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Multi-component complexes of varying composition have been prepared from poly acrylic acid, polyelectrolyte and non-ionic polymer in a
water-methanol mixture. The stability constant and related thermodynamic parameters of these complexes in a solvent mixture of water-
CH;OH were determined at several temperatures. The entropy (AS”) and enthalpy (AH”) changes of the systems with temperature have been
interpreted in terms of destabilization of the various interacting forces involved in complex formation. Some of the observations have been
attributed to the change in the degree of solvation of the component polymers, reduced hydrophobic interactions and dielectric constant of

the medium.
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1 Introduction

Intermacromolecular interactions have attracted considerable
attention in past decades because of the unique properties of
the products of these reactions-interpolymer complexes
(IPC). Many articles have been devoted to various aspects
of IPC including several reviews and monographs (1—22).
However, most of the information available on intermacro-
molecular complexes is qualitative in nature because of the
lack of a suitable theory to interpret the experimental obser-
vations (5, 23). Moreover, very little information is available
regarding the formation and stability of multi-component
intermacromolecular complexes. In our recent publications,
a stepwise destabilization of two and three-component inter-
polymer complexes in aqueous medium has been reported
(24—26). 1t is well known that the complex formation
between poly carboxylic acids and non-ionic proton accepting
polymers is characterized by several critical phenomena such
as minimal molecular weight, critical pH of complexation,
minimal content of active components etc. (27—31).
Keeping this in mind, some three component intermacro-
molecular complexes of various composition have been
prepared by interacting poly acrylic acid (PAA) with poly
ethylene imine (PEI) and poly vinyl pyrrolidone (PVP) in a
mixed solvent (i.e., water-methanol mixture). These systems
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are interesting in view of the fact that, the specific contri-
bution from different interaction forces (e.g. electrostatic,
hydrogen bonding and ion-dipole interactions) will depend
on the composition of the intermacromolecular complexes.
In aqueous medium, the stabilization of complexes is
mainly through hydrophobic interactions (1-5, 32, 33). In
organic solvents, one can expect considerable weakening of
hydrophobic interactions, and hence, stability constant and
thermodynamic parameters (e.g. change in entropy AS° and
enthalpy AH°) of the interpolymer complexes are most
likely to be affected in such media (2—6, 34). However, the
solvent effect is considered to be one of the most important
controlling factors during interpolymer complexation,
because some solvents can interact with polymer via
hydrogen bonds (2, 34—38). Thus complex formation can
be regarded as a three-component system involving a
proton donating polymer, a proton accepting polymer, and a
solvent. In less polar solvents like methanol, ethanol,
DMSO, the interaction due to poly carboxylic acid (e.g.
PAA) and solvent is considerable, thereby reducing its inter-
action with other polymer. Therefore, in a mixed solvent like
water-methanol mixture, the extent of ionization of poly car-
boxylic acid will depend on the composition of the medium.

Though considerable data are available in the literature
regarding the role of solvent on interpolymer complexation,
there seems to be no mention on stability and related thermo-
dynamic parameters of multi-component complexes of poly
acrylic acid, poly ethylene imine and poly vinyl pyrrolidone
in water-methanol mixture. The main aim of this investi-
gation was to find out the role of dielectric constant and
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reduced hydrophobic interactions on the stability and thermo-
dynamic parameters of interpolymer complexes.

2 Experimental

2.1 Poly(acrylic acid) (PAA)

Purified acrylic acid (distilled twice in vacuo, b. p. 63°C,
12 mmHg) was polymerized with benzoyl peroxide as an
initiator in a moist dioxane-methanol mixture (25, 26). The
polymerization time was 2.5 h in nitrogen at 50°C. The
reaction mixture was dissolved in methanol and reprecipi-
tated twice with ethyl acetate. The polymer was dried to
constant weight in vacuo at 110°C. The viscosity average
molecular weight of the polymer was calculated from intrin-
sic viscosity of polymer in 2 M NaOH aqueous solution at a
constant temperature of 25°C using the Mark-Houwink
equation [7n] = KM (33—39). The constant K and « in the
above equation were equal to 42.2 x 10 > ml g~ ! and 0.64,
respectively. The viscosity average molecular weight
M, =4.0 x 10°.

2.2 Poly(ethylene imines) (PEI)

PEI was supplied by BDH Chemical Ltd (Poole, UK) in the
form of a 50% viscous aqueous solution, with number
average molecular weight M, = 1.5 x 10°.

2.3 Polyvinyl pyrrolidone) (PVP)

PVP was supplied by Fluka Switzerland in the form of a white
crystalline powder. The weight average molecular weight
(M,,) of the polymer was calculated from viscosity measure-
ments using the following equation:

[n] = 6.76 x 1072M°> (in aqueous medium at 25°C) (1)

where [7] is intrinsic viscosity and M,, = 2.4 x 10* (g/mol)
(26, 33).

2.4 Solvent

Double distilled water and analytical grade methanol
(CH30H) were used for the mixed solvent for all the
measurements.

2.5 Measurement of pH

The pH measurement of aqueous solution of the polymer or
complex was carried out in a water jacketed cell by ATI
ORION pH meter (model 525A), using a combination elec-
trode (ORION pH Triode 91—57) with auto calibration for
buffers 1.68, 4.01, 7.00, 10.01 and 12.46 within a range of
+0.001 pH units. Two points standard calibration was per-
formed at the beginning of each day measurements and also
with one standard every 2 h to compensate for possible
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electrode drift. In all experiments the temperature was
thermostatically controlled within +0.05°C by circulating
water through jacketed glass cell, and the sample solution
was continuously stirred using a magnetic stirrer. The pH
was measured at a polymer concentration of
1 x10 *mol-L™" in the absence and presence of
stoichiometric concentration of PEI and PVP. Complexes
did not precipitate at this concentration. In every system,
the amount of PAA was kept constant as the amount of PEI
and PVP was varied during each experiment. Five measure-
ments performed for each system at a particular temperature
and data which are obtained from pH measurements at
various temperatures are tabulated in Table 1.

3 Results and Discussion

The complexation of poly acrylic acid (PAA) with poly
ethylene imine (PEI) effectively involves the interactions
between carboxylic units of PAA with amino groups of PEI
through electrostatic interactions (1—5, 23—26). Whereas
complex formation of PAA with PVP is attributed to
hydrogen bonding and ion dipole interactions, as is shown
below.

PAA-PEI PAA-PVP

Keeping this in mind, in the present investigation, several
three component interpolymer complexes have been
prepared by mixing PAA with stoichiometric quantities of
PEI and PVP in a mixed solvent containing 10%
methanol + 90% water.

II) 1.0 unit mole PAA + 0.8 unit mole PEI
4+ 0.2 unit mole PVP

I1II) 1.0 unit mole PAA + 0.6 unit mole PEI
+ 0.4 unit mole PVP

IV) 1.0 unit mole PAA + 0.4 unit mole PEI
4+ 0.6 unit mole PVP

V) 1.0 unit mole PAA + 0.2 unit mole PEI
+ 0.8 unit mole PVP

The relative proportion of interacting forces, e. g. electro-
static, hydrogen bonding and ion-dipole interactions in each
of these three component complexes (e.g. II to V) will
depend on the actual composition of the complex (1-5,
13, 14, 26). One would expect it to be reflected on stability
constant (K) and related thermodynamic parameters (e.g.
AH° and AS®) of this complexes.
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Table 1. pH Data for PAA and PAA-PEI-PVP complex systems in water-methanol mixture at various temperature

pH
Composition of complex
System (unit mole) 20°C 30°C 40°C 45°C 50°C 55°C 60°C RSD
I 1.0 PAA 5.080 5.070 5.082 5.110 5.141 5.240 5.270 0.006
I 1.0 PAA + 0.8 PEI 4+ 0.2 PVP 5.430 5.467 5.641 5.744 5.744 5.955 6.014 0.007
I 1.0 PAA + 0.6 PEI 4 0.4 PVP 5.557 5.415 5.570 5.695 5.725 5.713 5.805 0.009
v 1.0 PAA + 0.4 PEI 4+ 0.6 PVP 5.160 5.200 5.182 5.300 5.242 5.300 5.398 0.007
\% 1.0 PAA + 0.2 PEI 4+ 0.8 PVP 5.185 5.158 5.160 5.174 5.220 5.272 5.342 0.009

We have determined the stability constant (K'), degree of
linkage (0), and other related thermodynamic parameters
(e.g. AH® and AS°) for the complexation systems (II—V) by
using Osada’s method (2, 25, 26, 40). The method involves
determination of degree of linkage (@), which is defined as
the ratio of binding groups to the total number of potentially
interacting groups. The stability constant (K ) is related to @by:

0=1—(H")/H ] 2)
0

Toa-e ©

Where Cj is the initial concentration of poly carboxylic acid
(mol - L™ ") and [H"] and [H"], are proton concentration in
the poly carboxylic acid solution in the presence and
absence of proton accepting polymer, respectively. The
values of @ for the complexes systems studied are given in
Table 2.

The corresponding plots of LnK vs. reciprocal of tempera-
ture are shown in Figure 1.

It can be seen from Table 2 and Figure 1 that the relative
stability of system II is much greater compared to the other
systems. This is in view of the fact that system II has a rela-
tively higher proportion of electrostatic interaction compared
to the other systems. At elevated temperature, K of the system
I increases due to reinforced hydrophobic interactions,
whereas coulomb forces are only slightly affected.
However, at 50°C, K decreases possibly due to the slow dis-
integration of the complex. It is shown that beyond 50°C, K
for all complex systems abruptly falls after the initial
increase with temperature, whereas the fall in plots of LnK
vs. 1/T for the same systems when we studied them in pure

aqueous medium, beyond 50°C was gradual. This behavior
is expected, because in the presence of methanol, hydrophobic
interactions are considerably reduced (2, 33). This in fact, is
reflected on the absolute value of K beyond this temperature.
In system III, IV and V the relative proportions of hydrogen
bonding and ion-dipole interactions are large due to the
presence of a higher proportion of PVP in these complexes.
Since temperature has a pronounced influence on hydrogen
bonding complexes K for these complexes has been found to
be relatively small. However, the effect of hydrophobic inter-
action is likely to stabilize the hydrogen bond containing
complex more than the polyelectrolyte complex (2, 32), and
will partly compensate for the temperature effect.

The thermodynamic Parameters (e.g. AH® and AS®) can be
calculated from the temperature dependence of stability
constant (K) of the complexes, by using the following
relationships (2, 24—26, 31, 40).

AG® = —RTLnK )
d(LnK)/d(1)T) = —AH"/R (5)
AS® = —(AG® — AH®)/T (6)

Where AG® is the change in standard free energy and (R) is
the molar gas constant.

The standard enthalpy and entropy change for complexa-
tion system (Il to V) have been calculated on the basis of
the above equations at several temperature and the corre-
sponding plots are depicted in Figures 2—3. The complexa-
tion systems showed two maxima for AH® and AS° for all
systems at 40°C and 55°C. It is evident from Figures 2 and 3
that the first maxima values (AH(max )1 and AS(yax 1) are in

Table 2. Degree of the linkage of complexes at various temperatures

Composition of complex

Degree of linkage (6)

System (unit mole) 20°C 30°C 40°C 45°C 50°C 55°C 60°C
1I 1.0 PAA + 0.8 PEI 4 0.2 PVP 0.799 0.840 0.923 0.946 0.937 0.962 0.967
I 1.0 PAA + 0.6 PEI1 4 0.4 PVP 0.889 0.796 0.893 0.932 0.932 0.905 0.915
v 1.0 PAA 4+ 0.4 PEI + 0.6 PVP 0.310 0.450 0.367 0.370 0.373 0.243 0.449
v 1.0 PAA + 0.2 PET 4 0.8 PVP 0.385 0.334 0.297 0.258 0.302 0.139 0.286
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Fig. 1. Relationship of Ln K vs. 1/ T for complexation system:
(D, (1), (AV), (V).

the following order:

m>mn>1v>v
However the second maxima values (AHgmax) and
AS(max.2) for system II-V follow a different trend:
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Fig. 2. Temperature dependence of standard enthalpy changes
AH® for complexation system: (II), (IIT), (IV), (V).
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Fig. 3. Temperature dependence of standard entropy changes AS®
for complexation system: (II), (II1), (IV), (V).

The maxima values of the four systems are tabulated in
Table 3.

In system III, larger amount of PVP as compared to system
IT result larger value of AHyax )1 up to 40°C. This is due to the
fact that hydrophobic interactions also reinforce hydrogen
bonding in addition to strong electrostatic interactions of
PEIL In system II, larger proportion of PEI as compared to
IV, make the complex system II more stable, since electro-
static interactions are not much effected by temperature.
However, around 40°C, all this interactions get destabilized
and an abrupt fall in AH® has been observed (cf. Figure 2).
The second maxima value AHgmax) at 55°C for all
complex systems may be attributed to the relative amount
of hydrogen bonding interactions, which get destabilized at
higher temperature and result an abrupt rise in AH® (cf.
Figure 2). This behavior is due to abrupt conformational
change, which is likely to contribute to overall change in
AH°. Since system V has more hydrogen bonding, the
height of the maxima is more in these system followed by
IV and III. In fact, the absolute value of AH(pax ), for all
systems are proportional to the amount of PVP units in the
complexes.

Therefore at a higher temperature, the contribution due to
conformational change towards AH® will be more because
the net enthalpy change (AHy) during interpolymer
complex formation consist of three basic steps e.g. desolva-
tion (AH;), complex formation by electrostatic, ion-dipole
or hydrogen bonding interaction (AH,) and conformational
changes involving complex formation (AH;). Therefore,
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Table 3. The maxima values of AH” and AS® observed for various systems

Maxima observed in AH° Maxima observed in AS°
(K cal - mol™") (cal - deg™" - mol™")
Composition of complexes
SyStem (Unit 1’1’1016) AI{(max.)l AI{(max.)Z AS(max)l AS(max.)2
(1D 1.0 PAA+ 0.8 PEI 4+ 0.2 PVP 28.412 7.754 114.573 47.703
(III) 1.0 PAA + 0.6 PEI + 0.4 PVP 37.836 10.268 143.286 54.199
av) 1.0 PAA + 0.4 PEI + 0.6 PVP 20.406 47.102 78.947 154.017
V) 1.0 PAA + 0.2 PEI + 0.8 PVP 18.444 53.753 74.566 175913
AH,, is the sum of these contributions (2—5, 26): 6. Garay, M.T., Rodriguez, M., Vilas, J.L. and Leon, L.M. (2004)
Journ. of Macrom. Sci., Part B-Physics, B43(2), 437.
AHy = AH; + AH, + AH; 7. Yi, J.Z. and Goh, S.H. (2002) Polymer, 43, 4515.
Since the contribution to each step will be different for the 8 Iéowman’ AM., Cowans, B.A. and Peppas, N.A. (2002) Journ. of
. . ontr. Release, 81, 25.
various systems? dlfferqnt values for AHM are understandable. 9. Biesheuvel, P.M. and Cohen Stuart, M.A. (2004) Langmuir, 20(7),
The two maxima which are observed in AS° vs. T plots (cf. 2785.
Figure 3) for all complexation systems (II-IV), also indicated 1, Chatterjee, S.K., Vasheghani, F.B., Rajabi, F.H. and Chatterjee, N.
a similar trend as in AH® vs. T plots (cf. compare Figure 2 (1992) Polymer, 33(13), 2868.
with Figure 3). 11. Bian, F. and Liu, M. (2003) Eur. Polym. Journ., 39(9), 1867.
This is understandable, because the overall change in 12. Kalagasidis, K.M., Dzunuzovic, E., Trifunovic, S. and Filipovic, J.
entropy AS° at different temperature is obviously related to: (2004) Eur. Polym. Journ., 40(4), 793.
(a) desolvation, (b) complex formation by electrostatic, 13. Chatterjee, S.K., Rajabi, F.H., Vasheghani, F.B. and Chatterjee, N.
hydrogen bonding, and (c) configurational change of the com- (1991) Polymer Bull., 27, 179.
plexes as a result of destabilization of interaction forces 14. Rajabi, F.H.and Vasheghani, F.B. (2003) /ranian Polymer Journal,
within reacting pairs at different temperature (2—6, 26). 12(2_)> 93.
Therefore, on the basis of arguments put forward earlier, 15. Robinson, D.N. and Peppas, N.A. (2002) Macromolecules, 35,
and due to presence of different proportions of various 3668. , ,
reacting unit pairs in the respective complexes, one can 16. Kochanowski, A., Witek, E. and Bortel, E. (2003) Journ. of
R . ’ Macrom. Sci., Part A-PAC, A40(5), 449.
Justlfy‘ the relative values of As(max')l and AS(maX')z for com- 17. Morishita, M., Lowman, A.M., Takayma, K., Nagai, T. and
plexation system I1-V. Peppas, N.A. (2002) Journ. of Contr. Rel., 81, 25.
18. Smitha, B., Sridhar, S. and Akhan, A. (2005) Eur. Polym. Journ.,
41(8), 1859.
4 Conclusions 19. Khutoryanskaya, O.V., Khutoryanskiy, V.V. and Pethrick, R.A.
(2005) Macr. Phys. Chem., 206, 1497.
In conclusion, it can be said that in the presence of methanol  20. Chery, L. and Yongli, Mi. (2002) Polym. Journ., 43(3), 823.
in the medium, the stability constant of the interpolymer 21. Garay, M.T., Alava, C. and Rodriguez, M. (2000) Polym., 41, 5799.
complex decreases due to negligible hydrophobic interactions ~ 22. Kwan, C., Myung, C., Chong-Su and Choi, H-K. (2002) Journ. of
as well as a higher degree of solvation of the component Contr. Rel., 81, 327.
polymer. In the presence of organic solvent in the medium, 23. Chhabra, M.S. and Sharma, S. (2005) e-polymer, No. 067.
the values of AH® and AS° during complexation are entirely 24. Chatterjee, S.K., Chhabra, M.S., Rajabi, F.H. and Vasheghani, F.B.
different from those observed in aqueous medium (41). This (1992) Polymer, 33(17), 3762. , ,
. . . . 25. Vasheghani, F.B., Rajabi, F.H., Ahmadi, M.H. and Nouhi, S. (2005)
could possibly be attributed to strong interactions between Polym, Bull, 55(6), 437
component polymers and solvent, dielectric constant of ¢ o ol b 17 Vasheghani, F.B. (2005) Polym. Bull., 55(6), 457,
medium, and higher degree of solvation. 27. Nurkeeva, Z.S., Mun, G.A., Dubolazov, A.V. and Khutoryanskiy, V.V.
(2005) Macr., Bio. Sci., 5, 424.
28. Khutoryanskiy, V.V., Mun, G.A.,, Nurkeeva, Z.S. and
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