion to micelles for the aqueous
surfactant systems examined in this work is obtained
from the temperature dependence of the equilibrium
constant describing the incorporation of surfactant

unimers into micelles:

(81n I;(TTI/Z))p

AH.y + AC,(AH\u/AH:q)(T — T )
= RT? 3)

Here AH,y is the van’t Hoff enthalpy. The ratio of the
van’t Hoff enthalpy and the calorimetric enthalpy
provides a measure of the size of the cooperative unit
involved in the micellisation process. The heat capa-
city change in Eq. (3) is, therefore, scaled to reflect this
cooperativity in the system since the equilibrium
constant reflects those processes involving this coop-
erative unit. K(7) can be obtained by integrating Eq. (3)
and this value can be used in the following mass action
equation to evaluate the fraction o, of surfactant in
micellar form:
X oC/n

X (- o)) @
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where X is the copolymer in unimeric form; X,, is the
copolymer micelle; n is the aggregation number and C
is the initial concentration of copolymer. The evalua-
tion of o at various temperatures permits an evaluation
of the temperature dependence of ¢C, s in Eq. (2).
Using these series of equations provides a mechanism
for model fitting the DSC signals and for obtaining the
values for the various thermodynamic parameters
appearing in the above equations. The general form
for a dissociation transition is simply the inverse of
Eq. (3).

In previous publications data fitting was accom-
plished by identifying the pre-transitional portion of
the base line, which was then fitted to a linear regres-
sion line. This line was then subsequently subtracted
from the entire data set thereby essentially setting the
pre-transitional portion of the apparent excess heat
capacity to zero. In the data analysis in this work the
pre-transitional portion was fitted to a quadratic line.
This was undertaken at the same time as the substan-
tive signal was fitted to the thermodynamic model
outlined above. The heat capacity change for each
transition is given by the expression [20]

AI—IvH,i

AC); = i
P Z]‘AHVHJ

X ACp,ovtrall 4)

3. Results and discussion

Figs. 1 and 2 present the HSDSC data captured for
PE182 and PE333 as a function of concentration. The
major feature of both data sets is the asymmetry of the
thermograms. This asymmetry reveals itself by a sharp
leading edge on the low temperature side of the
transition and a gradually declining tail on the high
temperature side. It has been shown in previous
publications that such asymmetry indicates that the
transition arises from a thermally induced (i.e.
endothermic) association process [9,10]. It is impor-
tant to stress that kinetically controlled processes also
show asymmetry — though usually the asymmetry
displays the reverse pattern [21,22] in which there is a
gradual increase in heat capacity on the low tempera-
ture side of the transition and a sharp tailing edge on
the high temperature. Moreover for kinetically domi-
nated thermal processes observed by DSC the tem-
perature at which the heat capacity is a maximum (7;,)
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Fig. 1. HSDSC output obtained for PE182 as a function of
concentration (range 1-20 g dm ) at a scan rate of 60 K h™'. Note
that for some data sets the pre-transitional portions of the signals
are sloping upwards thereby giving the impression that the overall
heat capacity change for the process is positive.

changes as a function of scan rate. However, for
processes under strict thermodynamic control Ty, is
independent of scan rate [23]. The data in Fig. 3
demonstrate that the association process examined
in this work is under strict thermodynamic control.
This is revealed by the fact that thermal data obtained
for PE333 solutions (of 10 g dm? concentration) at
scan rates of 10, 30 and 60 K h™" can be superimposed
on each other. Moreover, the DSC output further
reveals that the up-scan, obtained at a scan rate of
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Fig. 2. HSDSC output obtained for PE333 as a function of
concentration (range 1-20 g dm ) at a scan rate of 60 K h~'. Note
that for some data sets the pre-transitional portions of the signals

are sloping upwards thereby giving the impression that the overall
heat capacity change for the process is positive.
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Fig. 3. HSDSC data obtained for PE333 at a variety of scan-rates
(10-60 K h™") to show the scan rate independence of the HSDSC
output. The inset shows the HSDSC output obtained in the up-scan
and down-scan mode, both at a scan rate of 30 K h

30 K h™!, is the mirror image of the down-scan at the
same scan rate.

It is evident from Tables 1 and 2 that the transition
temperature range also shifts to lower temperatures as
the aqueous surfactant concentration is increased. This
arises because the process under consideration is an
aggregation process which, as we confirm later, is
readily described by the mass action expression in
Eq. (4). An increase in the concentration of the non-
associated molecules increases the concentration of
the aggregated form. Since the association process is
endothermic it must therefore follow that an increase

in concentration results in a decrease in temperature or
conversely, for a system at equilibrium, the tempera-
ture at which aggregation commences is reduced as
the concentration is increased.

The description of the transition region, being the
temperature segment in which unimeric material is in
equilibrium with molecular aggregates, has been
established by small angle neutron scattering [24—
27], dynamic light scattering [12,13] and small angle
X-ray scattering [28]. This co-existence region lends
support to the mass action description of aggregation
in Eq. (4). It should be noted, however, that a phase
separation description of the system would also show a
similar co-existence region. Furthermore, it would be
expected that the heat capacity of a system that under-
goes phase separation — under reversible equilibrium
conditions — would show a discontinuity at the phase
separation temperature. At temperatures infinitesi-
mally lower than the phase separation temperature
the system comprises of one single phase having a
distinct heat capacity. At some temperature infinite-
simally greater than the phase separation temperature,
there are two phases and the system is characterised by
a new heat capacity value. The absence of such a
discontinuity in the heat capacity—temperature data
supports the simple mass action aggregation model. In
fact if we use the mass action aggregation model to fit
the scanning calorimetric output obtained for micelli-
sation [9,10] it is readily observed that the rather
gradual leading edge of the thermogram indicates
that the aggregation numbers are quite modest. An

Table 1
Thermodynamic data obtained for PE182 at a scan rate of 60 K h™!
Concentration AH_ AH,z n Ty (K) AC,
(g dm™3) (kJ mol™") (kJ mol™") (kJmol 'K
Disaggregation
1.0 5.1 1119 2.4 308.7 —-11.9
2.5 44 1522 3.0 306.2 —13.5
5.0 52 1407 23 304.5 —21.5
10.0 8.2 806 1.0 303.0 —13.4
20.0 7.6 1076 1.3 301.1 —20.0
Aggregation
1.0 223 295 3.6 3239 =31
2.5 217 323 34 319.5 -29
5.0 235 359 4.5 318.4 -5.5
10.0 242 471 6.5 316.4 -7.8
20.0 260 538 8.3 314.5 —10.0
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Table 2
Thermodynamic data obtained for PE333 at a scan rate of 60 Kh™'
Concentration AH_ AH, n T (K) AC,
(gdm~?) (kJ mol™") (kJ mol ") (kI mol 'K~
Disaggregation
1.00 5.4 3026 10.1 294.8 —56.0
2.50 4.3 4930 12.5 294.1 —71.3
5.00 33 5968 10.2 293.5 —83.5
10.00 5.1 5270 8.2 292.8 —65.6
15.00 4.8 4348 55 292.3 —62.4
19.98 4.6 4457 5.3 291.9 —56.0
20.00 4.6 3500 32 291.9 —63.7
Aggregation
1.00 378 623 3.1 302.8 —11.5
2.50 364 689 3.0 301.1 —10.0
5.00 368 790 33 299.8 —11.1
10.00 360 853 34 298.6 —10.6
15.00 368 888 3.6 298.0 —12.8
19.98 369 910 3.6 297.4 —11.4
20.00 365 909 3.7 297.3 —16.5

aggregation number of 50 or more would provide an
almost vertical leading edge, which would be the expec-
ted type of signal indicative of phase separation [29].

The data in Figs. 1-3 are interesting also because of
the appearance of a small transition accommodated
within the overall calorimetric output. The thermo-
dynamic parameters for this transition can be obtained
by deconvolution of the signal into two independent
transitions. Initial model fitting attempts using meth-
ods previously reported [19] indicate that this small
transition is in fact a dissociation transition. The
ability of a model comprising two independent transi-
tions — one an aggregation transition the other a
dissociation process — in addition to the initial pre-
transitional heat capacity to fit the overall excess heat
capacity temperature data is shown in Fig. 4. The fit is
good (the model selection criteria calculated by the
model fitting program) and demonstrates readily that
the small dissociation process commences at or
slightly before the main aggregation transition.

The thermodynamic data obtained using the decon-
volution procedure is displayed in Tables 1 and 2. Of
most interest to this communication is the data
obtained for the dissociation transition. For both
PE182 and PE333 the calorimetric enthalpy values
are small whilst the values obtained for the van’t Hoff
enthalpy are large. Caution must, however, be exer-
cised when considering these calorimetric enthalpy

values in that the molar definition used in the data
analysis is the mass of 1 mol of the specific EO-PO-
EO block copolymer used. The material, however,
giving rise to the dissociation transition is a di-block
component. Thus, the values do not describe the
calorimetric enthalpies in terms of one mole of the
actual material undergoing the transition but in terms
of 1 mol of the major component. If the molecular
mass of the di-block component and the fractional

o Data points

Best fit line

------- Pre-transitional baseline
----- Deconvoluted peaks

o @ ~
=3 =] =}

ERp)
C, (kJ mol” K7)
8

L
280 290 300 310 320 330
Temperature (K)

Fig. 4. Deconvolution of the HSDSC output obtained for a
10 g dm ™~ solution of PE333 at a scan rate of 60 K h™'. The inset
shows the deconvoluted dissociation transition in more detail.
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composition of the mixture are known, then the values
for the calorimetric enthalpies can be corrected. Yu
et al. [30] for F127 showed that the number average
molecular mass (M,,) of the di-block component was
about 30% the M, value of F127. Any correction
applied to the AH,, to account for smaller M,, values
will thus lower the value estimated for AH_,; by about
30%. The di-block component is of course only a
minor component of the finished copolymeric product.
To correct AH,, for fractional composition will tend
to increase the AH,, value. Yu et al. [30] report that
the low molecular weight di-block component repre-
sents 18% of the total signal obtained by gel permea-
tion chromatography to evaluate molecular masses. If
the di-block component represents 18% of the total
composition then we would expect the correction
factor for AH., to be about 5. The two correction
factors thus operate in opposition. This means that
although the AH,,; values are not normalised to 1 mol
of di-block component they may still not be in serious
error. There is, certainly, no reason to suppose them to
be radically different from the values quoted. The
van’t Hoff enthalpy does not suffer the same problem
since the molar definition here is supplied by the gas
constant [21]. If we accept the calorimetric enthalpy
values to be approximately correct then we can use the
ratio of the van’t Hoff and calorimetric enthalpies to
provide a measure of the size of the aggregate size. An
average value for PE333 works out to be 1026 whilst
for PE182 this is 215. These values are lower than the
estimate of several thousands suggested by Brown and
co-workers [13] for L81, F87 and F88 though, sig-
nificantly, they are still both fairly large. Furthermore,
for both copolymer systems there also appears to be a
trend in which the size of the cluster decreases with
increasing concentration. This too was noted by
Brown and co-workers [13]. Finally it is also worth
recording that the size of the dissociation number also
tends to decrease with increasing concentration.

It is interesting to note that the enthalpies for the
dissociation process are endothermic. This possibly
suggests that the break up of the aggregate is tied up
with the loss of the hydrogen bonded structure asso-
ciated with water. Fig. 5 is a plot of van’t Hoff
enthalpy versus temperature and displays all the data
obtained for the dissociation transitions in Tables 1
and 2. The modest linearity of the plot (r=—0.884,
p=0.0003) suggests that dissociation of these clusters

8000
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AH,, (kJ mol™)
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Fig. 5. AHyy as a function of Ty, for all the deconvoluted
dissociation data obtained in this investigation.

is driven by similar processes in both copolymers.
Interestingly, the plot further suggests that the transi-
tion becomes exothermic at a temperature of about
309.7 K. This might explain why, for some copoly-
mers, a dissociation transition is not detected by the
use of HSDSC since by Le Chatelier’s principle the
initial state becomes stabilised with increasing tem-
perature for an exothermic process. In these circum-
stances it might be anticipated that cluster break up —
which is observed by dynamic light scattering [12,13]
— occurs via the direct transfer of molecules from the
cluster to the copolymeric micelles without the need
for changes in hydration and is thus calorimetrically
silent.

Similarly Fig. 6 reveals that the van’t Hoff enthalpy
for the aggregation process is a linear function of T,
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Fig. 6. AH,y as a function of Ty, for all the deconvoluted
aggregation data obtained in this investigation.
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again for both copolymers examined. This suggests
that the temperature dependence of the van’t Hoff
enthalpy is the sole reason for the enthalpy values
observed for both copolymers.

4. Conclusion

In summary it would appear that these pre-micellar
clusters are large. With increasing temperature they
break up into smaller aggregates. The temperature
range over which they disappear is small and is
dictated by the large values for the van’t Hoff enthalpy.
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