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Abstract

Isothermal titration calorimetry (ITC) and potentiometric titration were used to study the protonation properties of the 4-vinylpyridine
(4-VP) moiety in cationic poly(N-isopropylacrylamide-co-4-vinylpyridine) colloidal microgels [poly(NIPAM-co-4-VP)]. Calorimetric pH
titrations were performed using microgels of different 4-VP content and the influence of ionic strength and counter ions have been examined.
The calorimetric titration output consists of several thermal contributions reflecting the complex nature of the interactions in the aqueous
microgel dispersions. In contrast to the potentiometric results, the calorimetric titration data could not be completely described by a theoretical
model solely taking into account protonation equilibria. Deviations from the proposed model correlate with swelling or shrinking of the gel
particles. The calorimetric results also reveal a pronounced counter-ion effect of perchlorate compared to chloride ions. In the presence of
perchlorate ions, small secondary thermal effects accompany protonation of the 4-VP moiety due, in part, to kinetically limited conformational
changes in the co-polymer microgel.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Cross-linked poly(N-isopropylacrylamide) [i.e. poly (NI-
PAM)] microgels have attracted significant interest in the
recent scientific literature[1–11] due, in part, to their inter-
esting physico-chemical properties; in particular, the ability
to undergo reversible volume phase transitions (VPTs) in
aqueous dispersions. The VPT properties can be amplified
and controlled by co-polymerization with monomers consti-
tuted of ionisable functional groups[12]. Consequently the
physico-chemical properties of colloidal microgels based on
poly(NIPAM) and various co-polymer derivatives, have been
widely investigated[1,2,4,11]in relation to the VPT changes
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that occur in response to a number of external stimuli such
as pH[13], temperature[1,3] and ionic strength[13,14].

As a result of their diverse VPT properties in different dis-
persion environments, such microgels offer opportunities for
use in a wide range of applications. Examples include water
purification[15,16], controlled release of drugs[4,17], rheol-
ogy modification[18] and opto-electric switches[19,20]. A
number of techniques have been extensively used to charac-
terize these gels, including photon correlation spectroscopy
(PCS)[13], transmission electron microscopy (TEM)[21],
differential scanning calorimetry (DSC)[13,22], isothermal
titration calorimetry (ITC)[23–25], rheology[26] and nu-
clear magnetic resonance spectroscopy[27].

Surprisingly, perhaps, the scientific literature is not re-
plete with reports of ITC studies of synthetic organic
polymeric systems. Examples do, however, include the use
of ITC (employing a thermal activity monitor calorime-
ter instrument) for investigations of the thermodynam-
ics of molecular recognition reactions of non-covalently
imprinted polymers [28]. In addition, the aggregation
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behavior of “mono-endcapped hydrophobically modified
poly(sodium acrylate)s”[29] and the dissolution behav-
ior of hydrophobically modified alkali-soluble polymer
emulsions[24] in aqueous solution have also been ana-
lyzed by ITC techniques. Other studies employing ITC,
carried out recently, have examined the interactions be-
tween poly(N-isopropylacrylamide) microgels and amino
acids [30] as well as sodium dodecyl sulfate (SDS)[23].
Such measurements provide information on the thermo-
dynamic parameters associated with the interactions be-
tween polymer systems in solution and other solvents.

Recently, a variety of physico-chemical properties of
cationic poly(N-isopropylacrylamide-co-4-vinylpyridine)
[poly(NIPAM-co-4-VP)] colloidal microgels were reported
by Pinkrah et al[31]. The swelling behavior of these gels
is strongly affected by the 4-VP content, the degree of pro-
tonation of the ionisable groups (which is, of course, con-
trolled by the pH) as well as ionic strength and counter-ion
effects—all of which, obviously, imply an underlying com-
plexity in relation to the interactions taking place. Using
potentiometric titrations, it was possible to calculate the
number of protonatable sites and the characteristic pKa
values.

The objective of the current contribution is to com-
plement the potentiometric results with calorimetric pH
titration experiments providing additional information on
the energetics of the interactions. The measurements have
been carried out at two fixed ionic strengths (0.01 and
0.1 mol dm−3) using co-polymer microgels incorporating
different percentages of 4-VP.

2. Experimental

2.1. Materials

All chemicals (Aldrich, UK) were of analytical quality
and used without further purification.

2.2. Microgel preparation

Poly(NIPAM-co-4-VP) microgel particles synthesized us-
ing different percentages of 4-VP (15, 25, 35, 45 and 55%) in
the initial reaction mixture were prepared by surfactant-free
emulsion polymerization and purified and characterized as
described previously[31]. The reaction takes place in a sin-
gle container by combining the monomer, cross-linker and
initiator under a nitrogen atmosphere for 6 h with contin-
uos stirring. The final concentration of the aqueous colloidal
microgel stock dispersions was 0.52% (w/w).

2.3. Isothermal titration calorimetry (ITC)

All titration calorimetric measurements were carried out
on a MCS titration calorimeter (MicroCal Inc., Northamp-
ton, MA) at 25◦C. Freshly distilled deionized water was

used for preparing all solutions. Microgel dispersions of
0.05% (w/w) were prepared by dilution of the stock disper-
sions and adding appropriate amounts of NaClO4 or NaCl
to adjust the ionic strength (I) to 0.01 and 0.1 mol dm−3,
respectively. All solutions and colloidal samples were de-
gassed prior to ITC experiments. The reference cell was
filled with deionized water. The microgel dispersions were
filled into the sample cell of the calorimeter (vcell =
1.3098 cm3) and titrated with 0.01 mol dm−3 HClO4 or
HCl, also adjusted to a constant ionic strength of either
0.01 mol dm−3 or 0.1 mol dm−3. All solutions were identi-
cal to those used for the potentiometric experiments. The
acid was added in portions of 10�l from a computer con-
trolled syringe acting as a stirrer by rotating at 400 rpm, to
ensure thorough mixing of reaction components. Titration
experiments consisted of 25–30 injections (the duration of
each injection was 25 s) with an appropriate time delay
(300–3600 s) between the injections, allowing the reaction
mixtures to equilibrate. The variable time delay reflects a
change in the reaction rate as the reaction proceeds which
in turn requires a longer period of time for the equilibrium
to be achieved. Raw data were obtained as a plot of heat
flow (�W) against time (h). The heat associated with each
injection was calculated by integration of the peaks in the
heat flow curve using the instrument software (ORIGIN®)
provided by the instrument manufacturer. The calibration
of the instrument was checked by dilution of an aqueous
propan-1-ol solution (10 wt.%) into water[32].

Experiments were performed at the two different ionic
strengths for each set of microgel dispersion studied, ex-
cept for microgels with 45 and 55% 4-VP content at
0.1 mol dm−3 ionic strength. These dispersions started to
coagulate after ca. 2 h and were not stable in the calorimeter
during the measurement time. Blank experiments were per-
formed under identical experimental conditions by titrating
the acids into the corresponding pure electrolyte solutions of
the same ionic strength. The blank effects were subtracted
in order to correct for dilution, mixing and injection effects.

2.4. Potentiometric titrations

Potentiometric titrations were performed at 25◦C using
a digital pH-meter (model 7065, Scientific Instruments
Limited, UK) and a pH-electrode (model 1058 Scientific
Laboratory Supplies, UK). The pH-electrode was calibrated
against standard buffer solutions of pH= 3, 7 and 10
(Aldrich Hydrion Buffers) before each titration. Freshly dis-
tilled water was used for preparing all solutions. Microgel
dispersions of 0.05% (w/w) for pH titrations were prepared
by dilution of stock dispersions and adding appropriate
amounts of NaClO4 to adjust the ionic strength to 0.01
and 0.1 mol dm−3, respectively. Dispersions of 13.1 cm−3

were titrated with 0.01 mol dm−3 HClO4 in steps of 50�l
to a final pH<3 in order to achieve full protonation of the
available pyridine sites. The pH values were recorded after
an equilibration period of at least 2 m. The 0.01 mol dm−3
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HClO4 titrant was standardized by using a 0.01 mol dm−3

NaOH solution. The perchlorate anion was used as a counter
ion to control ionic strength because of its low ability to
form complexes or ion pairs.

3. Results and discussion

Prior to presentation of the results and discussion the fol-
lowing points should be noted. It is important to appreciate,
as stated above, that the physico-chemical characteriza-
tion of the poly(NIPAM-co-4-VP) microgels investigated
have been presented elsewhere[31]. Secondly, the exact
4-VP/NIPAM ratio within each co-polymer, relative to
the composition of the feed monomers is not certain. A
semi-quantitative spectrophotometric analysis of the differ-
ent co-polymer microgels does, however, reveal a corre-
lation between the concentration of 4-VP in the monomer
feed and the level of 4-VP in the resulting colloidal par-
ticles [31]. More comprehensive studies of the detailed
composition and structure of the co-polymer microgels are
complex and non-trivial. Detailed studies of the structure,
morphology and degree of cross-linking of the co-polymer
microgels are currently the subject of long-term investiga-
tions in our laboratories. Finally, it is to be emphasized that
all the calorimetric and potentiometric results were repro-
ducible (a minimum of three replicates were carried out
for each sample measured) and repeatable using multiple

Fig. 1. Experimental (symbols) and calculated (lines) potentiometric and calorimetric pH titration curves at (a)I = 0.01 mol dm−3 and (b)I = 0.1 mol dm−3

adjusted with NaClO4. (�) 15%, (�) 25%, (�) 35%, (�) 45% and (�) 55% 4-VP.

synthesis of different batches of the various co-polymer
microgels.

Experimental results of calorimetric and potentiometric
pH titrations at two different ionic strength values and with
perchlorate as the counter ion for the co-polymer microgels
are summarized inFig. 1.

The observed enthalpies of interaction per mole of acid
injected are exothermic and decrease with the extent of reac-
tion. However, the shapes of the calorimetric titration curves
are far from being simple—expressing the complex nature
of the underlying process. As the percentage of 4-VP in the
polymer matrix increases, the number of protonatable sites
also increases and, hence, the consumption of acid (Fig. 1).
There is also an effect of ionic strength. The potentiometric
results show an increase in the concentration of available
protonatable sites and a reduction in acidity (increase of pKa)
with increasing ionic strength due to charge screening and
conformational changes induced by higher electrolyte con-
centration. In the calorimetric results decreased exothermic
effects at the beginning of the titration and slightly larger
enthalpies towards the end of the titration are observed as
a function of ionic strength. The potentiometric titration
curves can be described by means of a thermodynamic-based
model using a minimum of two simultaneous protonation
equilibria (two pKa values orn = 2 in Eq. (1); see alsoFig.
1). This can be understood by taking into account the poly-
electrolyte effect in a polymer containing one type of pro-
tonable group (4-VP). The potentiometric model is based on
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the charge balance equation for the dispersion[33,34]:

CH+ − COH− +
n∑
1

(
C0

HBi
+

10pKai−pKW

10pKai−pKW + 10pH−pKW

)

−Cacid = 0 (1)

where

CH+ (mol dm−3) = 10−pH

γH+
and

COH− (mol dm−3) = 10pH−pKW

γOH−

In Eq. (1)γH+ andγOH− denote the activity coefficients of
hydrogen and hydroxide ions,KW the dissociation constant
of water, Kai the acid constant of theith site, the total
concentration of protonable sites,i, in mol dm−3 and the
concentration (mol dm−3) of acid titrated into the colloidal
dispersion.

By fitting Eq. (1) to the potentiometric data with n= 2
the characteristic pKa values and the total concentrations of
the available protonable sites can be estimated (see Table 2
in [31]). In addition,Eq. (1)also provides the means to cal-
culate the apparent concentration of all species in the dis-
persion enabling the extension of this approach towards the
approximation of calorimetric titration curves[35]. Taking
into account only acid–base equilibria, the exothermic heat
(Q) during titration of the microgel with an acid arises from
neutralization of the hydroxyl ions:

OH− + H+ �−→H2O, QN = �NH �n(OH−) (2)

and from the dissociation of the basic sites Bi (4-VP):

Bi+H2O
�−→HBi

+ +OH−, QDi = �DHi �n(HBi
+) (3)

In Eqs. (2) and (3)�NH denotes the molar enthalpy of neu-
tralization (�NH = −55.8 kJ mol−1 at 298 K[36]), �DHi

the molar enthalpy of dissociation of sitei (adjustable pa-
rameter) and�n the number of moles of acid reacted which
can be calculated from the concentrations of the species and
the volume of the dispersion. The total heat (QT) is the sum
of all contributions:

QT = QN + QDi (4)

The enthalpy of protonation of sitei, �PHi, is obtained from
Eqs. (2) and (3):

�PHi = �NH + �DHi (5)

The results of applying this approach, considering the pa-
rameters from the fit of the potentiometric data (pKai and
concentrations), are shown inFig. 1 as solid lines and sum-
marized inTable 1. For clarity only two typical calculated
curves are shown in each figure.

In contrast to the potentiometric titration curves a theoret-
ical description of the calorimetric titration data, based on

Table 1
Calculated enthalpies of protonation for poly(NIPAM)-co-4-VP microgels
at different ionic strengths (25◦C)

�PH1 (kJ mol−1) �PH2 (kJ mol−1)

I = 0.01 mol dm−3

4-VP −25.4 –
15% Poly(NIPAM)-co-4-VP −36.0 −52.8
25% Poly(NIPAM)-co-4-VP −40.2 −51.9
35% Poly(NIPAM)-co-4-VP −38.1 −45.2
45% Poly(NIPAM)-co-4-VP −39.8 −43.0
55% Poly(NIPAM)-co-4-VP −41.9 −43.9

I = 0.1 mol dm−3

4-VP −25.4 –
15% Poly(NIPAM)-co-4-VP −28.0 −24.1
25% Poly(NIPAM)-co-4-VP −27.9 −27.4
35% Poly(NIPAM)-co-4-VP −34.2 −33.0

protonation reactions, proved difficult. In all cases only the
first part of the calorimetric titration curve, corresponding
to a pH of ca. 4, could be approximated satisfactorily. Be-
low this pH, the experimental data show a large deviation
indicating additional exothermic contributions that may be
attributed to the swelling of the gel particles accompanied
by conformational changes and increasing solvent interac-
tions (hydration). This result is fully compatible with PCS
investigations[31] showing a sharp increase in the hydro-
dynamic diameter of the co-polymer microgels over the pH
interval from 4 to 3. The measured and calculated interaction
enthalpies of the microgels are also different to the protona-
tion enthalpy of pure 4-VP that has been determined to be
−25.4 kJ mol−1 and independent of ionic strength. Hence,
the interaction enthalpies of the microgels are sensitive to
the 4-VP content and to the ionic strength suggesting a high
degree of cooperativity in the collapsed state of the gels. In
contrast to the microgels, the calorimetric titration curves
for 4-VP could be described by the protonation model.

A detailed inspection of the raw calorimetric titration data
reveals an interesting kinetic effect, as shown inFig. 2. At an
ionic strength of 0.1 mol dm−3, adjusted with NaClO4, the
calorimetric signals are characterized by a slow enthalpic
event following a larger and faster event. The signal needs
about 50 min to completely return to the baseline. At a lower
ionic strength, of 0.01 mol dm−3, a similar behavior could
only be observed during the initial injections with microgels
containing more than 25% 4-VP. The slow heat effect dis-
appears when a pH of ca. 4 is reached and the swelling of the
microgel (VPT) starts. Therefore, the slow process appears
to be related to the size of the microgel particles. It is known
that increasing the percentage of 4-VP in the co-polymer
microgel, pH values above 4 or increasing ionic strength all
cause a decrease in the hydrodynamic diameter of the par-
ticles resulting in a shrunken, compact microgel structure
[31]. Protonation reactions in such a compact, macromolec-
ular structure should be accompanied by time-dependent
processes such as conformational changes. It is worth men-
tioning that a similar effect could not be detected in the



J. Seidel et al. / Thermochimica Acta 414 (2004) 47–52 51

Fig. 2. ITC data for poly(NIPAM)-co-4-VP (35% 4-VP) titrated with perchloric acid at (a)I = 0.01 mol dm−3 and (b)I = 0.1 mol dm−3 adjusted with
NaClO4; zoomed parts show representative peak shapes, (i) peak 3, (ii) peak 10, (iii) peak 10, in a 40-min (a) and 50-min (b) window, respectively.

potentiometric experiments. A more detailed analysis of the
appropriate calorimetric data showed that the slow heat ef-
fect can be described in all cases by a first-order kinetic equa-
tion with a characteristic rate constant of 1/(300± 20) s−1.

Pinkrah et al.[31] also pointed out that there is a signifi-
cant effect of the counter ion on the hydrodynamic diameter
of poly(NIPAM)-co-4-VP microgels, especially at lower pH
values. The perchlorate anion showed a more pronounced
effect than the chloride ion at the same ionic strength result-
ing in smaller gel particle sizes. Characteristic ITC results
are summarized inFig. 3.

The calorimetric results also indicate a significant effect
of the counter anion. In contrast to the size measurements,
the counter-ion effect is present over the pH range covered
by the titration. The impact of the chloride anion appears
to be much smaller than that of the perchlorate anion indi-
cated by the fact that calorimetric results at 0.1 mol dm−3

ionic strength, adjusted with NaCl, are comparable with the
results at an ionic strength of 0.01 mol dm−3 maintained
with NaClO4. In addition, no slow reaction event could
be observed in the calorimetric signals when chloride ions
were present even at high ionic strength or percentage 4-VP

Fig. 3. Counter-ion effects on calorimetric titration results of
poly(NIPAM)-co-4-VP 35%. (�) I = 0.1 mol dm−3 NaCl, (�)
I = 0.01 mol dm−3 NaClO4, (�) I = 0.1 mol dm−3 NaClO4.

content. These calorimetric results generally confirm the
trend already found by hydrodynamic diameter measure-
ments[31]. However, the strong effect of the perchlorate ion
is still not clearly understood.
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