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Summary: The precipitation temperature (Tj,) value of aqueous poly(dimethytamino-
ethoxyacryloyl-propylsulphonate) (PDMAPS) solutions decreases with the rise of
electric field intensity both in the absence and in the presence of a low molecular salt.
This electrostimulated Ty shift is explained qualitatively by means of the model
taking into account both the dominating intermacromolecular dipole-dipole interaction
and the dipole cluster formation.
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Introduction

The existence of both positive and negative electric charges in some or all the monomer units
is a characteristic feature of polyzwitterions (PZ). The specific conformational transitions of
PZ macromolecules and their aqueous solution properties (such as antipolyelectrolyte effect
[1-3], electroviscosity [4, 5], phase separation [6-8]) are related to the strong dipole-dipole
interactions [6-9]. The results obtained [4, 5] stimulated the investigation of the effect of the
electric field on the reversible and thermally stimulated “sol-gel” transition in PZ aqueous
solutions. The first results of this study are reported here. They are discussed in the light of
the recently proposed qualitative model accounting the influence of the vector characteristic
of the dipole moment on the dipole-dipole interaction, as a result of which the specific

clusters from the antiparallel oriented dipoles (named “zip”-clusters) are formed.

Experimental
Poly(dimethylamino-ethoxyacryloyl-propylsulphonate) (PDMAPS, molecular weight
Vn =7.6x 10" g/mol, molecular weight distribution Vw / ﬁ” = 1.3) was obtained according to

a method reported in [2]. The optical transmittance (7r) in electric field
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+CH . of the aqueous PDMAPS solutions was determined
- ﬁ_
(|:_ o n by means of a Specol apparatus (Carl Zeiss-Jena)

= CH;

646 CHZ%?T&fCHz%S(% in a glass thermostatic cell with effective sample
|

CH3; thickness of 0.5 cm. The optical path through the

(PDMAPS) medium was 1.8 cm. Tantalum electrodes were

placed on the two opposite walls of the cell, thus allowing the control of the changes in the
electric field acting on the PZ solution. The distance between the electrodes was 1.1 cm. In
order to provide a homogeneous electric field in the sample, the electrodes were longer than
the cell by 0.3 cm at both sides. The electric field applied was perpendicular to the optical
path. The precipitation temperature (T,) of the PDMAPS aqueous solutions used was
determined from the maximum of the derivative d(7r)/d T = 0, where T is the temperature.

The temperature dependence of the shear elasticity of the PDMAPS solutions was monitored
with a piezoelectric thickness-shear mode (TSM) resonator. The corresponding measuring
technique has been fully described earlier [10-12]. In short, the electrical admittance of a
piezoelectric quartz crystal was monitored with a network analyzer (R3753BH, Advantest,
Tokyo, Japan). Due to the piezoelectric effect the quartz transfers mechanical impedances into

electrical ones.

Results and discussion

Electric and temperature effect on the “sol-gel” transition in PDMAPS aqueous solutions

The temperature dependencies of the optical transmittance of PDMAPS aqueous solutions at
different PZ concentrations are shown in Figure 1. In the same temperature interval (24-45°C)
the sharp transmittance increase is accompanied by a distinct increase of the storage shear
modulus as indicated by the TSM resonator (Figure 2). Figure 2 shows only relative values in
arbitrary units as no calibration of the TSM resonator was performed. The curves in Figure |
are used as an origin to account the electric field effect on the “sol-gel” transition in the
solutions. The obtained T, values are given in Table 1. As expected, they increase with the
rise in PZ concentration. The shift to the right of the curves depicted in Figure 1 and the
solution transmittance decrease with the rise in PDMAPS concentration are corollaries of the
increased intermacromolecular interaction. According to the above mentioned model {6, 8, 9],
the dipole-dipole interaction between monomer units is predominant, resulting in a dipole-

dipole cluster formation according to the “zip”-mechanism (“zip”-clusters) [9].
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Figure 1. Temperature dependencies of the
optical transmittance of PDMAPS aqueous
solutions at different PZ concentrations: (e)
0.1,(A)0.2,(A) 0.3, (x) 0.4,and (©) 0.5 wr. %
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Figure 2. Temperature dependence of the

storage shear modulus of 1.0 wt%
PDMAPS aqueous solution.

At higher temperatures, the number, length and structural perfection of these clusters

decrease. The intermacromolecular “zip”-clusters form a PZ physical network and its

destruction with the rise in temperature is the reason for the observed “sol-gel” transition,

characterized by the T, value (Figure 1).

Table 1. Dependence of Ty, and transmittance reached at 50 °C of PDMAPS aqueous

solutions on the PZ concentration.

PZ concentration (wt. %) Tpr CC) Transmittance at 50 °C (%)
0.1 33.8 76.6
0.2 38.2 73.2
0.3 40.8 48.8
0.4 42.0 32.8
0.5 43.8 24.8

With the rise in PZ concentration, the number of junction points in the physical network also

increases. This increase of the network density is a reason for both the T, increase and the

decrease of the transmittance reached at 50 °C of PDMAPS aqueous solutions at higher PZ

concentrations (Table 1).
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In the presence of electric field, the above mentioned dependencies are shifted to the left
(Figure 3 compared to Figure 1). This response to the electric field is in an opposite direction
to the increasing PZ concentration effect (Figure 1). The curves depicted in Figure 3 suggest
that the higher the E value, the more significant is the displacement against the references
obtained at £ = 0. This is a general trend, observed also with the other investigated PDMAPS
concentrations (0.1, 0.2, 0.3, and 0.4 wt. %). In Table 2, the T, values determined from these
dependencies are included. They are decreasing with the rise in E, suggesting that the applied
electric field, similarly to the increasing temperature, destroys the junction points (“zip”-
clusters) of the physical network formed at lower temperatures. This is a consequence of
dipole orientation along the field, which is impossible if the “zip”-clusters with random

orientation are not destroyed.

30 4
X
g 257 Figure 3. Temperature de-
s 20 pendencies of the optical
'g 15 4 transmittance of 05 wr %
a PDMAPS aqueous solutions at
R 10+ various intensities of the electric
5 - field: (#) 0.0, (o) 1.0, (x) 2.0, (+)
0 M, 2.4, (o) 3.0, and (A) 4.0 kV/em.

30 32 34 36 38 40 42 44 46 48 50 52
Temperature, °C

Table 2. T, values of PDMAPS aqueous solutions as dependent of the electric field
intensity (E) at different PDMAPS concentrations.

PDMAPS (wt. %) Tpr (°C)
0.0 1.0 2.0 24 3.0 4.0
kViem) | (kViem) | (kV/em) | (kViem) | (kKV/em) | (kV/em)

0.1 338 324 318 304 302 295
0.2 382 376 372 36.6 363 3538
0.3 40.8 389 386 384 383 38.0
0.4 42.0 40.0 39.8 39.6 392 389
05 4338 4238 42.1 418 416 414

Comparison of the dependencies depicted in Figures 1 and 3 suggests that the concentration
effect on the “sol — gel” transition is stronger than that of £ in the investigated PDMAPS
concentration (0.1 — 0.5 wt. %) and E ranges (0 — 4 kV/cm). This is clearly seen from the data
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included in Table 2; the variation along the rows is smaller in absolute value than that in the
columns.

It is seen that the curves in Figures 4 and 5 are shifted to the left at higher NaCl
concentrations, i.e., the “sol — gel” transition is realized at lower temperatures. Comparison of

the dependencies in Figure 4 with those in Figure 1 suggests that the ionic strength influence

Figure 4. Temperature dependencies of
optical transmittance of the 0.1 wr. %
PDMAPS aqueous solution in the
absence of electric field at different
NaCl concentrations: (¢) 0.000, (A)
0.010, (o) 0.050, (A) 0.075, and (x)
0.100 wt %

Transmiftance, %

0 b - — e

10 14 18 22 26 30 34 38 42 46 50 54 58

Temperature, °C

is in a direction opposite to that of the PZ concentration, both effects being however similar in
absolute value. The temperature dependencies registered in the presence of electric field (£ =
1.0, 2.0, 2.4, 3.0, and 4.0 kV/cm) are similar to those of Figure 4. Figure 5 shows the
temperature dependencies obtained at the highest value of £ = 4 kV/cm. They all confirm the

conclusions drawn from the comparison of Figures 1 and 4.

Figure 5. Temperature dependencies of
the optical transmittance of the 0.1 wt. %
PDMAPS aqueous solution in the
presence of electric field (E = 4 kV/cm) at
various NaCl concentrations: (¢) 0.000,
(A) 0.010, (o) 0.050, (A) 0.075, and (x)
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Comparison of the results presented in Figures 4 and 5 with those of Figure 3 also leads to
interesting conclusions. It is clear that the effect of ionic strength and £ are unidirectional, but
ionic strength plays a far more significant role, at least at the studied variation ranges. This

conclusion is confirmed also by the observation that the change in £ does not affect the
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maximal value of the PDMAPS aqueous solution transmittance (Figure 3) whereas changes in

PDMAPS concentration influence considerably this transmittance (Figure 1).

Combined effect of temperature, electric field, and low molecular salt on the “sol — gel”

transition in PDMAPS aqueous solutions

The characteristic antipolyelectrolyte effect [1-3] of PZ aqueous solutions is related to the
influence of low molecular salts on the dipole-dipole interactions between the monomer units
in the PZ macromolecule. For this reason, the analysis of the influence of ionic strength on the
electric and thermal effect discussed in the previous section is important.

Figure 6 shows the curves for 0.1 wr.% NaCl and 0.1 wr. % PDMAPS at different E values. It
is clearly seen, that with the rise in £ values, the temperature dependencies are shifted to the
left, i.e., the “sol-gel” transition takes place at a lower temperature. A similar weak

displacement of the curvesis established also at the other NaCl concentrations. Table 3

Figure 6. Temperature dependencies of
the optical transmittance of the 0.1 wr. %
PDMAPS aqueous solution in the
presence of 0.10 wr. % NaCl and electric
field with intensity: (#) 0.0, (©) 2.4, and
(X) 4.0 kV/em

Transmittance, %

10 14 18 22 26 30 34 38 42 46 50

Temperature, ’c

includes T values determined from the curves of Figures 4 — 6 for the 0.1 wr. % PDMAPS
aqueous solution. The changes in these numerical characteristics of the investigated “sol —
gel” transition are in full agreement with the conclusions drawn from the graphical
dependencies: unidirectional effects of ionic strength and £ on the transitions, that of ionic
strength being more significant.

The observed salt effect on the “sol-gel” transition should be considered as a new
demonstration of the antipolyelectrolyte effect. Actually, the shielding action of the low
molecular ions on the dipole-dipole interaction results in the destruction of

intermacromolecular “zip”-clusters to a different extent and the transition is realized at lower

© 2004 WILEY-VCH Verlag GmbH & KGaA, Weinheim



399
temperatures; the curves in Figures 4 and 5 are shifted to the left, and the T, values in all

columns of Table 3 decrease.

Table 3. T, values of the 0.1 wr. % PDMAPS aqueous solution as dependent on £ and
NaCl concentration.

NaCl Tpe (°C)
concentration,
(wt. %) 0.0 1.0 2.0 2.4 3.0 4.0
(kV/em) (kV/em) (kV/em) (kV/cm) (kV/em) (kV/cm)

0.000 33.8 324 31.8 30.4 30.2 29.5
0.010 29.5 29.7 29.8 29.6 29.5 29.5
0.050 27.5 25.2 24.8 23.8 24.6 24.4
0.075 20.8 204 19.8 19.1 18.8 18.6
0.100 19.8 20.2 19.4 18.9 18.0 16.4

The application of an external electric field in the presence of a low molecular salt has a
bilateral effect on the “sol-gel” transition in PDMAPS aqueous solutions. On the one hand,
the above mentioned orientational effect of the field should cause additional destruction of
intermacromolecular “zip”-clusters and displacement of the temperature dependencies to the
left (decrease in Ty,), as shown in Figure 6 and Table 3. On the other hand, the higher mobility
of low molecular ions compared to that of PZ monomer units results in a decrease of their
concentration in the PZ globules, their shielding effect decreases; hence the curve
displacement is to the right. The influence of this mobility difference on the electroviscous
properties of PZ aqueous solutions has been discussed in more details in previous our works
[4, 5]. The observed opposition of the consequences of dipole orientation and different
mobilities of low molecular ions and macromolecular zwitterions, hence their compensation,
is one of the likely explanations of the weak influence of E on the “sol-gel” transition.
However, the fact that in the presence of NaCl (when there are no reasons for curve
displacement to the right) the influence of £ is again quite weak (first row in Table 3) shows
that this explanation is at least fragmentary. One should assume that the effect of the dipole-
dipole orientation on the dipole-dipole “zip”-cluster destruction is weak, at least within the
limits of the E variations studied.

Unlike the dependencies shown in Figure 1, those in Figures 4 — 6 do not reveal substantial

changes in the reached value of the optical transmittance. This means that neither the ionic
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strength (Figures 4 and 5) nor E (Figure 6) affect this value as the PZ concentration does. The
observed weak (by no more than 10 %) decrease in optical transmiitance at higher
temperatures, ionic strengths (Figures 4 and 5), and E values (Figures 6), i.e., when the
dipole—dipole clusters (including the intermacromolecular ones) should be destroyed to a
great extent, deserves attention. The explanation of this interesting result resides in the
transformation of intramacromolecular dipole-dipole contacts into intermacromolecular ones
under the conditions indicated. During the process of destruction of dipole—dipole “zip”-
clusters, the size and shape of the PZ macromolecules change; the size increases because
some intramacromolecular clusters are also destroyed. This means that the probability of
intermacromolecular dipole-dipole contacts (not necessarily clusters) is increased. This is
actually an increase in junction points and network density under these extremely conditions

for “zip”-cluster formation.

Conclusions

It is established that the electric field intensity is a factor influencing the “sol-gel” transition
of aqueous PDMAPS solutions in the absence (Figure 3) and in the presence (Figure 6) of low
molecular salt. The electric field effect is lower than those of ionic strength (Figures 4 and 5)
and PZ concentration (Figure 1), at least within the limits of variation ranges of these
quantities used in the present study. It is essential that the effects of £ and ionic strength are in
the same direction and are opposite to that of PZ concentration. The proposed explanation of
this observation is based on the recently developed qualitative model of the structural
organization and transformations of PZ macromolecules [6, 8, 9]. According to this model,
the higher the PZ concentration, the higher the intermacromolecular “zip”-cluster
concentration and the T, value. The clusters act as junction points in the physical network
formed [9]. With the ionic strength increase, the shielding effect of low molecular ions
facilitates the destruction of these intermacromolecular dipole-dipole clusters. The density of
the physical network decreases leading to a decrease in the T, value of the PDMAPS aqueous
solution.. Nevertheless, the results of the present work add a new, easily realized and
controlled factor to the classical approaches of affecting the “sol-gel” transition of PZ aqueous

solutions (e.g., ionic strength, PZ concentration), namely the electric field intensity.
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