Available online at www.sciencedirect.com
sc.suce@n.“cv thermochimica
acta

ELSEVIER Thermochimica Acta 402 (2003) 209-218

www.elsevier.com/locate/tca

Thermodynamics of hydrogen bonding in polycomplexes of
poly(4-vinylpyridine) with maleic acigilt-ethylene copolymer

Viviana Villar2, Lourdes Irustd, Maria José Fernandez-BerrfdiJuan José Iruify
Marian Iriarte®*, Ligia Gargalld®®, Deodato Radi®'!

a Departamento de Qmica Fisica, Facultad de Qunica, Pontificia Universidad Catélica de Chile, P.O. Box 306, Santiago 22, Chile
b Departamento de Ciencia y Tecnolagle Poimeros, Facultad de Qmica, Universidad del Fa Vasco,
P.O. Box 1072, 20080 San Sebastian, Spain

Received 23 May 2002; received in revised form 2 December 2002; accepted 9 December 2002

Abstract

Hydrogen bonding formation in a polymer complex between poly(4-vinylpyridine) (P4VPy) and maleialteithylene
(MA-alt-E) copolymer has been studied. Fourier transform infrared spectroscopic (FT-IR) studies have evidenced that the
carboxylic groups of MAalt-E interact with the pyridine ring of P4VPy. The existence of hydrogen bonding interactions in
these systems is shown by the appearance of new bands at 1640 and 15@®dra broadening of the =C— band of the
pyridinic ring. The thermodynamic analysis of the hydrogen bonding was performed through the estimation of the enthalpy of
mixing in the polycomplex formation processHy was determined by means of an association model developed by Painter
and co-workers and by flow calorimetric direct measurements. These results showed a high negative value for the enthalpy
of mixing, which is consistent with the blend miscibility given thsiHy, is the main contribution to the change of the free
energy of mixing AGy.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction in polymer blends is to introduce specific interac-
tions between polymers. When these interactions
Interpolymer complex formation is a matter of cur- are stronger than polymer—solvent interactions, the
rent interest from basic and technological point of two polymers form precipitates (interpolymer com-
view and has been the subject of many recent papersplexes). Polycomplexes can be formed by intermolec-
[1-11]. These systems have attracted much attentionular secondary binding forces, such as Coulombic
due to the formation of compatible polymer blends interactions, electron transfer, ion—ion, and hydro-
[12-14]. The general method of enhancing miscibility gen bonding[13-19]. It is known that basic poly-
mers such as poly(vinylpyridine)s are miscible with
proton-donating polymers through hydrogen bonding
fox: +34.943212236. |nteract|0n.s. Poly(4jvmylpyr|d|nle) (If’4\'/Py), gweakly
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poly(methacrylic acid) (PMAAJ12], poly(monoalkyl containing one of the polymers, are mixed, it is not

itaconates)9] and with the strongly self-associated possible to measure directifH associated to the

random copolymer ethylene-co-methacrylic acid complexation. A possible alternative is the use of the

(E-co-MAA) [12]. In a previous work it was reported  Hess law. The main disadvantage of this method is the

the formation of interpolymer complex between limited precision of the measurements, but this prob-

P4VvPy and maleic acid-alt-ethylene (MA-alt-E) lem can be solved using an adequate flow calorimeter

copolymer, characterized by viscometry, infrared such as that used in this work.

spectroscopy and thermogravimetric analy4]js The

driving force for polycomplex formation in this sys-

tem seems to be the specific acid-base interaction2. Experimental

between “free” carboxylic groups of the copolymer

and the pyridine nitrogen of P4VPy. However, the 2.1. Polymers

interactions involved in the interpolymer complex

formation have not been quantitatively characterized. ~ Linear P4VPy, with a weight average molecular

The determination of the thermodynamic properties Weight My, = 50000 from Polysciences Inc., USA,

of the complexation process should be a way to better was used. Maleic anhydridst-ethylene (MAH-alt-E)

understand this phenomenon. Most of the miscible copolymer, with weight average molecular weight

mixtures where strong interactions occur belong to Mw = 50000 was purchased from Aldrich Chemicals

a special class of polymer mixtures with intriguing Co., USA. MAH-alt-E was hydrolyzed in distilled wa-

phase behaviors and not well understdad]. This  ter by refluxing their aqueous dispersion during 48 h.

class is formed by miscible mixtures in which specific Then a pale yellow aqueous solution was obtained

interactions, mainly hydrogen bonding, are responsi- Which was lyophylized to obtain a white hygroscopic

ble for the intime miscibility level attained. Painter solid of MA-alt-E copolymer.

and co-worker$12,19]have developed an association

model using infrared spectroscopy for determining 2.2. Preparation of the mixtures

parameters that allow to describe the stoichiometry

of hydrogen bonding. It is well known that for high Mixtures of P4VPy and MA-alt-E were prepared by

molecular weight systems, such as polymer blends, dissolving both polymers in a water/methanol mixture

the entropic contributiomSy to the free energy of  1:1 at different equivalent fractions rwherer is

mixing is very low, so the enthalpic term (AH will defined as

be therefore dominant. Furthermore, the knowledge = [P4VPy]

of the enthalpy of mixingAHy in the complexation t= [MA-alt-E]

process should be a complementary and important

tool to describe, in a quantitative way, the thermo- 2.3. FT-IR measurements

dynamics of the process\Hy allows to know the

nature of the interactions and its role in the miscibility IR spectra were recorded in a Nicolet Magna 560

of polymer blends. spectrometer at a resolution of 2cth and a mini-
The aim of this work is the thermodynamic anal- mum of 64 scans were signal averaged. For measure-

ysis and characterization of the hydrogen bonding ments at high temperatures a SPECAC device was

in the interpolymer complex formation between used with a uncertainty a1 K, and the spectra were

P4VPy and MA-alt-E copolymer. Using the asso- obtained at every 10K from 298 to 363 K. The spectra

ciation model of Painter and co-workefd2,19] were obtained from solid blends obtained from cast-

the temperature-composition phase diagram and theing the solutions on KBr.

enthalpy of mixing AHy can be calculated. The

determination of the enthalpy of mixing by flow 2.4. Enthalpy of mixing

calorimetry is another way to get information about

the complexation process. Given that the complex- A SETARAM C80-D calorimeter was used to deter-

ation takes place when two solutions, each of them mine solution heats of pure polymers, solution heat of

@)
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the polycomplex and the heat involved in the mixing

of both polymer solutions. The special cells designed
to measure heats of mixing are named reversal mixing
vessels. The two chambers of this kind of vessels are
separated by a tilting lid. The samples are separately
introduced into the vessel outside of the calorimeter.
In order to obtain a complete separation of the cham-
bers, a mercury seal on the lid is used. After the intro-
duction of the vessels into the calorimeter, the thermal
equilibrium is to be achieved in order to have the two

separated components at the same temperature. The

calorimeter must be fitted with two vessels: one will
be the reference and the other one will contain the
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Scheme 1.

sample. In our measurements the reference vessel washe anti-symmetric vibration band of the carboxylate

set up “pre-mixed” in order to get a reference vessel
as identical as possible to the experimental one, ex-
cept, obviously, with regard to the reaction to be stud-
ied. After that, the apparatus is obliged to turn over

group appears in the region of 1600-1550¢min

this case, this band is not observed due to a possible
overlapping with the pyridine ring band. Furthermore,
a broadening of the band attributed to the stretching

several times and the signal is recorded until the baseof the pyridinic ring (1607 cm?) is also observed

line is recuperated. As little as 0.5 mW of heat flow
is detectable, and the calorimetric sensitivity is 50 mJ.
The reproducibility of the measurements wa$%.

3. Results and discussion

MA-alt-E copolymer is a strongly associated dicar-
boxylic poly(acid) and P4VPy is a poly(base) weakly
self-associated. Both polymers interact by intermolec-
ular hydrogen bonding giving rise to poly(complex)
formation [4]. Fig. la shows the FT-IR spec-
trum of MA-alt-E copolymer, where characteristic
self-association bands attributed to the intermolecular
dimer of the carboxylic groups are observed. Thus,
a very complex band at about 3000thy(stretching
OH) including “satellite” bands and the carbonyl band
(>C=0) at 1719 cm! are presenfig. 1b corresponds
to the FT-IR spectrum of pure P4VPy which shows the
most important bands at 1599 and 1416¢miThese
bands can be assigned to the stretching vibration of
the pyridinic ring.Fig. 1c shows the FT-IR spectrum
of the blend corresponding to the polycomplex for
an equivalent ratioc = 1. The most evident fea-
ture is the appearance of a new band at 1640'cm
which can be assigned to a ring-stretching vibration
of the pyridinium cation interacting with the acid
group (Scheme 1). When ionization occurs, the char-
acteristic carbonyl stretching absorption vanishes and

(see alsoFig. 3). This broadening reflects two con-
tributions, one corresponding to the “free” ring and
the other to the perturbed ring as a consequence of
the hydrogen bonding interaction of the pyridinic
nitrogen with the hydrogen of the polyacid.

In order to get confidence about the complexation
process, the thermodynamic analysis through the ap-
plication of the Association Mod€]19,25-27]was
performed. The authors of this model have developed
equations and methodology to predict phase diagrams,
miscibility windows and maps of polymer blend sys-
tems involving specific interactions. These interac-
tions are defined by equilibrium constants, describing
both self-association @ and interassociation
between the components of the blend.

The interassociation constant AXfor the blend
MA-alt-E/P4VPy can be determined by FT-IR mea-
surements through the analysis of one of the vibra-
tion bands of the pyridinic (€C) double bond. This
band shows three spectral contributions: one due to
the stretching vibration of the “free” pyridinic ring at
1597 cntl, the second one at 1607 cthand the last
one at about 1640 cnd, corresponding to pyridinium
cation. The first two contributions are overlapped and,
therefore, in order to know the relative contribution of
the “free” and “associated” pyridinic groups is nec-
essary to split the whole curve in two contributions.
Fig. 2 shows, as an example, the resolution of the to-
tal stretching vibration band of the pyridinic ring in
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Fig. 1. FT-IR of pure polymers and polycomplex: (a) pure MIW-E copolymer; (b) pure P4VPy; (c) polycomplex at molar ratie= 1.

two bands using the program Spectra[ER], which
includes a least square fitting procedure.

Fig. 3shows the FT-IR spectra at 343K for blends
of PAVPy/MA-alt-E at five blends ratioxz = 0.33,

0.5, 1.0, 2.0 and 3.0, respectively. As can be seen, theTable 1

contribution of the bands at about 1635 and 1607tm Evolution of the FT-IR band areas for sample with= 0.33 with

. . . temperature
increases as the blend gets richer in MA-alt-E, what P
means that there is a higher amount of associated pyri- Temperature (K)  Asess Aqe07 Ads98 Avotal
dine groups, both due to the hydrogen bonding with 313 4.21 0.77 0.66 564
the hydroxyl groups of MAalt-E and the formation 333 4.07 1.10 1.15 6.32
of ionic Species_ 343 3.38 1.19 1.33 5.90
; 353 3.31 1.18 1.45 5.94
Table 1summarizes the area values of these three 263 > o4 118 Lea 576

bands fort = 0.33 as a function of temperature. As
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Fig. 2. Resolution of the total stretching band of the pyridinic ring using the program Spectra Fit.

can be seen the area of the “free” band increases withof the interaction between the carboxyl group of the
temperature and the area corresponding to the ionic copolymer and the pyridinic nitrogen of P4VPy. Fur-
band decreases. This fact responds thsadepen- thermore, for a constant composition, the fraction of
dence with temperature. However, the total area re- “free” pyridine increases as the temperature increases.
mains constant with temperature, reflecting that the From the data ofable 2it is possible to calculate the
absorption coefficients of these vibrations are similar. interassociation constakt, taking into account that
According to this, we can calculate the fraction of the the stoichiometry of the system can be expressed by

“free” pyridine group at each temperature and equiv- K
alent fraction as P8 = Pe1 5 ( A¢0A> 3)
(1- Ks¢B1) r
f = A1s08 (2) Kad
A1s508+ A1633+ A1607 — [1 + ﬁ} 4
PA = oA 1— Kngon) 4)

Table 2summarizes the values of “free” pyridine frac-

tions obtained at different compositions and temper- Where ¢ and ¢g are the volume fractions of the
atures. It can be observed that the fraction of “free” carboxylic acid (B) and pyridine (A) speciegoa
pyridine at each temperature decreases as the compo@nd¢sz are the volume fractions of the “free” A and

sition of MA-alt-E increases. This result is indicative B groups, and is the molar volume ratio of A and
B. In order to applyEgs. (3) and (4}o calculate the

interassociation constant £ the self-association
constantKg of MA-alt-E copolymer must be known.
In this case, however, it was not possible to determine
the self-association constant due to the incapacity

Table 2
“Free” pyridine fraction for different and temperatures

Temperature (K) t = P4VPyMA-alt-E

3 25 2 1 0.33 to resolve the “free” and “associated” contributions
313 055 049 050 - 012 tothe carbonyl vibration bgnd. Therefore, this con-
323 060 061 049 046  — stant was estimated taken into account that the con-
333 064 066 051 048 0.8 stant for a couple of polymers can, in principle, be
343 066 066 055 050 023 ftransferred from other mixtures containing the same
353 - 077 055 051 024

interacting units. Using the self-association constant

363 - - 056 053 028 f E.co-MAA copolymer reported by Painter and
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Fig. 3. FT-IR spectra for blends of P4VPy/Malt-E copolymer at five blend ratios.

co-workers[12] which has similar interacting units  for MA-alt-E is 9 x 10* at 298 K. From the Arrhenius
as MA-alt-E copolymer, the constant is estimated by equation and the estimated value of the formation
the equation enthalpy for the dimer of E-co-MAA by hydrogen
. bonding as—28.96 kJmot?, it is possible to es-
Ke1V1 = Ke2V2 ®) timate Kg for MA-alt-E at different temperatures.
whereKg; andKpg: are the self-association constants Therefore, at one temperature and using the estimated
and V1 and V, are the molar volumes of polymers value of Kg, we select one starting value fé to
1 and 2 that have the same functional groups, re- calculate¢g; for the correspondingg values. The
spectively. Taking the molar volumes of MA-alt-E fraction of “free” carboxylic groups of the polyacid
and E-co-MAA as 38 and 86chmol!, respec- as a function of the volume fractions of the polyacid
tively, obtained using group contributiorj$9], Kg units can be determined by fitting simultaneously



Egs. (6) and (7):
fi=1- Kgés1

¢B

%8 = 1—- Kgop1

Fraction of "free" pyridine
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Fig. 4. Fraction of “free” pyridine vs. volume fraction of MAK-E copolymer.

shows an example of the fitting &fa. The values of
the association constants obtained for each tempera-

©6) ture are the followingska = 5064 at 313K, 1156 at
323K, 1091 at 333K, 790 at 343K, 625 at 353K and
@) 477 at 363 K.

From the Arrhenius equation that relatég with

Ka is sistematically varied and the value that gives the temperature it is possible to obtain the enthalpy of
best fit of the experimental data is selected. This fit- the complexation procesBig. 5shows the Arrhenius
ting is performed using the software developed by the plot from which the enthalpy of the hydrogen bonding

authors of the Association Model, At [19]. Fig. 4

formation is obtained (A § = —22 625 Jmot?), and
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6 ! ! |

2.75 2.80 2.85 2.90 2.95 3.00 3.05
e’ !

3.10

Fig. 5. Arrhenius plot for the variation dfa with temperature.
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Fig. 6. Variation of the free energy of mixingGyu vs. composition at 298, 313 and 353 K.

extrapolating the constahty data at 298 K, the value the enthalpy of mixing was estimated at a 50/50 com-

is 2557 in dimensionless units. position, resulting a negative value e28Jg .
Using polymer data such as molar volumes)(V In the other hand, the enthalpy of mixing was
molecular weight (M), solubility parameters (3, experimentally determined by flow calorimetry at

degree of polymerizatiorX;, and those related to 298 K. Comparison ofAHy obtained by the asso-
the interactions as self-association constang)(K ciation model and by flow calorimetry should be of
and interassociation constantKthe temperature- interest in order to gain confidence about the associ-
composition phase diagrams were calculated using ation model. For the determination afHy by flow
the software of the Association Model. calorimetry, we had to use the Hefgsl] cycle, that
Fig. 6 represents the variation of the free energy of can be well understood taking into acco&uheme 2.
mixture (AGy) as a function of the composition at According to that,AHy can be calculated by the
298, 313 and 353K, respectively. In all the calcula- following equation:
tions the same behavior is observed, A&y is neg- s
ative along the composition range, showing a unique 21m = w1 AHP + w2 AHP + AH3 — AHF  (9)
minimum at about 0.5 for MA-alt-E. This behavior is
characteristic of completely miscible systems over the
whole range of composition.
From the values oA Gy, at different temperatures,
Fig. 6, and the Gibbs—Helmholtz equation

being AH; the heats measured by flow calorimetry
and w1 and w> the weight fractions of the polymers
in the mixture.

Table 3compiles the values of the heats of solution
and the heat of mixing for the polymer solutions here
0(AGm/T) studied. The data shown ifable 3are those corre-

Ay = a(1/T) (8) sponding to a mixture with = 1 (molar ratio 1:1). It
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Polymer A + Solvent _ AH 1S Solution A
+ +
Polymer B + Solvent A > Solution B
AH AH 35
Al
AB mixture + Solvent —— % Solution A and B

Scheme 2.

was not possible to analyze the variation/dfly as a

function of the composition because the values of the

variation of the heats of mixing are very small and lie
inside the experimental error.

The enthalpy corresponding to the formation of the
polycomplex (—39.6Jgl) is a very high exother-
mic value. This high value is in agreement with the

strong interactions which are supposed to occur be-

tween the components to form the polycomplex and
more negative thamAH values measured in other
systems, i.e. poly(methyl acrylate/poly(vinyl acetate)
(-17.8Jg1) [28], poly(styrene)/poly(a-methyl
styrene) (—3.1JgY) [29], poly(methyl methacry-
late)/poly(ethylene oxide)(—1.4 J¢) [30]. It is clear
that the possibility of strong interactions are clearly
reduced in these systems.

Taking into account the drastic simplification we
have been obliged to introduce in the calculation
of AHp using the association model, we consider
that the value ofAHy obtained by flow calorime-
try (—39.60Jg?) is in very good agreement with

the value obtained using the association model

(—28Jg1). Furthermore, this agreement confirms

Table 3

Enthalpy of mixing for the polycomplex P4VPy/MAk-E copoly-

mer 1:1 molar at 298K and the components of the Hess cycle
allowing its determination

AH (g
w1 AHp —-9.93
wy AHp —-11.60
AH3 —21.74
AHgy 3.69
AHm —39.60
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that the high negative value obtained faHy in-

dicates that the polycomplex formation must be the
result of strong specific interactions between the
components of the blend.
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