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Low frequency chain dynamic of cross-linked poly(acrylic acid)
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Abstract

Cross-linked poly(acrylic acid) (PAA) synthesized by radical polymerization in inverse suspension is a swelling gel. The physical structure
of PAA has been analyzed using low frequency chain dynamic given by the analysis of thermo stimulated currents (TSC). The� primary
dielectric relaxation mode observed around the glass transition temperature (Tg = +38◦C) corresponds to the slowest dynamic. The relaxation
times of the constituting processes show that it is due to a delocalized cooperative molecular mobility involving nanometric sequences of the
hydrocarbon skeleton. The� secondary dielectric relaxation mode observed at lower temperature (T� = −35◦C) corresponds to a higher
frequency molecular mobility. It has been assigned to the cooperative mobility of hydrogen bonded COOH groups. In fact, the hydrogen
bonded side chains behave as an hydrophilic matrix in which nanometric domains constituted by sequences of the main chain are embedded.
Such a picture might explain the specific swelling properties of cross-linked PAA.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cross-linked poly(acrylic acid) (PAA) synthetized by
radical polymerization in inverse suspension is well known
for its ability to absorb an important amount of liquid[1].
This swelling property of cross-linked PAA is dependent
upon several parameters such as temperature, solution pH
[2], cross-linking ratio and beads morphology. Due to its
specific property, this polymeric gel has found applications
in different domains such as medicine, agriculture, con-
struction, security, communication[3]. Despite the wide va-
riety of applications, the molecular mechanism of swelling
remains unclear.

The understanding of this macroscopic property implies
a thorough analysis of the relationships between molec-
ular mobility and structure. Among the techniques used
to reveal them, we might cite nuclear magnetic resonance
(NMR) [4], dynamic mechanical thermal analysis (DMTA),
dynamic electrical thermal analysis (DETA) and thermo
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stimulated currents (TSC). This later one is particularly well
suited to the analysis of local order that might be induced
by molecular orientation in amorphous polymers[5]; it also
allows us to distinguish the various phases in polyphasic
amorphous materials[6]. The last but not least advantage
of TSC is to be quite adaptable to the sample morphology.
Consequently, TSC has been adapted for analyzing molec-
ular mobility in cross-linked PAA in order to shed some
light on the physical structure responsible for the swelling
mechanism of PAA gel.

2. Experimental

2.1. Materials

Acrylic Acid (AA) was partially neutralized drop by drop
by caustic solution (20%, w/w), kept cool to prevent the
exothermic reaction and from AA precipitation. An aqueous
phase was prepared by mixing neutralized AA, potassium
persulfate (K2S2O8) as the initiator andN,N′-methylene
bisacryalmide (MBAC) as cross-linking agent. To obtain
the inverse suspension, this latter was introduced in an or-

0040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2004.02.024



44 Ch. Mayoux et al. / Thermochimica Acta 421 (2004) 43–49

Fig. 1. Scanning electron microscopy of PAA beads (2–10�m).

ganic one composed by heptane and SPAN 80 as surfactant
[7]. Cross-linked PAA was recorded under beads shape
after a methanol precipitation and drying under rough vac-
uum at 40◦C. The diameter of the beads was ranging from
20 to 13�m. An example of particles observed through a
scanning electron microscope (SEM) is shown inFig. 1.

Note that, prior to TSC experiments, a thermal treatment
was performed in order to erase any thermodynamic his-
tory. The glass transition temperature has been measured by
Differential scanning calorimetry at a rate of 20◦C/min: in
those conditions, we obtainedTg = 38◦C [8].

2.2. Methods

Although this technique has been applied to the study of
polymers in the seventies[9], we will recall briefly its prin-
ciple. For recording a complex spectrum, the sample is in-
serted into a parallel plate capacitor, and it is subjected to a
static electrical field (100 V/mm) at a polarization tempera-
tureTp for a timetp. The dipolar units present in the material
and mobile at this temperatureTp can be oriented. In order
to freeze this dipolar orientation, the sample is quenched to a
temperatureT0 � Tp and then the field is removed. Finally,
the sample is heated at a constant rater = 7◦C/min., while
the depolarization current is recorded versus the tempera-
ture, constituting the complex TSC spectrum. In polymers,
complex TSC spectra only give qualitative information. The
analysis of the relaxation behavior implies to resolve com-
plex TSC spectra into elementary components.

For obtaining elementary spectra, the procedure of frac-
tional polarizations can be used. The sample is polarized at a
temperatureTp (E = 100 V/mm) for a durationtp = 2 min
in order to orientate the dipolar entities having a relaxation
time τ(Tp) lower thantp. The temperature is then decreased
till Td (Td = Tp − �T ) and the field is cut off. The tem-
perature is maintained constant for a durationtp in order
to randomize the dipolar entities having a relaxation time

τ < τ (Td) and finally, the dipolar orientation is quenched
to T0 The elementary spectra are recorded, following the
same procedure than for the complex spectra. In this study,
�T = 5◦C. The elementary spectra are recorded following
the same procedure than for the complex spectra. By shift-
ing this polarization window [Tp, Td] along the temperature
axis by steps of�T, we obtain the complex spectrum de-
composition in a series of elementary processes. With the
above cited experimental parameters, elementary spectra are
well described in the hypothesis of a Debye relaxation time.

3. Results and discussion

3.1. Secondary relaxation mode

For recording the complex TSC spectra of PAA, the po-
larization field was applied at 60◦C and the depolarization
current was recorded in the temperature range from−160 to
100◦C. We present here the complex spectra obtained only
in the low temperature range (−75,−20◦C) (Fig. 2). From
−55◦C, the depolarization current increases to reach a max-
imum of some 0.2 pA at−35◦C. Considering the temper-
ature position of this TSC peak, well below the glass tran-
sition temperature, it has been designated as a secondary
relaxation mode, despite a rather high intensity.

In the literature, a lot of work has been devoted to the
study of the low temperature molecular mobility of polymers
like poly (vinyl acrylate) or poly (methacrylate), involving
the ester group COOR and the influence of the chemical
structure of the side chain has been analyzed[10–15]; this
ester group can rotate around the C–C bond[4] linked to
the main chain. Vanderschueren[16] investigated in poly
(methylmethacrylate) and poly (ethylmethacrylate) the TSC
� secondary relaxation mode strongly plasticized by water.
This latter phenomena is well understood and explained be-
cause this molecular mobility involved polar groups. The
origin of those secondary TSC modes has also been dis-
cussed by Van Turnhout[17]. In the case of the cross-linked

Fig. 2. Complex TSC spectrum of� secondary relaxation mode for
cross-linked PAA.E = 100 V/mm.
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Fig. 3. Elementary TSC spectra constituting the� secondary relaxation
mode for cross-linked PAA.

PAA and concerning the� relaxation process, TSC experi-
ments have allowed us to determine its temperature and to
study its sensitivity to water (this latter work will be the
subject of an other publication). Results obtained are in ac-
cordance with the literature, therefore, we can attributed this
mode to the molecular mobility of the side chain COOH.
Among secondary relaxation processes, the� mode of PAA
distinguishes itself by a relatively high intensity that might
be explained by the strong dipolar moment of the COOH
group. As mentioned in the experimental part, we have used
the fractionnal polarization procedure to analyze the com-
plex spectrum. By shifting the polarization window (�T=
5◦C) y steps of 5◦C in the temperature range (−80, 0◦C),
we obtain the series of elementary processes represented on
Fig. 3. The numbers indicate the order of happening for in-
creasing polarization temperatures. Note that the envelop of
elementary spectra practically reproduces the complex spec-
tra (cf Fig. 2). Each elementary spectrum being practically
described by the hypothesis of a single relaxation time, the
dipolar relaxation P obeys a first order kinetic equation:

dP(t)

dt
+ P

τT
= 0

The dielectric relaxation timeτ(T) is given by

τ(T) = P

dP/dt
(1)

The polarizationP(T) is deduced from the measured de-
polarization currentI(T).

I(T) = −sq

(
dP(T)

dT

)

wheres is the surface sample andq is the heating rate.
Then, the temperature dependence of relaxation timesτ(T)

can be calculated fromEq. (1), in the temperature range
where the depolarization current is recorded. The logarith-
mic variation of these relaxation times has been plotted ver-
sus the reciprocal temperature for each elementary spectrum,

Fig. 4. Arrhenius diagram of relaxation timesτ of the � secondary
relaxation mode For cross-linked PAA.

on an Arrhenius diagram (Fig. 4). The experimental points
follow straight lines reflecting that the relaxation times obey
an Arrhenius equation:

τ(T) = τ0 exp

(
�H

RT

)

where�H is the activation enthalpy,τ0 is the pre-exponential
factor andR is the perfect gas constant. A linear regression
allows us to reach the activation parameters. The activation
entropy,�S has been extracted from the pre-exponential
factor using the Eyring equation

τ0 = h

kBT
exp

(
�S

R

)

wherekB is the Boltzmann’s constant, and h is the Planck’s
constant.

For each relaxation time we plot the semi-logarithmic
variations of the pre-exponential factor To versus the ac-
tivation enthalpy �H (Fig. 5). We can see that some
experimental points(τ0; �H) (points 3, 4, 5 and 6) are

Fig. 5. Compensation diagram of the� secondary relaxation mode for
cross-linked PAA.
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Fig. 6. Variation of activation enthalpy�H of secondary relaxation mode
� vs. temperature for cross-linked PAA and Starkweather line for�S = 0.

situated on a single line revealing the existence of a com-
pensation law:

τ0 = τC exp

(
�H

RTc

)
(2)

whereτC is the compensation time andTc is the compen-
sation temperature.

The compensation temperature we have found,Tc =
−23◦C (±3◦C), is, as usually, quite close from the one
corresponding to the maximum of the global spectrum
(−35◦C). The atypical value, for a secondary mode, of the
compensation time,τC = 1.3 s (±0.1 s), is generally found
for primary relaxation modes. InFig. 6, we present the
variation of activation enthalpy versus temperature and the
Starkweather’s line[18] associated with a null activation
entropy. Those activation enthalpy values correspond to the
barrier for these side chain movements. From−50◦C, in-
stead of following the Starkweather’s line, the experimental
points reach a maximum at−37◦C. This behavior reveals
a cooperative character of the COOH groups movements.
According to the Hoffman–Williams–Passaglia model[19],
these activation energies are increasing linearly with the
size of the mobile sequences. Here, we can consider that the
morphology of PAA beads and the tri-dimensional network
architecture allow the polar side chains to transfer the move-
ment from one acid group to another hydrogen bonded one,
even if they are quite far or in neighboring beads. As shown
onFig. 7, activation entropies are particularly high reflecting
a high number of accessible sites for the mobile entities; it
is a case where the thermodynamic parameters are relevant
for understanding the physical structure of the environment
of mobile dipoles[20]. Fixed onto the hydrocarbon back-
bone by only one end, the side chains are free to adopt
different conformations in a matrix stabilized by hydrogen
bonded COOH groups and water molecules. Cooperative
molecular movements of such a matrix explains the dielec-
tric response we observe. By its cooperative character and
slow dynamic, this� secondary relaxation mode presents a
transitional character even if no thermal event is found in the

Fig. 7. Variation of activation entropy�S of secondary relaxation mode
� vs. temperature for cross-linked PAA.

corresponding temperature range, by Differential Scanning
Calorimetry.

3.2. Primary relaxation mode

We present inFig. 8, the variation of the depolarization
current versus temperature for cross-linked PAA, in the tem-
perature ranging from (−150, 50◦C), for polarization condi-
tions indicated in the preceding paragraph. The� secondary
relaxation mode is of course, always observed at the same
temperature, i.e.−35◦C and an additional primary mode is
recorded. Since this primary mode is situated in the tempera-
ture range of the glass transition temperatureTg as measured
from Differential Scanning Calorimetry,[8], it has been as-
signed to the dielectric manifestation of the glass transition.

In this temperature range, the conductivity phenomenon
is responsible for a high temperature tail, not shown in
Fig. 8, since the polarization temperature was moderate,
but it should prevent any analysis of the fine structure by
using fractional polarization. We avoid it by inserting a
thin film of polypropylene (20�m) between the electrode
and the surface of the sample, this film plays the role of a

Fig. 8. Complex TSC spectrum of primary relaxation mode� for
cross-linked PAA.E = 100 V/mm.
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Fig. 9. Elementary TSC spectra from the� primary relaxation mode for
cross-linked PAA obtained with the blocking electrode (polypropylene
film).

blocking electrode. The elementary processes represented
in Fig. 9 were obtained by shifting the polarization win-
dow (�T = 5◦C) by steps of 5◦ in the temperature range
from 0 to 70◦C. The envelop of these spectra is situated
at higher temperature than the complex spectrum since the
exploration has been extended towards higher temperatures.

In Fig. 10, the Arrhenius diagram shows the varia-
tion of relaxation times versus reciprocal temperature for
cross-linked PAA. We can retain that this primary mode
presents a narrow distribution of the relaxation times in
comparison with the one of the secondary one.

Moreover, a quasi-linear behavior of these relaxation
times is observed reflecting that the temperature depen-
dence obeys an Arrhenius equation (Eq. (1)). This behavior
is perfectly explained by the fact that, due to the very low
equivalent frequency of TSC, the� primary relaxation mode
is still observed in the vitreous state of PAA contrarily with

Fig. 10. Arrhenius diagram of relaxation times� of the primary relaxation mode� for cross-linked PAA.

previous dielectric experiments[21,22]. Moreover, we ob-
serve that some of these lines converge towards a compen-
sation point (Tc = 46◦C (±3◦C), τc = 1.5 s (±0.1 s) so that
the relaxation times are well described byEq. (2). This be-
havior is confirmed by the semi-logarithmic variation ofτ0
versus�H for involved processes which is linear as shown
in Fig. 11. Despite the controversy on the relevance of com-
pensation parameters associated with the primary relaxation
mode[23], we have compared the compensation tempera-
ture Tc with the glass transition temperatureTg, Tc − Tg =
+8◦C. Such a gap is coherent with the ones reported in
amorphous polymers[24]—it is, for example, comparable
with the one of syndiotactic PMMA[25]. So, the value
recorded for PAA is perfectly sound according to its chain
flexibility. Moreover, the compensation time, of the order
of the second, is in good agreement with those found in the
literature[20]. In order to confirm the cooperativity of this
mode, we have reported inFig. 12, the variation of the acti-
vation enthalpy versus temperature and the Starkweather’s
line [26]. Experimental points depart from this line, reflect-
ing the cooperative character of this molecular mobility.
Nevertheless, these values are lower than those classically
recorded in the case of a primary relaxation mode. This
cannot be only explained by the flexibility of the polymeric
chain but it might also indicate that the mobile sequences
are shorter. It is interesting to note that the flat maximum is
in the region of the glass transition temperature: such a be-
havior has been reported for a wide variety of polymers[27].
The cooperative delocalized molecular movements revealed
by this primary relaxation mode might be associated with
the mobility of nanometric sequences of the hydrocarbon
chains that segregate into domains that have the classical
dielectric and calorimetric response of a thermoplastic. The
peculiar swelling properties of PAA might be attributed to
the existence of the hydrogen bonded matrix constituted by
side chains and eventually water molecules. The cohesion
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Fig. 11. Compensation diagram of the primary relaxation mode� for cross-linked PAA.

Fig. 12. Variation of activation enthalpy�H of � primary relaxation
mode versus temperature for cross-linked PAA and Starkweather line for
�S = 0.

of this swelling matrix is ensured by the hard hydrocarbon
domains.

4. Conclusion

The molecular mobility of PAA has been explored by
Thermo Stimulated Currents. At low temperature, around
−35◦C, a secondary relaxation mode is observed. This mode
is very sensitive to the presence of water molecules so that it
might involve COOH groups. It is constituted of elementary
processes with relaxation times following a compensation
equation, with a compensation time of the order of the sec-
ond. Considering this behavior law and its relatively high
intensity, this mode has been attributed to delocalized co-
operative movements of side chains constituting a hydrogen
bonded matrix.

In the vicinity of the glass transition temperature (38◦C),
a primary relaxation mode is observed. It can be described
by a distribution of relaxation times following a compensa-
tion law with compensation parameters that indicates that
it is associated with the glass transition. Then, it has been
assigned to the delocalized cooperative movements of nano-
metric main chains sequences.

This dielectric response of cross-linked PAA gel suggests
the existence of a biphasic structure with hard hydrocarbon
domains embedded in a soft matrix constituted by hydrogen
bonded side chains. Such a physical structure might explain
the swelling properties of cross-linked PAA.
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