Volumetric Study of Aqueous Solutions of Poly(ethylene
glycol) from 283.15 to 313.15 K and at 0.1 MPa
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ABSTRACT: Density measurements of binary aqueous so-
lutions of poly(ethylene glycol), with a nominal average
molecular weight of 6000, were used to determine the spe-
cific volumes of the solutions with solute-to-solvent mass
ratios (mass of the solute/mass of the solvent) of 0.0483-
0.5493 and at seven different temperatures (283.15, 285.15,
293.15, 298.15, 303.15, 308.15, and 313.15 K). The difference
between the specific volume of a solution and the specific
volume of a pure solvent, at a given temperature, was ex-
panded by a virial-type equation, in terms of the solute
concentration. The first-order coefficient was the partial spe-

cific volume of a solute at infinite dilution. The higher order
coefficients corresponded to the contribution of pairs, trip-
lets, and higher order solute aggregates according to the
constant-pressure theory of solutions. The functional depen-
dence of the virial coefficients on the temperature was ex-
amined in terms of solute-solute and solute-solvent inter-
actions. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
2685-2689, 2004
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INTRODUCTION

Poly(ethylene glycol) (PEG) is a linear polymer that is
soluble in water and in a large number of organic
solvents, and it presents lower and upper critical so-
lution temperatures.'™* Because of its lubricity, good
stability, and low toxicity, it is used in lubricants,
electronics, cosmetics, and pharmaceuticals. Another
important use of PEG, mixed with other polymers or
salts, is as a biomolecular partitioning medium.” Be-
cause PEG is compatible with biopolymers, it can
replace them, providing insight into their behavior
and biological functions.® In addition, its ability to
inhibit protein adsorption makes PEG micelles, PEG
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gels, and other aggregates of PEG good candidates for
drug delivery.”

In contrast to normal polymer behavior, in which
the solubility increases with the temperature, the sol-
ubility of PEG decreases, and a phase transition occurs
above a critical temperature, which is dependent on
the molecular weight."™*

Some works on the volumetric properties of PEG
can be found in the literature. Kirin¢i¢ and Klofutar’
studied several PEGs, with different nominal mo-
lecular weights, at 298.15 K. Wurzburger et al.'’
studied the volumetric properties of aqueous solu-
tions of some small-chain polyols, between 273.65
and 298.15 K, and some alcohols and diols, at 298.15
K. Tawfik and Teja'' measured the density of aque-
ous solutions of monoethylene, diethylene, triethyl-
ene, tetraethylene, and pentaethylene glycol, be-
tween 398 and 423 K. Miiller and Rasmussen'? also
measured the density and calculated the excess vol-
ume of aqueous solutions of monoethylene, dieth-
ylene, triethylene, and tetraethylene glycol and PEG
with an average molecular weight of 400 at 298.15,
308.15, 318.15, and 328.15 K. They also measured the
density of aqueous solutions of PEG 2000 and 10000
at 328.15 K. Eliassi et al.'> measured the density of
aqueous solutions of PEG 400, PEG 4000, and PEG
6000 at six different temperatures. Zafarani-Moattar
and Salabat'* studied the volumetric properties of
aqueous electrolytic solutions of PEG 1000 and PEG
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6000 with several salts at 298.15, 308.15, and 318.15
K. Finally, Comelli et al."” measured the density and
other properties of binary mixtures of PEG 200 and
PEG 400 in dimethoxymethane or in 1,2-dime-
thoxyethane at 298.15 K.

However, systematic studies of the functional tem-
perature dependence of the parameters in the virial
expansion of volume for PEG in aqueous solutions
have not been reported in the literature so far. Thus,
the solute—solute and solute—solvent interactions have
not been studied in terms of this temperature depen-
dence.

In this work, we studied the volumetric properties
of aqueous solutions of PEG with a nominal average
molecular weight of 6000 (PEG 6000) at seven different
temperatures (283.15, 285.15, 293.15, 298.15, 303.15,
308.15, and 313.15 K) with solute-to-solvent mass ra-
tios (w) of 0.0483-0.5493.

The organization of the rest of this article is as
follows. In the next section, details of the experimental
procedure are given. The Theory section reviews the
basic theory related to the interpretation of the exper-
imental data. In the Results and Discussion section,
the results are presented and discussed. Finally, in the
last section, our conclusions are summarized.

EXPERIMENTAL
Materials

PEG 6000 was supplied from Isofar (Rio de Janeiro,
Brazil), was used without further purification, and
was stored in a vacuum desiccator over silica gel. The
solutions were prepared by mass with a digital bal-
ance (JK-180, Chyo YMC, Kyoto, Japan), with a preci-
sion of £0.01 mg, in airtight stopped bottles. Double-
distilled degassed water was used in the preparation
of all solutions. To avoid evaporation and solvent
contamination, we used the solutions immediately af-
ter preparation. The estimated error in the mass frac-
tion was less than 1 X 107%

Density measurements

The density measurements were carried out in an
Anton Paar DMA 4500 digital density meter (Graz,
Austria) with an uncertainty of 5 X 107> g/cm?. The
cell temperature of the density meter was controlled
within *£0.03 K. For all compositions, the density was
measured at least twice. Triple-distilled degassed wa-
ter and dry air were used as calibrating substances.

THEORY
With the so-called constant-pressure solution the-
ory,'®7'8 it is possible to express the volume of a

solution by a virial-type expansion in terms of w:
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— 50 e 2 3 4
U = Usolvent + UsoluteW + vw” + vsw” + ot + - - (1)

where v is the specific volume of a solution per unit of
mass of the solvent; v0, ., @ zero-order term, is the
volume of a pure solvent per unit of mass of a solvent
(Ugolvent = 1/ Psolventr where Psolvent is the denSity of a
pure solvent at the temperature and pressure of the
solution);'? %, a first-order term, is the partial spe-
cific volume of a solute at infinite dilution; and v,, v,,
and v,, the second-, third-, and fourth-order terms,
represent the contributions of a pair, triplet, and quar-
tet of solute molecules, respectively, to the specific
excess volume of a solution (vF).

For a solution with one mass unit of a solvent, it is

possible to write the following expression:*'°
1+w )
v =
p

where p is the density of the solution.
oF is defined as follows:"”

E _

0 e — 2 3 4
U =0V~ Ugglyent — Usolute = V0" + 03w0” + v,0° + - - -

(3)

It is also possible to rewrite eq. (1) as follows:

0 — =% 2 3 4
U — Usolvent — Usolute@W + D,w + (%Y + (Y toe (4)

Equation (4) has been used to fit the experimental data
to obtain the adjusted virial coefficients by means of a
SIMPLEX algorithm 2!

RESULTS AND DISCUSSION

The measured p data and calculated v values, at dif-
ferent temperatures, are presented as functions of w in
Table I. The values, at 298.15 K, are in good agreement
with those found in the literature.”'* The p values of
the solutions decrease with the temperature for all
concentrations.

For all the studied systems, the virial-type expan-
sion of v [eq. (1)] up to second-order terms is sufficient
to describe the experimental data adequately, as can
be seen in Figure 1.

Table II reports the adjusted values of v, and v,,
at different temperatures. They agree with those ob-
tained by Kiringi¢ and Klofutar” at 298.15 K.

At infinite dilution, it can be considered that only
the solute-solvent interactions are significant. From
adjusted U, values, we can infer the solute behav-
ior to be structure-making or structure-breaking of the
solvent structure.' It is possible to interpret To, in
terms of two contributions.'®** The first contribution
is due to the intrinsic volume of the nonhydrated
solute molecule, and the second one considers the
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TABLE 1
w, p, and v of Aqueous Solutions of PEG 6000 at 283.15, 288.15, 293.15, 298.15, 303.15, 308.15, and 313.15 K
w p(gcm™3) v (m® g™ w p(gcm™3) v (m® g™
283.15 K
0.0483 1.00794 1.040087 303.15 K
0.1009 1.01633 1.083218 0.0483 1.00319 1.045011
0.1494 1.02352 1.122963 0.1009 1.01084 1.089101
0.1976 1.03010 1.162645 0.1494 1.01736 1.129763
0.2500 1.03700 1.205420 0.1976 1.02330 1.170371
0.3018 1.04312 1.247993 0.2500 1.02952 1.214178
0.3412 1.04766 1.280165 0.3018 1.03500 1.257784
0.3981 1.05381 1.326674 0.3412 1.03905 1.290773
0.4525 1.05921 1.371288 0.3981 1.04455 1.338435
0.5031 1.06387 1.412865 0.4525 1.04936 1.384160
0.5493 1.06799 1.450710 0.5031 1.05353 1.426731
28815 K 0.5493 1.05718 1.465544
0.0483 1.00714 1.040913 308.15 K
0.1009 1.01532 1.084295 0.0483 1.00144 1.046838
0.1494 1.02231 1.124292 0.1009 1.00894 1.091152
0.1976 1.02872 1.164204 0.1494 1.01533 1.132022
0.2500 1.03542 1.207259 0.1976 1.02115 1.172835
0.3018 1.04135 1.250114 0.2500 1.02723 1.216885
0.3412 1.04576 1.282491 0.3018 1.03257 1.260744
0.3981 1.05173 1.329297 0.3412 1.03653 1.293911
0.4525 1.05696 1.374207 0.3981 1.04189 1.341852
0.5031 1.06150 1.416019 0.4525 1.04657 1.387850
0.5493 1.06548 1.454127 0.5031 1.05064 1.430656
29315 K 0.5493 1.05419 1.469700
0.0483 1.00606 1.042030 313.15 K
0.1009 1.01405 1.085653 0.0483 0.99949 1.048880
0.1494 1.02087 1.125878 0.1009 1.00679 1.093482
0.1976 1.02710 1.166041 0.1494 1.01312 1.134491
0.2500 1.03363 1.209350 0.1976 1.01882 1.175517
0.3018 1.03940 1.252460 0.2500 1.02477 1.219806
0.3412 1.04368 1.285047 0.3018 1.02999 1.269302
0.3981 1.04948 1.332147 0.3412 1.03387 1.297240
0.4525 1.05455 1.377348 0.3981 1.03911 1.345442
0.5031 1.05897 1.419402 0.4525 1.04368 1.391693
0.5493 1.06281 1.457780 0.5031 1.04764 1.434753
29815 K 0.5493 1.05108 1.474049
0.0483 1.00474 1.043399
0.1009 1.01252 1.087294
0.1494 1.01921 1.127712
0.1976 1.02530 1.168088
0.2500 1.03166 1.211659
0.3018 1.03727 1.255031
0.3412 1.04144 1.287811
0.3981 1.04708 1.335201
0.4525 1.05201 1.380673
0.5031 1.05631 1.422977
0.5493 1.06006 1.461562

increase in the volume of the bare solute molecule due
to the hydration process. This difference is explained
by a reordering of the water structure from the bulk to
cospheres of hydration, which takes into account the
capability of the solute to make or destroy the order-
ing of water. Figure 2 shows the 7 ;. Values versus
the temperature. The values of ¥, increase with
temperature. Thus, it is possible to conclude that the
hydration cospheres grow with temperature. This be-
havior agrees with the observations reported for
small-chain alcohols and glycol derivatives.”

In Figure 3, v, is presented against the tempera-
ture. It has been proposed that v, varies linearly
with the volume change (which increases with in-
creasing temperature) of the hydrated molecules
with the solute concentration.** ™ This is a result of
the overlapping of the hydration cospheres of a pair
or is due to the redistribution between a solute pair
when this overlap does not take place. In contrast to
the 73, values, the v, results can provide infor-
mation about solute-solute and solute-solvent in-
teractions.
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Figure 1 Concentration dependence of v — Uy en: (M)
experimental data and (—) calculated values.

To discuss our volumetric results for PEG 6000 in
water, we applied the solvation model,”'%*® which
correlates the v, parameter with the volume change of
the hydration solute cospheres. The results of v, are
not dependent on the nature of the sociative phenom-
ena.'® Therefore, the v, values (or, in stricter terms, the
sign of v,) indicate the nature of the solute-solvent
interaction, that is, if the solute is structure-making or
structure-breaking. If all the results obtained for the
investigated solutions are negative until a determined
temperature value, becoming positive over this value,
it is correct to infer that PEG 6000 presents a structure-
making effect on the water structure up to tempera-
tures near 303.7 K. Above this temperature, PEG 6000
has a structure-breaking effect on the water structure.

CONCLUSIONS

In this work, the volumetric properties of aqueous
solutions of PEG 6000 were systematically studied as a
function of temperature. 7, was determined, and
the hydration process of solute molecules was found

TABLE 1I
Temperature Dependence of v

£
solute

v, X 10° (ecm® g7 1)

and v,

Temperature (K) D% ute (cm® g™ h)

283.15 0.82146 —3.0518
288.15 0.82631 —2.5531
293.15 0.83085 —1.6918
298.15 0.83533 —1.0933
303.15 0.83954 —0.20090
308.15 0.84355 0.91138
313.15 0.84774 1.4993
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Figure 2 Temperature dependence of 7, .: (M) experi-
mental data and (—) calculated values.

to be deeply affected by the temperature. The solute
hydration cosphere increased with the temperature.
The v, values were also determined. It was found that
PEG 6000 had a structure-making effect and a struc-
ture-breaking effect on the water structure, these ef-
fects depending on the solution temperature.

NOMENCLATURE
v specific volume of a solution (cm® g™*)
0 went VOlume of a pure solvent per unit of mass of
a solvent (cm® g™ ")
0.002
0.001 4
_ 0.000
‘50
g
£ .0.0014
>(\1
-0.002

-0.003

T T T T T T T T T T T
285 290 295 300 305 310
T (K)

Figure 3 Temperature dependence of v,: (M) experimental
data and (—) calculated values.
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(<)

Usolute

’UE

(%)

U3

partial specific volume of a solute at infinite
dilution (cm® g™

specific excess volume of a solution (cm® g ™)

second virial coefficient of power-law expan-
sion in eq. (4) (cm® g™ ")

third virial coefficient of power-law expan-
sion in eq. (4) (cm® g™ ")

fourth virial coefficient of power-law expan-
sion in eq. (4) (cm® g™ ")

solute-to-solvent (mass of the solute/mass of
the solvent) mass ratio

Greek letter

p density of a solution (cm® g™*)

Peolvent density of a pure solvent (cm® g™

Subscripts

2,3,4... referent to the second, third, fourth, ...
virial coefficient in eq. (4)

solute referent to a solute

solvent referent to a solvent

H,O referent to water

Superscripts

0 referent to pure component
o referent to infinite dilution
E referent to excess volume
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