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ABSTRACT: Cloud-point curves and theta temperatures have been determined for aque-
ous solutions of poly(N-vinyl-2-pyrrolidone) at several concentrations for a variety of
aromatic additives (benzoic acid, o- and p-hydroxy benzoic acid, aniline, o- and p-
hydroxy aniline). The theta temperature of polymer is suppressed at lower tempera-
tures depending on the chemical structure and the concentration of additives. The
effectiveness, in decreasing order, of the cosolutes in reducing the temperature is:
p-hydroxy benzoic acid > o-hydroxy benzoic acid > p-hydroxy aniline > o-hydroxy
aniline ~ benzoic acid > aniline. It is understood that changes in theta temperatures
caused by the cosolute result from the changes taking place in the hydrophilic and
hydrophobic interactions among polymer, solvent and polymer—solvent interactions
from the added cosolute. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 507-510, 2000
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INTRODUCTION

Theta temperature (6), the ideal temperature, is
one of the main physicochemical parameters for
chosen polymer—solvent system and can be deter-
mined by second virial coefficient (at theta tem-
perature, A, = 0). Extrapolation method was first
presented by Stockmayer et al. in the early 1960s,
and subsequently many related equations were
developed by other research groups.! These meth-
ods, permit, in addition to short-range interac-
tions, the determination of long-range interac-
tions by viscometric measurement. According to
Flory,? the theta temperature of a polymer solu-
tion can be determined by the long-range interac-
tion parameter—temperature relationship. Theta
temperatures of dextran—water® and dextran—
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DMSO* systems have been determined by using
various equations and B-T behavior in recent
studies.

More rapid methods use turbidity and cloud-
point temperature measurements. The turbidi-
metric technique of Cornet and Ballegooijen,’
later developed by Talamani and Vidotto® and
Napper,” is not dependent on the molecular
weight of the polymer and was subsequently ap-
plied to a variety of systems, mostly polymer—
solvent systems that exhibit upper critical solu-
tion temperature (UCST). This method, also em-
ployed for the determination of the theta
temperature, assumes that the interaction pa-
rameter, x;, and the logarithm of the polymer
volume fraction, log ¢,, have a linear dependence.
This behavior is verified by the straight line
graph of T}, against log ¢,, with 1/6 at log ¢, = 0
the intercept of this line.

Poly(N-vinyl-2-pyrrolidone), hereafter denoted
as PVP, is one of the most important synthetic
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water-soluble polymers employed in biological
systems and in medicine. The existing similari-
ties between the chemical structure of PVP and
proteins have led to the proposal of PVP as a
synthetic polymeric model for proteins. PVP ex-
hibits a series of interactions toward small dis-
solved molecules, which have been studied by many
researchers using different cosolute systems.®~!°

EXPERIMENTAL

The polymer sample used in this study was com-
mercial PVP with a nominal molecular weight of
44,000 g mol ! obtained from BDH. Weight-aver-
age and number-average molecular weights of
polymers were determined using the Brice-Phoe-
nix Light Scattering Photometer (2000 Series)
and the Knauer Membrane Osmometer and were
found to be M,,= 78,000 g mol ' and M,, = 46,000
g mol ! respectively. Specifications of these in-
struments, calculated characteristics,'® and den-
sity measurements'” were reported previously.

The additives, aniline, o-hydroxy and p-hy-
droxy aniline, benzoic acid, and o-hydroxy and
p-hydroxy benzoic acid were obtained from BDH
and Merck. They were of reagent grade and were
purified by recrystallization if necessary. Poly-
mer—cosolute aqueous solutions did not show any
cloudiness and/or phase separations over the
studied temperature range (25-90°C) and atmo-
spheric pressure (670.0 = 0.5 mmHg). As men-
tioned previously,'”!® in order to ascertain the
effects of organic additives at lower concentra-
tions below their solubilities, (NH,),SO, was
added to polymer—organic additive aqueous solu-
tions to lower the cloud point to a temperature
range in which measurements could be made eas-
ily. All chemicals were dried in a vacuum at 40°C
and stored in a desiccator over P,05. Deionized
and double-distilled water was used for the prep-
aration of each solutions.

Cloud-point temperature measurements of the
polymer—organic additive aqueous solutions were
carried out in Pyrex tubes containing ammonium
sulfate under atmospheric pressure. The solu-
tions were immersed in a well-controlled, stirred,
and heated bath (+0.2°C min '), and they were
also stirred by a Teflon magnetic stirring bar
while being heated. The first appearance of cloud-
iness for each PVP-additive aqueous solution
system was determined twice, and the average
temperature of each system was taken as the
cloud-point temperature. Reproducibility of the

cloud-point temperature measurements for all
polymer—additive aqueous solutions was excel-
lent, within 0.1°C.

RESULTS AND DISCUSSION

PVP aqueous solutions exhibit a lower critical
solution temperature (LCST) because they cloud
on heating.'® The effects of various additives (de-
naturing agents, certain organic compounds, and
inorganic salts) on the cloud-point temperature of
aqueous solutions of PVP were studied by several
research groups.!”182°-22 The ability of an aro-
matic cosolute to lower the cloud-point tempera-
ture of a PVP aqueous solution differs depending
on its functional groups and the types and/or
numbers and positions of its substituents.

The cloud-point temperature of PVP in aniline,
o- and p-hydroxy aniline, benzoic acid, and o- and
p-hydroxy benzoic acid depended on the concen-
tration of the additive. The presence of organic
additives (5.0 107%-3.0X 102 mol !) led to a
decrease in the cloud-point temperatures of aque-
ous PVP solutions. This observation is typical of
water-soluble polymer—polar solvent systems.
The hydrogen bond formation and/or molecular
association between polymer and polar solvent
molecules is disturbed in the presence of additives
or with increments of temperature for LCST sys-
tems. The effect of benzoic acid concentration and
polymer concentration (as log ¢,) on the cloud-
point temperatures for PVP in aqueous solutions
can be seen in Figure 1. Cloud-point data of PVP—
additive aqueous solutions, shown in Figure 2 for
the same example, have been used to determine
theta temperatures, which also exhibit the effect
of a particular concentration of cosolute. The pro-
cedure depends on the reciprocal of cloud-point
temperature being linearly related to the loga-
rithm of PVP volume fraction. Calculated theta
temperatures of PVP are given in Table I as de-
termined by linear regression analysis (correla-
tion coefficients are 0.996 = 0.003).

The observed effects of aromatic cosolutes on
the change of theta temperatures of PVP aqueous
solutions were that (1) the theta temperature de-
creases with increasing additive concentration,
(2) aniline has the smallest effect on the decrease
of the theta temperature of a polymer, while p-
hydroxy benzoic acid has the greatest effect on
the decrease of the theta temperature of PVP in
aqueous solutions, and (3) the effectiveness of the
studied aromatic cosolutes on cloud-point decre-
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Figure 1 Dependence of cloud-point temperature,
T,,. on polymer volume fraction, ¢,, for the molar con-
centration of benzoic acid containing 0.5M of ammo-

nium sulfate.

ment and theta temperature is in the order of:
p-hydroxy benzoic acid > o-hydroxy benzoic acid
> p-hydroxy aniline > o-hydroxy aniline ~ ben-
zoic acid > aniline.

PVP is capable of forming hydrogen bonds with
aqueous and nonaqueous solvents,?® and addi-
tives may affect the already-existing hydrogen
bonds between polymer and solvent molecules.”?*
It is well known that the clouding phenomenon
mainly depends on the nature of the additive.
Cloud-point curves and the evaluation of theta

30x10° M
25x10° M
20x10" M
1.5x10° M
Lox107 M
5.0x10" M

- 0.00286

- 0.00285

|l m & b 4 & +

(ODdo/ 1

-1 0.00284

- 0.00283

- 0,00282

. . . , T . . 0,00281
26 24 22 20 48 46

Logarithm of volume fraction

Figure 2 Reciprocal of cloud-point temperature,

UT,,, against log ¢, for molar concentration of benzoic

acid containing 0.5M of ammonium sulfate.

Table I Theta Temperatures (K) at Various
Aromatic Additive Concentrations (C) for
Poly(N-vinyl-2-pyrrolidone) Aqueous Solutions

o-Hydroxy p-Hydroxy

Benzoic Benzoic Benzoic

C(M) x 103 Acid Acid Acid

3.0 343.9 339.7 338.3

2.5 344.4 340.7 340.3

2.0 344.9 342.7 342.4

1.5 345.3 344.5 343.1

1.0 345.8 344.3 344.1

0.5 346.8 345.5 345.0
o-Hydroxy p-Hydroxy

C(M) x 10° Aniline Aniline Aniline

3.0 347.2 343.1 341.6

2.5 348.4 344.5 343.4

2.0 349.2 345.5 344.6

1.5 349.8 346.0 345.6

1.0 350.3 346.7 346.0

0.5 350.8 346.4 346.2

temperatures previously were studied for aque-
ous solutions of PVP for a variety of inorganic
salts?! and denaturing agents.!” These studies
revealed that the addition of inorganic salts af-
fects the suppression of cloud-point and theta
temperatures, while in the case of denaturing
agents, the increasing effect of denaturants re-
sulted in salting out the polymer. This observa-
tion was explained by the formation of strong
hydrogen bonding between polymer and denatur-
ing agents and the prevention of hydrophobic in-
teractions between polymer segments.

The additives used in this study contain vari-
ous hydrogen donor and acceptor groups that in-
teract with adjoining water molecules or with
polymer segments (carbonyl group of the ring)
through hydrogen bonding. Denaturing agents
(urea, thiourea, and guanidinium salts) are po-
tential hydrogen-bonding amino groups. When
the chemical structures of denaturing agents and
the cosolutes used in this study are compared, it
can be clearly noticed that the denaturants in-
clude a larger number of active hydrogen donor
and acceptor groups that interact with PVP seg-
ments.

In a PVP-aromatic cosolute aqueous system,
the effects of additive species in the polymer so-
lution and the suppression of the cloud-point and
theta temperatures of PVP can be interpreted as
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a combination of several effects: (1) the interac-
tion of the polymer with cosolute molecules,
which is not very effective for PVP-denaturing
agent systems, (2) the change in the structure of
water with an additive, and (3) the disruption of
the binding of the water molecules to the polymer
and/or the change in the hydration sheath of PVP
because of the added aromatic cosolute.

It has been reported that both organic acids
and phenols appreciably lower the viscosity of
PVP.!3 The results show no clear-cut behavior for
the acids, while the phenols exhibit a more notice-
able effect with an increasing number of hydroxyl
groups. The p- and m-dihydroxy benzenes are
much more effective than the o-dihydroxy ben-
zene. A similar correlation has been found for the
interaction of proteins with phenols, interpreted
as hydrogen bonding between one hydroxyl with
the oxygen of the adjacent hydroxyl competing
effectively with the intermolecular hydrogen
bonding between phenol and protein.?®

Benzoic acid lowers the theta temperature more
than phenol (Table I). Suppression of the theta tem-
perature is also related to the number of substitu-
ents. Disubstituted additives seem to be more dom-
inant than monosubstituted samples. The theta
temperatures of PVP at 3.0 X 102 mol L1 of
benzoic acid and aniline were found to be 343.9 and
347.2 K, respectively. However, in the system of
ortho-substituted benzoic acid and aniline, the val-
ues were reduced to 339.7 and 343.1 K, respectively.
The position of substituents is another important
point. Two substituent groups of salicylic acid at
ortho position might interact with each other to
form intramolecular hydrogen bonding, and this re-
strains the availability of these groups to interact
with the polymer molecules, as well as that in the
behavior of p- and o-hydroxy aniline.

CONCLUSION

In the present study we have attempted to ex-
plain the effects of certain aromatic additives on
cloud-point and theta temperatures of PVP in
aqueous solutions. The addition of certain aro-
matic cosolutes into aqueous solutions of PVP
changes the association and/or hydration behav-
ior and causes a disruption of water molecules
that surround the polymer. Consequently, the in-
creasing hydrophobicity of the polymer chain
should result in the lowering of the polymer phase
separation temperature. The effects of cosolutes
on the suppression of the theta temperature of

polymer in aqueous solutions reveal the struc-
tural function of the used aromatic cosolutes.
Disubstituted cosolutes in o position are not ef-
fective in decreasing the theta temperature because
of intramolecular hydrogen bonding, while those in
p position have significant effects in suppressing the
theta temperature of PVP in aqueous solutions.
The dynamics of hydrogen bonding is being
surveyed by the authors in areas where spectro-
scopic studies are still going on. In addition, the
position and number of hydroxyl groups of several
phenol derivatives are being investigated, using
techniques such as detailed cloud-point tempera-
ture?® and spectrophotometric measurements.
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