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ABSTRACT: The unperturbed dimensions and thermodynamic parameters of poly(V-
vinyl-2-pyrrolidone) (PVP) were studied in aqueous solutions in the presence of certain
phenolic cosolutes (phenol, catechol, hydroquinone, resorcinol, and phloroglucinol). The
intrinsic viscosities at 25°C and the 6 temperature, linear and thermodynamic expan-
sions, and root mean square end to end distances were evaluated for the system that
was employed. The sequence was obtained due to the effectiveness of the cosolutes in
the order of phloroglucinol > resorcinol > hydroquinone > catechol > phenol. The
effects of these cosolutes on the main thermodynamic parameters were reported to be
due to the number and position of hydroxyl groups present. The thermodynamic
interaction parameter was also evaluated and the enthalpic and entropic contributions
were verified. The condition required for the 6 temperature to correspond to a Flory
interaction parameter of 0.5 was well provided, yielding a 6 temperature of almost
0.5 for the system under study. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84: 473-477,

2002; DOI 10.1002/app.10047
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INTRODUCTION

Poly(N-vinyl-2-pyrrolidone) (PVP), a water-solu-
ble synthetic polymer, has a number of interest-
ing properties and applications. It has frequently
been the object of different studies to understand
the interactions (hydrogen bonding, dipole—di-
pole, ion—dipole, etc.) among organic small mole-
cules, ionic species, and a polymer.

Because the polymer is soluble in a variety of
polar solvents, interaction of PVP with small sol-
vent molecules of different solvating power is pos-
sible. The change in the water—hydrogen bonded
structure around the polymer caused by the
added cosolute plays an important role in its be-
havior in solution.
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Our previous and ongoing studies are mainly
focused on the dynamic,? thermodynamic,®
and spectrophotometric® ! aspects of PVP in the
presence of certain organic and inorganic addi-
tives.

The unperturbed molecular dimension param-
eter is one of the most important physicochemical
parameters as a measure for short-range interac-
tions, and it can be determined by viscosity mea-
surements, 512715

The long-range interactions for polymer—sol-
vent and polymer—solvent—additive systems can
be followed by the interaction parameter (B),'?71°
hydrodynamic and thermodynamic expansion fac-
tors,*®12715 and determination of the cloud point
and phase separation temperature studies.®%"®

The aim of the present work is to investigate
the effect of certain phenolic cosolutes, depending
on their nature, on viscometric behavior and to
determine the related unperturbed dimensions
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and thermodynamic magnitudes of PVP and wa-
ter combined with certain phenolic ternary sys-
tems.

EXPERIMENTAL

The polymer sample used in this study was com-
mercial BDH PVP with a nominal molecular
weight of 44,000 g/mol. The weight-average mo-
lecular weight (M, = 78,000 g/mol) and the num-
ber-average molecular weight (M, = 46,000
g/mol) of the polymer sample were previously de-
termined by light scattering and membrane os-
mometer measurements. The specifications of
both instruments and the determined character-
istics (second virial coefficient, root mean square
radius of gyration) were reported in previous
studies.'3?

The phenolic cosolutes used in this study were
phenol, catechol (o-hydroxyphenol), resorcinol (m-
hydroxyphenol), hydroquinone (p-hydroxyphe-
nol), and phloroglucinol (1,3,5-trihydroxyben-
zene). Phenol was obtained from Hopkin—-Wil-
liams. Catechol and resorcinol were obtained
from Fisher, hydroquinone was obtained from
BDH, and phloroglucinol was obtained from
Merck. They were reagent grade and were puri-
fied by recrystallization if necessary.

The viscosity measurements were carried out by
using an Ubbelohde capillary viscometer at 25°C
and previously determined 6 temperatures.” The
temperatures were controlled within +0.02°C,
and the flow times were measured with an accuracy
of =£0.01 s. Deionized and double distilled water
was used for the preparation of solutions.

The densities of all solutions were determined
by using a picnometer at room temperature. The
reproducibility of the density measurements for
all phenolic cosolutes was excellent.

RESULTS AND DISCUSSION

In the first part of this study we presented the
phase separation behavior (lower critical solution
temperature or LCST), determination of the cloud
point temperatures, and 6 temperatures for a
PVP—-water—phenolic cosolute ternary system. It
was revealed that the cloud point, phase separa-
tion behavior of aqueous PVP solutions changed
systematically with increasing concentrations of
additive.” The relationship between the polymer
and the nature of the cosolute was also pointed

out for the system under study. The effectiveness
of phenolic cosolutes in the decrease of the 6 tem-
perature was in the order of phloroglucinol > res-
orcinol > hydroquinone > catechol > phenol.
Subsequently, hydrogen bond dynamism among
the components of the PVP-water—phenolic co-
solute system was interpreted thermodynamically:

[l = KoM (1)

where K, is the unperturbed dimension parame-
ter, a form of the Kuhn-Mark—-Houwink—
Sakurada (KMHS) equation,

[n] = KM* (2)

for the ideal state, where K and ¢ are KMHS
constants; [n] and [7], are the intrinsic viscosities
determined at 25°C and the 6 temperatures,’ re-
spectively, which were evaluated as average val-
ues of the intercepts of the plots of specific viscos-
ity (ng,)/c versus the polymer concentrations.
Straight lines were obtained where the results of
the specific viscosity on the polymer concentra-
tion were plotted according to the Huggins equa-
tion.

The intrinsic viscosity is a characteristic func-
tion for the polymer coil in solution. It depends on
the molar mass, structure, and conformation of
the polymer molecules and on the power of the
solvent and temperature. The dimensions of [7]
are a measure of the effective hydrodynamic vol-
ume of the polymer in solution and also represent
the interactions between the polymer and co-
solute systems.

The association of polymer—solvent molecules
by hydrogen bonding is possibly disrupted by us-
ing certain organic substances, which are called
denaturing agents.'®~® The requirement of high
concentrations of these substances is generally
interpreted to be due to either weak binding of the
denaturant molecule to the polymer or changes in
the local water structure surrounding the poly-
mer.

The phenolic cosolutes used in this work con-
tain hydrogen acceptor and donor hydroxyl sub-
stitutents that may interact with adjoining water
molecules and the carbonyl group of the polymer
through hydrogen bonding. The effect of phenolic
structures on the hydrodynamic volume of the
polymer coil can easily be followed by intrinsic
viscosity results. Addition of these phenolic sub-
stances led to a decrease in the viscosities of aque-
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Table I Intrinsic Viscosity Values

Phenolic Cosolutes [M]osec (dL/g)  [mle (dL/g)
0.0030M Phloroglucinol 0.122 0.108
0.0025M Phloroglucinol 0.129 0.110
0.009M Resorcinol 0.145 0.123
0.007M Resorcinol 0.155 0.126
0.010M Hydroquinone 0.166 0.138
0.008M Hydroquinone 0.175 0.142
0.02M Catechol 0.192 0.153
0.01M Catechol 0.201 0.156
0.02M Phenol 0.209 0.159
0.01M Phenol 0.228 0.166

See text for variables.

ous PVP solutions at 25°C. The three most impor-
tant effects of these additives on the decrease of
the intrinsic viscosity of PVP solutions are the
following:

1. Phenol has the smallest effect on the de-
crease of the intrinsic viscosity of PVP solu-
tions. This value drops to 0.228 dL/g in
0.01M phenol and 0.209 dL/g in 0.02M phe-
nol solutions (Table I) while for the aqueous
PVP solution the value is 0.231 dL/g.

2. Phloroglucinol has the greatest effect on the
decrease of the intrinsic viscosity of polymer
solutions (Table I). The original intrinsic
viscosity value drops to 0.129 and 0.122 dL/g
in more dilute cosolute concentrations of
0.0025 and 0.0030M, respectively.

3. The decreasing order of effectiveness of the
phenolic cosolutes in reducing the intrinsic
viscosity is phloroglucinol > resorcinol
> hydroquinone > catechol > phenol.

The observed decrease in the intrinsic viscosi-
ties, as well as the decrease in the intrinsic vis-
cosities measured at the 6 temperatures (Table I),
can be considered as the disruption of the hydro-
gen bonding of PVP in aqueous solution, associa-
tion among polymer segments, and the interac-
tions formed between polymer segments and the
phenolic cosolute molecules.

In the theory of Flory and Fox'® and Kurata et
al.2%2! the intrinsic viscosity is related to the un-
perturbed dimension parameter and the molecu-
lar weight of the polymer (M) by

[n]e = KeM" 3)

and
[nle = PUr?)y/M)**M"? 4)

where ® is the Flory constant (2.5 X 10%!) and
(r¥? represents the unperturbed root mean
square end to end distance of the coil.

According to the concept of the 60 state, the
unperturbed dimensions should be independent
of the temperature, solvent, and molecular weight
of the polymer. However, as seen from Table II,
the K, values vary over a small range and are not
constant for all 6 conditions. The values for the
phenolic cosolutes vary from (5.04 to 7.74) X 10~ *
dL/g and certain irregularities were observed for
different PVP-water—additive systems. It is obvi-
ous that the different dimensions of the polymer
molecules in different 6 solvents may be largely
due to the interactions of the solvents, particu-
larly the ionic and functionally substituted or-
ganic substances, with the polymer molecules.

Van Krevelen and Hoftyzer calculated the the-
oretical value of K, as 7.5 X 10~ * dL/g.?* Meza
and Garallo determined K, = 5.8 X 10~ * dL/g for
PVP in 0.55M Na,SO, (6 = 303 K) and in a
H,O/acetone mixture (33.2:66.8, v/v, 6) the K,
= 7.4 X 10 * dL/g, the same as that found in
2-propanol?® and (5.25-5.43) X 10 * for PVP-
water—inorganic salt systems.* The ionic species
(mostly the anions) may interact with the lactam
ring of the polymer or may induce the charge
distribution of the ring (mostly expected for poly-
mer—water—inorganic salt systems), depending on
the nature of the salt. Similarly, the functional
substances may also interact with the carbonyl
group of the ring, depending on the number of

Table II Values for PVP/Water/Phenolic
Cosolute Systems

Phenolic Cosolutes Kg X 10* @ a,
0.0030M Phloroglucinol 5.04 1.05 1.04
0.0025M Phloroglucinol 5.13 1.07 1.05
0.009M Resorcinol 5.75 1.07 1.06
0.007M Resorcinol 5.87 1.09 1.07
0.010M Hydroquinone 6.43 1.08 1.06
0.008M Hydroquinone 6.62 1.09 1.07
0.02M Catechol 7.13 1.10 1.08
0.01M Catechol 7.27 1.11 1.09
0.02M Phenol 7.41 1.12 1.10
0.01M Phenol 7.74 1.14 1.11

See text for variables.
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Table III Values for System Under Study

8 X
Phenolic Cosolutes Cuy 10° (cm) Xz Xs %

0.0030M Phloroglucinol 0.396 1.256 —-0.002 0.501 0.499
0.0025M Phloroglucinol 0.389 1.265 —0.002 0.501 0.499
0.009M Resorcinol 0.348 1.311 —0.002 0.501 0.499
0.007M Resorcinol 0.340 1.323 —-0.003 0.501 0.498
0.010M Hydroquinone 0.310 1.363 —0.003 0.501 0.498
0.008M Hydroquinone 0.301 1.378 —0.003 0.501 0.498
0.02M Catechol 0.279 1.411 —0.004 0.502 0.498
0.01M Catechol 0.274 1.421 —-0.004 0.501 0.497
0.02M Phenol 0.269 1.428 —0.005 0.502 0.497
0.01M Phenol 0.255 1.449 —0.006 0.502 0.496

See text for variables.

substituents and the nature of phenolic cosolutes
(0-, m-, and p- positions), and hence affect the
experimental value of K.

The hydrodynamic expansion factor may be ex-
pressed in the following form:

ab = [nl/[nle (5)

and the relation between the thermodynamic ex-
pansion factor (o) and «,, is given by Kurata and
Yamakawa?®*:

(6)

Both expansion factors are also given in Table II.

As is known, «, depends on the factor (1/2
— xs)(1 — 0/T) , which also measures the intensity
of the thermodynamic interaction for the poly-
mer—solvent pairs under study. Depending on the
nature of the cosolute and its concentration, there
is a slight variation in the «, and « values in the
PVP—-water—phenolic cosolute system. According
to eq. (5), @, = 1 only when [n], = [n], and the
calculated expansion factors are in a decreasing
trend from phenol to phloroglucinol for the em-
ployed system (Table II).

Similarly, the effectiveness sequence of phe-
nolic cosolutes on the decrease in (rz)(l)/ 2 is almost
the same as found above (phloroglucinol > resor-
cinol > hydroquinone > catechol > phenol). Be-
cause the addition of phenolic cosolute influences
the hydrogen bonded structure of water and the
hydration sheath of PVP in aqueous solutions, the
interaction of cosolutes with the different con-

formers of the polymer chain is expected to be

altered; consequently, internal rotations around
the main chain change.

The thermodynamic linear expansion factor is
related to the Flory interaction parameter (y) and
the excess entropy of the dilution parameter (xg)
through the Flory—Fox'® equations

o’ — a®=2C,(1/2 — x)M"? (7
and
o’ — a®=2C(1/2 — x5)(1 — O/T)M"* (8)
The coefficient C,; is given by
C, - 27viM?3? ©)
2NV (2m(r?)o)¥?

where v, is the partial specific volume of the poly-
mer, N is Avogadro’s number, and V; is the molar
volume of the solvent (water—cosolute) and can be
calculated easily by using the densities of water—
cosolute solutions.*

The interaction parameter is the sum of y;; and
Xs; excess entropy of dilution and calculated val-
ues for aqueous phenolic cosolute solutions of
PVP are shown in Table III. The negative g
values are indicative of the negative excess en-
thalpies of dilution, and positive xg values are
indicative of the negative excess entropies of di-
lution for PVP in aqueous phenolic cosolute solu-
tions. Association and hydration of the polymer
with water molecules is not preferred entropi-
cally; however, the enthalpic factors mainly indi-
cate the solubility of the polymer in polar sol-
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vents. The molecular association and hydration
between polymer segments and polar solvent mol-
ecules (in this study, water) is disrupted in the
presence of cosolute or with an increment of tem-
perature for LCST systems. It is shown that PVP
exhibits a LCST??® and there are strong interac-
tions between polymer segments and polar sol-
vent molecules through hydrogen bonding; there-
fore, xz must be negative. In order to reveal the
relative contributions of the enthalpy and the en-
tropy to the change of the thermodynamic inter-
action parameter, certain studies were reported
in the literature*?® for PVP—water—inorganic salt
systems. Garvey and Robb?” reported the value of
Xz @s —0.036. In the current study the xz values
are smaller than this value in the presence of
phenolic cosolutes (i.e., the original structure of
water is most probably destroyed in the aqueous
phenolic solution system). However, according to
calculated xg values, the excess entropy term
seems to be the indicative force of y in the system
under study (Table III).

The relation between yg, xs and the interac-
tion parameter y is defined by

X — 12 =xy— (1/2 = xy) (10)

It is well known that the interaction parameter
must be equal to 0.5 at the 6 temperatures. This
stipulation is found to hold with values of y;; and
Xxs that are equal to y — 0.5 < 0.001 for the
PVP—-water—phenolic cosolute system.

CONCLUSION

In the PVP-water system various thermody-
namic magnitudes are determined in the pres-
ence of phenolic cosolutes. The number and posi-
tion of hydroxyl groups (the interaction mecha-
nisms are discussed in detail”) present in the
related cosolutes strongly affects these magni-
tudes. The effects of phenolic cosolutes on the
phase separation and 6 temperature of polymer
solutions are investigated previously,’ and one
may recall that a sequence is obtained that is due
to the number and position of hydroxyl groups
present. Surely, one of the most important meth-
ods to verify the hydrogen bond dynamism in the
PVP-water—cosolute triple system is to follow the
changes occurring in the thermodynamic magni-
tudes.

The same order is observed for the sequence
obtained regarding the 6 temperature,” the in-
trinsic viscosity values obtained at both 25°C and
the 6 temperature, the unperturbed dimension
parameter, the hydro- and thermodynamic ex-
pansion factors, and the end to end distance in the
unperturbed state (phloroglucinol > resorcinol
> hydroquinone > catechol > phenol).

In view of all these aspects, the formation and
competition of hydrogen bonding among the compo-
nents exhibit thermodynamically important proofs
of hydrogen bond formation for the polymer—water—
phenolic cosolute system under study.
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