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Abstract

The state of sorbed water in hydrogels based on hydrogen-bonded complexes between poly(N-vinyl pyrrolidone) (PVP) and short-chain
poly(ethylene glycol) (PEG) has been examined by considering water vaporisation endotherms in d.s.c. heating traces and relating them to
characteristics of the amorphous and crystalline phases, i.e. the thermodynamic parameters of glass transition and excess PEG melting. In
compatible PVP–PEG blends water behaves as a third component in the PVP–PEG complex and is sorbed mainly by PVP, whereas PEG
increases the mobility of sorbed water molecules evaluated in the terms of the entropy of water thermodesorption. Water sorption affects
dramatically the state of crystalline (excess) PEG in blends, while the state of the amorphous phase, constituted by the PVP–PEG hydrogen-
bonded complex, is practically unaffected by hydration.q 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Poly(N-vinyl pyrrolidone)–poly(ethylene glycol) blends; Effect of hydration on phase behaviour; State of water

1. Introduction

It has been well established that water, with its small
molecular size, high mobility and hydrogen bonding capa-
city, in couple with extremely low glass transition temp-
erature (Tg) affects dramatically the phase behaviour and
the physical properties of solid hydrophilic polymer compo-
sites that spontaneously absorb water vapour from their
surroundings [1]. For many reasons there is considerable
concern for the state of water in hydrophilic polymer
compatible blends. The three major reasons are: (1) the
amount of vapour sorbed is related to its interaction with
the blends. By comparing this interaction with the interac-
tions between the water and each of the pure polymers, it is
possible to obtain useful information about both water–
polymer interaction and interaction between polymer
blend components [2–5]. (2) The water vapour has been
also reported to be highly informative of the phase state
and morphology of polymers [6–9]. (3) The water–polymer
interaction is often beneficial or detrimental to the perfor-
mance of commercial polymers.

A treatment of water state in hydrogels is a greater

challenge if the effect of sorbed water is obscured or hidden
by a strong specific interaction between the polymer compo-
nents of the composite. This is just the case for a compatible
blend based on a stoichiometric hydrogen-bonded complex
formed by mixing high molecular weight poly(N-vinyl
pyrrolidone) (PVP) with the short chain poly(ethylene
glycol) (PEG) [10,11]. The PEG, bearing two hydrogen
donor hydroxyl groups at both ends of short chains, has
shown to form hydrogen bonds with proton acceptor
carbonyl units of significantly longer PVP macromolecules.
This way, flexible PEG chains act as comparatively long
H-bonded crosslinks, creating free volume between cohe-
sively interacting PVP macromolecules [11] and plasticiz-
ing glassy PVP because of the free volume formation and
greater molecular mobility of the PEG compared with the
PVP chain segments [10].

PVP is an amorphous polymer with a high affinity for
water and its interaction with water have became the topic
of a large body of research [12–23]. PEG is a comparatively
less hygroscopic polymer and its interaction with water
has also been extensively studied [24–27]. PVP–PEG
hydrogen bonding results in the formation of a hydrogel,
containing 2–12 wt.% of water taken up from the environ-
ment as vapour and as a residual from composite process-
ing. Tailored viscoelastic [11,28], adhesive [29–31], and
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transport properties [32] of the hydrogel are formulated by
mixing PVP and PEG in different ratios. Adhesive PVP–
PEG hydrogels have successfully been employed for
controlled transdermal delivery of a wide range of drugs
[33,34]. Variations in water content affect dramatically the
pharmaceutical performance properties of the PVP–PEG
hydrogels [35]. As water is capable of being absorbed and
desorbed from the hydrogel via the vapour state, it is neces-
sary to know the state of the water and control the phase
behaviour of the PVP–PEG compatible blends. In particu-
lar, it is important to address the following questions: (1)
how much water is associated with PVP–PEG complex
under given conditions of relative humidity (RH) and
storage time? (2) how the water is distributed between the
polymer components of the compatible blend? (3) how does
water affect the phase transitions in PVP–PEG blend over
the whole composition range?

The resolution of these issues demands a complex
approach, involving, among other techniques, isothermal
water vapour sorption and differential scanning calorimetry
(d.s.c.). While kinetics [36] and thermodynamics [37] of
water sorption with PVP–PEG blends have been considered
in our recent publications, this paper focuses mainly on the
impact of sorbed water upon phase behaviour of the PVP–
PEG blends by d.s.c.

Both the PVP and the PEG are easily soluble in water,
whereas short-chain liquid PEG is also a good solvent for
PVP [32]. Consequently, the PVP–PEG hydrogels may be
treated either as ternary compatible blends or PVP solutions
in the PEG–water cosolvent. As has been evident from
earlier papers in this series [38,39], water is not a compati-
bilizer in the PVP–PEG systems but rather offers serious
competition to the PEG for hydrogen bonding with PVP.
This conclusion may be inferred from the finding that the
amount of noncrystallizable (bound) PEG in dry PVP–PEG
blends is larger than in hydrated blends [39]. The inference
is notwithstanding quite suspicious because the dry blends
and hydrogels have different thermal prehistory.

For the PVP–PEG compatible systems with well-defined
temperature regions of free PEG crystallisation–melting
and PVP–PEG blend glass transition, the d.s.c. provides
useful information on the PEG state in the complex with
amorphous PVP [39]. However, d.s.c. also represents a
generally recognised technique to explore the state of
water associated with hydrophilic polymers in solutions,
hydrogels and in the solid phase. The majority of relevant
studies deal with freezing and fusion behaviour of absorbed
water [24,25,40–44]. When a wet sample is cooled well
below 08C, the free water freezes but the bound water
remains in the non-frozen state. When the frozen sample
is heated in a calorimeter, the heat required to melt the
frozen water can be measured and, consequently, the
amount of free and bound water may be readily determined.
As no freezing water was found in the PVP–PEG hydrogels
exposed to RH of surrounding atmosphere, such an
approach was applied to the analysis of free and bound

PEG in the blends with amorphous PVP [39]. The use of
the d.s.c. technique to characterise the hydration of poly-
mers through water vaporisation endotherms has received
cursory attention in the literature [45]. Meanwhile this
procedure is also highly informative on the state of the
absorbed water, applicable for the blends containing only
bound water and no free water, and invokes directly to the
energy of polymer dehydration. This approach is employed
in this work for the characterisation of water sorbed with the
PVP–PEG hydrogels.

2. Experimental

PVP (Kollidon K-90), Mw � 1;000; 000 g mol21
; and

PEG-400 (Lutrol E-400),Mw � 400 g mol21
; were obtained

from BASF. PEG of the molecular weight of 1000 g mol21

(PEG-1000) was produced by Fluka. All polymers were
used as-received.

The basic experimental procedures employed in this work
were introduced in a previous paper in this series [38].
PVP–PEG blends, covering a full range of compositions,
were prepared by dissolution of both polymers in common
solvents (ethyl alcohol or water) followed by removing the
solvent by drying at ambient temperature and relative
humidity (RH) until weight loss was terminated. Removal
of ethyl alcohol from freshly prepared blends was ascer-
tained by f.t.-i.r.spectroscopy on the absence of methylene
group stretching vibrations at 2974 and 1378 cm21 using a
Bruker IFS-113v spectrometer with a resolution of 1 cm21

after averaging from 128 scans. The fresh blends produced
from ethyl alcohol and water was found to demonstrate
similar phase behaviour but slightly different hydration.

Samples were analysed with a Mettler TA 4000/DSC 30
thermoanalyser, calibrated with indium and gallium.
Samples of 5–15 mg in weight were sealed in standard
aluminium pans supplied with pierced lids so that absorbed
moisture could evaporate upon heating. An argon purge
(50 ml min21) was used to avoid moisture condensation at
the sensor. In the d.s.c. apparatus the samples were first
quench-cooled with liquid nitrogen from ambient temp-
erature to21008C over 2–3 min and then heated up at a
rate of 208C min21 to 2208C. The content of absorbed water
in the blends was determined by weighing the samples
before and after d.s.c. scans using a Mettler Analysis
Balance, AE 240, with an accuracy of̂0.01 mg. Weight
loss of the sample after scanning was compared to the
amount of desorbed water evaluated from the enthalpy
change associated with water evaporation from the sample
by d.s.c. For this comparison only those weight losses were
taken into account, which were inherent to the samples
demonstrating stable base line behaviour in d.s.c. thermo-
grams for fully dehydrated blends.

After first testing the freshly prepared blends were either
stored at ambient temperature within the period of 12
months in different environments (surrounding atmosphere
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at various weather conditions) or equilibrated in desiccators,
maintaining RH� 50% at 258C. The blends were then re-
evaluated at random intervals within early February, mid
April and late May, that is 9, 11 and 12 months after the
first d.s.c. measurement. The weather conditions at the date
of d.s.c. testing of the aged PVP–PEG blends exposed to
atmosphere humidities and temperatures are presented in
Table 1.

Isotherms of water vapour sorption with PVP and PVP–
PEG blends were measured gravimetrically. The PET-
supported films of 0.25–0.30 mm in thickness were
prepared by casting and drying the PVP–PEG solutions in
ethyl alcohol. As constant weight was attained, the films
were dried in a vacuum of 1× 1025 Torr at 808C and then
subjected to fixed RHs in desiccators over aqueous H2SO4

solutions of controlled density which maintained the
required RH ranged from 10 to 90%.

Multiple regression analysis of the relationships exam-
ined in this work was performed with an Intel Celeron PC
(366 MHz) using amicrocal origin 4.1 software.

3. Results and discussion

3.1. The state of water in PVP–PEG hydrogels

As has been earlier reported [38], after having been
set aside for a period of up to one year after first d.s.c.

measurement, freshly prepared PVP–PEG compatible
blends demonstrate evidences of long-term evolution or
“ageing”, manifested by significant changes in phase beha-
viour. For instance, the blend containing 53 wt.% of PEG-
400 that initially shows crystalline phase, loses its crystal-
linity after nine months of storage at ambient temperature
and RH (Fig. 14 in Ref. [38]). This fact is explicable in view
of an observedTg increase that has been shown to enhance
dramatically a kinetic restriction imposed upon the PEG
cold crystallisation process in the blends dilute with amor-
phous PVP [39]. The samples conditioned in different envir-
onments for different times reveal coherent but distinct
relationships betweenTg, a maximum cold crystallisation
rate temperature,Tc, and the temperature of PEG melting,
Tm. Those are affected by the sample prehistory, as has been
exemplified by the data in Figs. 6 and 7 in Ref. [38].

Other examples of storage conditions effect on the phase
behaviour of PVP–PEG blends are presented in Figs. 1 and
2. Long-term exposure of freshly prepared blends (hydro-
gels) to surrounding atmosphere humidity leads to drying of
the samples as is indicated by the area under broad
endotherm of water desorption at high temperatures. In
accordance with seasonal variations in RH (Table 1), the
so-called February blends have found to be much drier than
the same samples re-evaluated within May. The blendTg is
not markedly affected by hydration, but the change in heat
capacity between the glassy and viscoelastic states,DCp, is
increased as the enthalpy of water vaporisation endotherm
increases. A major characteristic feature of PVP blends
containing 69 wt.% of PEG-400 (Fig. 1) is multiple melting
peaks whose sizes and temperatures are dependent on
hydration. The drier the blend the larger the area of the
lowest temperature endotherm of PEG fusion and the higher
relevant melting point. In general, there are two plausible
explanations for this phenomenon. One is that the multiple
peaks reflect the presence of different crystal structures
related to different states of PEG-400 in hydrogen bonded
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Table 1
Climatic conditions at the day of DSC examination of PVP–PEG hydrogels

Date Indoor Outdoor

T (8C) RH (%) T (8C) RH (%)

7 February 20 42 216.6 70
17 April 21 50 7.0 62
27 May 22 65 14.4 75

Fig. 1. D.s.c. heating thermograms of freshly prepared PVP blends with 69
wt% of PEG-400 and those conditioned in atmosphere environments for 9
(February) and 12 (May) months.

Fig. 2. D.s.c. traces of heating freshly prepared PVP blends containing
85 wt% of PEG-400 and those exposed to surrounding atmosphere condi-
tions for 9 (February) and 12 (May) months.



complex with PVP [10,11,46]. The other explanation is that
the peaks are a consequence of reorganisation occurring
during the heating process, perhaps involving the super-
position of PEG melting and cold crystallisation or merely
processes such as PEG lamellar thickening. The mechanism
of this phenomenon is not yet well understood and goes
beyond the frameworks of the present study. The most inter-
esting feature of the PVP–PEG blend phase behaviour in
Fig. 2 is that PEG cold crystallisation occurs solely in
hydrated systems and does not appear in quench-cooled
dry (February) blends, while the presence of the crystalline
phase in these kinetically non-restricted systems is verified
by the PEG fusion endotherm. In common with amorphous
PVP, absorbed water causes a diluent effect on PEG cold
crystallisation [39]. As has been expected, the drier the
blends the higher the PEG melting temperature.

Whether or not the PVP–PEG–water ternary compatible
blend has reached its thermodynamic equilibrium state
depends upon storage time and conditions, which affect
the blend composition through sorption of water vapour
from the surrounding atmosphere. It is readily possible
that this compatible system may not be molecularly homo-
geneous under a particular set of conditions and that indi-
vidual molecules of each component may cluster in very
small domains. Clustering of PEG-400 in the amorphous
phase constituted by PVP has been established with a
w.a.x.s. technique [10]. An average cluster size of sorbed
water in PVP–PEG hydrogels has been found to range
between 1 and 2 molecules [37], which is indicative of
homogeneous distribution of water molecules associated
with PVP–PEG blends. The implication of the data in Fig.
2 is that the PEG clustering in dry (February) blend is much
advanced compared with that following three months of
further relaxation in May systems; and that only water sorp-
tion but not ageing time is primarily responsible for the
partial dilution of PEG clusters and the appearance of
PEG cold crystallisation phenomena within the period

from February to May. Indeed, the phase behaviour of the
blends equilibrated to controlled RH� 50% has shown to
be practically invariable with the storage duration.

Based on the results of the water desorption comparative
study from PVP–PEG hydrogels with d.s.c. and thermo-
gravimetric analysis (t.g.a.) presented in Table 2 of Ref.
[38], we have assessed blend hydration as a ratio of the
area under water thermodesorption endotherm in d.s.c.
thermograms (in Joules per gram sample) to the reference
value of water cluster vaporisation enthalpy (2255 J g21).
As is evident from the data in Fig. 3, PVP is much more
hygroscopic than PEG. The blend hydration is therefore
linearly proportional to the PVP content indicating that
water vapour is mainly associated with PVP. Observed
seasonal fluctuations in the water sorption are the results
of variations in the RH of surrounding atmosphere (Table
1). The slopes of the linear relationships in Fig. 3 represent
the amount of water sorbed within the blend per unit weight
of PVP and the plots’ linearity is therefore indicative of
predominant water association with PVP. Replotting these
data in the terms of the number of water molecules absorbed
in the blends per every PVP repeat unit versus the molar
concentration of 10-unit PEG-400 macromolecules (Fig. 4)
demonstrates that over a wide range of PVP–PEG composi-
tions the water vapour sorption is in essence invariant with
PEG content and equal to one water molecule associated
with two PVP units in aged blends and to equimolar water
sorption in freshly prepared (hydrated) systems. Bending of
the curves in Fig. 4 for PEG-overloaded blends relates most
likely to low PVP content at which the PEG contribution to
vapour uptake becomes important.

In order to confirm and refine more strictly the inference
derived from the data in Figs. 3 and 4, the isotherms of water
vapour sorption with PVP–PEG blends have been measured
accurately with an isopiestic method [37]. The amount of
sorbed water vapour, expressed as the number of water
molecules sorbed in blends per one PVP unit, is plotted in
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Fig. 3. Sorbed water content relation to PVP concentration in freshly
prepared and aged PVP–PEG hydrogels conditioned in different environ-
ments.

Fig. 4. The number of water molecules sorbed in PVP–PEG blends per
every PVP unit as a function of 10-unit PEG chains concentration in the
systems exposed to different environments.



Fig. 5 against the blend composition, expressed in the terms
of the number of PEG-400 macromolecules available in the
blends per PVP unit. All the plots in Fig. 5 are unequivo-
cally linear, with the intercepts relating to the number of
water molecules associated with PVP unit at zero PEG
concentration, and with the slopes determining the average
number of water molecules arranged per 10-unit PEG-400
macromolecule, [H2O]/[PEG-400]. Water binding degree
with PVP units, [H2O]/[PVP], is found by subtracting the
quantity of water associated with PEG (the slope) from the
total amount of sorbed water, and shown to coincide exactly
with relevant intercepts. Only at RH� 20% all the absorbed
water is solely associated with PVP units, as the slope of this
plot (Fig. 5) is zero. The higher RH the more water mole-
cules are associated with PEG. The plot linearity provides
an evidence that hydrogen bonding of PEG hydroxyls to the
carbonyls in PVP units proceeds directly through water
molecules arranged at PVP units causing no appreciable
desorption of the water. In this respect the mechanism of
PVP–PEG interaction in hydrogels may be treated as the
binding of PEG terminal groups with equilibrium hydrated
PVP units. In other words, the ternary blend PVP–PEG–
water may be regarded as a binary blend formed by PEG and
equilibrium hydrated PVP.

In this way both d.s.c. and isothermal water sorption
furnish similar information concerning which component
of the PVP–PEG compatible blend is the water associated.
Water sorption isotherms confirm qualitatively the d.s.c.
applicability to characterise the state of water in the blends,
but at the same time they reveal serious quantitative discre-
pancies in the amount of sorbed water evaluated with both
methods. The water sorption measured with the isopiestic
method has been established to give values that are nearly
twice as large as those estimated on the size of water deso-
rption endotherms in d.s.c. heating thermograms. A range of
reasons can be responsible for the lower level of sorbed
water assessed with d.s.c. First, water sorption isotherms

have been obtained in thin films, whereas rather thick
samples tested with d.s.c. require longer time to reach equi-
librium sorption and, being exposed to ever-changing RH of
surrounding atmosphere, cannot be really equilibrated.
Second, the isotherms have been measured in the course
of isopiestic water absorption at fixed temperature, while
the d.s.c. data relate to water desorption under heating
and, consequently, hysteresis phenomena can contribute to
the observed deficiency of equivalence between d.s.c. and
isothermal sorption. Third, a Mettler instrument represents a
thermoanalyser, measuring a sample pan temperature
against the temperature of reference pan. In the process of
water vaporisation the sample temperature can be non-
uniform. Also, vapour exchange with the surroundings
may be impeded as the amount of sample increases.
Although d.s.c. measurements of sample hydration
revealed also good agreement with t.g.a. results [38], firm
conclusions necessitate the examination of a larger data set.

For this purpose the enthalpy of water thermodesorption
upon heating the blends by d.s.c. has been studied as a
function of blend hydration determined by weight loss
after scanning. Fig. 6 shows a plot of water thermo-
desorption enthalpy,DHd, against the weight fraction of
water, evaporated from PVP and its blends with 36 and
85 wt.% of PEG-400. The data sets involve both freshly
prepared and aged blends as well as the samples exposed
to RH� 50%: The linear relationships indicate thatDHd

depends solely on the water content and is unaffected by
the time of blend storage. Consequently, the state of water
in PVP–PEG blends is not subjected to any long-term
evolution as has been found for the state of PEG. The slopes,
equal to 2415̂ 102 J g21 for PVP �R� 0:997; p ,
0:0001�; 1569^ 122 J g21 for PVP blend with 36 wt.% of
PEG �R� 0:960; p , 0:0001�; and 1577̂ 386 J g21 for
15% PVP solution in PEG-400 (R� 0:921; p� 0:027),
represent the heats required to remove a unit mass of
water from the listed systems. The dotted line designates
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Fig. 5. The number of water molecules, sorbed in PVP–PEG blends per one
PVP unit, as a function of the blend composition for different relative
humidities (RH) of surrounding atmosphere at 208C.

Fig. 6. The heat of water vaporisation, normalised by unit sample weight, as
a function of sorbed water in PVP and PVP–PEG blends (in grams of water
per gram of the sample).



the heat of pure (cluster) water evaporation, determined
upon heating bulk water in the same Mettler apparatus
and found to match the reference value of 2255 J g21

under normal conditions. The found values are thus
somewhat increased for PVP and significantly decreased
for the hydrogels spanning a wide range of PVP–PEG
compositions.

Multiple linear regression analysis of the relationship
between the heat of water desorption,DHd, and the weight
fractions of desorbed water and PEG in blends, shown in
Fig. 7, yields the following equation:

DHd�J g21� � �1670^ 114�wH2O
p,0:0001

2 �115^ 17�wPEG
p,0:0001

1 �51^ 14�
p�0:0005

R2 � 0:895

�1�

Blend hydration, measured through the enthalpy of water
desorption, increases with the content of most hygroscopic
polymer, PVP. In full accordance with the data presented in
Figs. 3 and 6, theDHd dependence on hydration and PEG
content follows a linear law, that is evident from fairly
reasonable fit. The intercept is acceptably close to zero,
whereas the slope for theDHd dependence on water content
matches closely the value determined earlier from the data
in Fig. 6.

As is seen from Figs. 1, 2 and 8, the temperature of water
desorption,Td, is affected both by blend hydration and poly-
mer composition. The peak temperature of water vaporisa-
tion endotherm tends to increase with decrease in hydration
and the rise in PEG content. Multiple thermodesorption
behaviour of sorbed water reveals the occurrence of distinct
states of the water associated with PVP–PEG blends, and
complicates significantlyTd establishment for highly broad
endotherms as well as for split peaks. While similar diffi-
culties have been bypassed in theDHd analysis by taking
into account the integrated heats of water desorption, such
an approach provides very rough estimate ofTd and all the
quantities related to this temperature. On this basis, it is not
surprising that theTd relation to PVP–PEG composition and
water content, presented in Fig. 9, gives a fairly bad fit
�R2 � 0:262�:

Td�8C� � �145:2^ 4:4�
p,0:0001

2 �0:21^ 0:09�%PVP
p�0:0211

2 �1:10^ 0:68�%H2O
p�0:111

�2�

The intercept is reasonably close to the water desorption
peak temperature for PEG-400, obtained from d.s.c. traces.
An elevation ofTd upon adding PEG-400 to PVP is also
quite reliably established by regression analysis, while the
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Fig. 7. Effects of hydration and PEG content in blends, expressed in weight
fractions, on the enthalpy of water thermodesorption, normalised by unit
sample weight.

Fig. 8. Effect of composition on the endotherm of water desorption from the
PVP–PEG blends evaluated within the month of May.

Fig. 9. Temperature of water thermodesorption from PVP–PEG blends,Td

(8C), plotted against the concentrations of PVP and water (in weight
percent).



hydration effect onTd is insufficiently plausible, apparently
due to the mentioned problems withTd measurements.

The enthalpy of thermal water desorption from PVP–
PEG hydrogels relates to theTd through the change in
entropy associated with water desorption,DSd � DHd=Td.
The latter is shown in Fig. 10 as a function of PEG and
water weight fractions in the blends:

DSd�J g21 K21� � �5:35^ 0:66�
p,0:0001

2 �2:65^ 0:94�wPEG
p�0:009

2 �2:53^ 4:85�wH2O
p�0:607

R2 � 0:260

�3�

Similar to theTd behaviour, the multiple regression shows
quite reliableDSd reduction with an increase in the PEG
content, while the effect of hydration, determined by the
weight loss of the samples after scanning, is found to be
unreliable. This is however the result of the overall regres-
sion of complete data set, spanning a whole range of PVP–
PEG compositions and a wide range of blend hydration.
Closer inspection of the data in Fig. 10 allows us to refine
our insight into the state of water in PVP–PEG hydrogels.
Water sorption in PVP and PVP–overloaded systems is
accompanied by an appreciable reduction inDSd. In
contrast, in PEG and PEG-overloaded blends the increase
in water sorption reveals growth ofDSd. Within an inter-
mediate region of PEG concentrations,DSd is invariable
with hydration.

Considering that in the vapour phase a water molecule
possesses a maximum number of degrees of freedom,
defined as the number of independent variables that must
be specified to fix the position of the molecule and its velo-
city, higher DSd values correspond to a maximum order

of water accommodation in solid (or liquid) blend, i.e.
maximum strength of sorption. The increase inDSd with
the rise of PVP concentration (Fig. 10) is therefore indica-
tive of water immobilisation and structural organisation in
the course of sorption with PVP units. At the same time,
adding PEG to PVP increases the number of degrees of
freedom of water molecules in polymer blends. In dry
PVP and PVP-rich blends all the water is tightly bound,
and hydration leads to the appearance of loosely bound
water. In contrast, in dry PEG and PEG-overloaded blends
the strength of hydrogen bonds formed between water mole-
cule and PEG is much looser than those formed between
water molecules in clusters, and hydration, accompanied by
the clustering of sorbed water, results in an appreciableDSd

increase. The intercept in Eq. (3) relates to the entropy of
water evaporation from dry PVP. The experimental magni-
tude obtained for PVP containing 6.5% of sorbed water,
DSd � 6:50 J g21 K21

; is higher than the reference value
for bulk water vaporisation,DSd � 6:05 J g21 K21

: It
follows that, unlike for pure PEG, the hydrogen bonds
between water molecules and PVP units are stronger than
those in water clusters.

3.2. Effects of sorbed water on phase behaviour of PVP–
PEG blends

To gain further insight into the interactions within triple
blend PVP–PEG–sorbed water, the melting behaviour of
the crystalline phase, constituted by PEG-400, and glass
transition behaviour of amorphous PVP–PEG complex
should be taken into consideration.

As expected, the melting temperature (Tm) behaviour of
short-chain PEG is complicated due to the interactions of all
the components in PVP–PEG–water compatible blends,
both separately and in a concerted manner (Fig. 11). At
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Fig. 10. The plot of the change in entropy, associated with water vaporisa-
tion from PVP–PEG hydrogels,DSd, versus PEG content and blend hydra-
tion. TheDSd values are normalised to unit weight of desorbed water.

Fig. 11. Relation of PEG melting temperature,Tm, to the composition and
hydration of PVP–PEG compatible blends.



low blend hydration level (,2% H2O), PVP causes some
composition-dependentTm depression that is indicative
of blend compatibility. In contrast, for hydrated blends
(.6% H2O) theTm tends to increase as PVP concentration
increases. Taking water associated with PVP–PEG blends
away from the PEG, hygroscopic PVP improves the perfec-
tion of PEG crystals. Within the intermediate range of blend
hydration the PVP does not affect appreciably the melting
point of blended PEG. The PEG macromolecules interact
with PVP units through terminal hydroxyl groups, which
have been reported to be exposed outward crystalline grains
[47]. The postulated structure of the PVP–PEG complex
may be therefore treated as the PVP chains sorbed on the
end faces of the PEG crystals. Decreasing the surface energy
of PEG crystals, the PVP–PEG interaction should cause an
increase in the PEG melting point. Indeed, as is seen from
Fig. 11, at low water content the PEG blends with a small
amount of PVP demonstrate significantly higher melting
temperatures than found for dry PEG-400, while further
PEG mixing with amorphous PVP shows a distinctTm

depression.
The multiple regression analysis of PVP and hydration

effects on the PEG melting temperature reveals the reliable
dependence on all the variables�R2 � 0:762�:

Tm�8C� � �2:9^ 0:9�
p�0:0018

2 �1:07^ 0:12�%H2O
p,0:0001

1 �0:14^ 0:03�%PVP
p,0:0001

�4�

The water contribution toTm depression dominates the
PVP effect, which is by, and large opposite in direction. The
intercept, defined as the melting point of dry PEG-400, is
acceptably close to measured value (5.88C).

A change in the entropy of PEG melting, normalised to
unit PEG weight,DHm, is a measure of PEG crystallinity

degree in blend. For the complete data set, including both
freshly prepared and aged blends, the crystallinity decreases
as PVP and hydration grow in the blend (Fig. 12), but the
water diluent effect on PEG crystallinity is much more
pronounced than the effect of the amorphous PVP:

DHm�J g21� � �108:4^ 5:0�
p,0:0001

2 �4:91^ 0:78�%H2O
p,0:0001

2 �1:18^ 0:18�%PVP
p,0:0001

R2 � 0:805

�5�

An intercept specifies the heat of fusion of pure PEG-400. It
is in a close agreement with the reference value ranged
between 112 and 121 J g21. The obtained fit indicates that
no PEG structural rearrangement occurs in PVP–PEG
blends and that the earlier mentioned long-term evolution
processes in phase behaviour are solely due to the fluctua-
tions in water vapour sorption. Small and mobile water
molecules penetrate deeper into the crystalline phase than
PVP chain segments, leading to crystal deterioration.

A change in PEG fusion entropy,DSm � DHm=Tm; is
informative of the change in PEG order at transition from
crystalline phase to melt. It should be emphasized that PEG
oligomers have been reported to retain in the melt a crystal-
like parallel chain orientation, although interchain distances
are rather typical of amorphous polymers [48]. For this
reason the change in entropy of PEG-400 melting is not
so large as has been reported [47] for high molecular weight
poly(ethylene oxide) (0.58 J g21 K21) and found to be
DSm � 0:44 J g21 K21 for dry polymer, decreasing rapidly
with hydration. As the PEG-400 is bound with PVP in molten
state and their complex is characterised with PEG parallel
chain arrangement [11], the entropy of PEG fusion in blends
is expected to be reduced compared with pure polymer.
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Fig. 12. Enthalpy of PEG fusion, normalised by 1 g of added PEG-400, as a
function of PVP and water content within fresh and aged PVP–PEG blends.

Fig. 13. Entropy of PEG melting, normalised to unit weight of PEG-400,
plotted against PVP content and blend hydration.



Indeed, as Fig. 13 demonstrates, for the complete data
set, combining both fresh and aged blends conditioned in
different environments, at low PVP content theDSm reveals
a rapid decline as sorption of water vapour proceeds, indi-
cating unequivocal disordering of the PEG crystalline
phase. To the contrary, as PVP content exceeds 30 wt.%
the DSm becomes lower and essentially invariant with
blend hydration. Highly hygroscopic PVP protects the
PEG from water uptake. At the same time, similar to
water, mixing PEG with PVP causes a pronouncedDSm

reduction. LowDSm values reveal a similarity between
PEG degrees of freedom in the crystalline phase and in
the melt. Either PVP serves to bind PEG chains in the
melt, or it causes disordering of PEG crystals, or both.
Order of the bound PEG chains arrangement within the
complex has been shown to match closely that of crystalline
phase [11]. The multiple regression of theDSm dependence
on PVP and water content gives a reasonable fit
�R2 � 0:786�:
DSm�J g21 K21� � �0:39^ 0:02�

p,0:0001
2 �0:017^ 0:003�%H2O

p,0:0001

2 �0:004^ 0:001�%PVP
p,0:0001

(6)

The intercept obtained by multiple regression analysis is in
close agreement with theDSm value determined for pure
PEG-400. The contribution of water to theDSm depression
is nearly four-times greater than that of PVP.

The reported results on the PEG melting behaviour
relate to the PEG-overloaded blends and to the state of
PEG at the stage of PVP–PEG complex dissolution in
excess PEG-400. The complex formation occurs at the
stage of glassy PVP plasticization with relatively small
amount of liquid PEG where no crystalline phase has
been observed. It is of great importance therefore to

include into consideration the PEG-underloaded amor-
phous blends. This is made possible by the analysis of
the PEG and hydration effects on the characteristics of
blend glass transition,Tg and DCp. The implication of
PEG effect onTg and DCp has been discussed in an
earlier paper [38] and here the impact of blend
hydration is examined along with the PEG effect (Figs. 14
and 15).

Mixing PVP with liquid PEG results in a rapid drop ofTg

over 2208C within the PEG concentration region from 0 to
36 wt.% followed by the levelling off the response at higher
PEG content (Fig. 14). The impact of water onTg behaviour
is evidently negligible compared to the PEG effect. Regres-
sion ofTg dependence on the PEG and sorbed water contents
yields:

Tg�8C� � �41:02^ 16:00�
p�0:015

2 �1:34^ 0:22�%PEG
p,0:0001

2 �2:70^ 1:62�%H2O
p�0:104

�7�

Linear regression does not explain the trends�R2 � 0:499�
because the PVP plasticization is a pronounced two-stage
process that does not obey any linear relationship. The inter-
cept is also unacceptably distinct from theTg of dry PVP
(1788C). The interesting feature of the analysed relationship
(7) is that the sorbed water plasticizing action, though insuf-
ficiently reliable, dominates that of PEG-400. To describe
the relationship in Fig. 14 more accurately, we have
performed its multiple regression analyses separately at
the stage of PVP plasticization (complexation) with PEG,
i.e. within the PEG concentration region,40 wt.%, and at
the stage of PVP–PEG stoichiometric complex dissolution
in liquid PEG-400 (.40% PEG). At the first stage of PVP–
PEG complexation the glass transition temperature follows
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Fig. 14. The glass transition temperature of PVP–PEG compatible blends as
a function of PEG and water content.

Fig. 15. Effects of PEG and hydration onDCp of PVP–PEG compatible
blends.



the relationship (8):

Tg�8C� � �160:78^ 15:42�
p,0:0001

2 �5:02^ 0:42�%PEG
p,0:0001

2 �6:58^ 1:32�%H2O
p�0:0004

R2 � 0:944

�8�

This regression is highly significant, yielding the intercept
reasonably close to the obtainedTg magnitude of pure PVP.
At the second stage of PVP–PEG complex dissolution in
excess PEG-400 (.40 wt.% PEG):

Tg�8C� � 2�34:62^ 1:28�
p,0:0001

2 �0:34^ 0:02�%PEG
p,0:0001

2 �0:51^ 0:13�%H2O
p�0:0004

R2 � 0:919

�9�

A physical meaning of the intercept is a characteristic
value of PVP–PEG stoichiometric complex glass transi-
tion temperature at zero hydration. The plasticizing
action of sorbed water is comparable with PEG-400
effect.

A specific form ofDCp dependence on PEG concentra-
tion, shown in Fig. 5 of a recent paper [38], cannot be fitted
adequately by any linear regression. It is therefore explic-
able that the fit of the data in Fig. 15 is rather poor
�R2 � 0:296�:

DCp�J g21 K21� � �0:10^ 0:15�
p�0:516

1 �0:026^ 0:013�%H2O
p�0:051

1 �0:007^ 0:002�%PEG
p�0:0009

(10)

Nevertheless, the PEG and hydration effects onDCp are
quite plausible as is indicated by regression parameters.
The conflicting contributions of free volume and interaction
energy are embedded in the plot shown in Fig. 15 as has
been earlier reported [38].

Although both PEG and sorbed water contribute signifi-
cantly in the amorphous phase characteristics within PVP–
PEG–water ternary blends confirming the compatibility of
all the components, it is evident from Figs. 14 and 15 that
only PVP interaction with PEG is responsible for the pecu-
liarities inTg andDCp behaviour. At the same time, water in
PVP–PEG hydrogels behaves not as an impurity but rather
as essential third component of hydrogen-bonded complex
formed in these systems. The hydrogen bonding of PEG
hydroxyls to the carbonyls in PVP units is thought to
occur directly through water molecules associated with the
PVP carbonyls, increasing water mobility but causing no
desorption of bound water.

4. Conclusions

Since in compatible polymer blends a homogeneous
phase is obtained due to the existence of specific favourable
interactions between all the components, allowing mixing
on a molecular scale, the change in any component concen-
tration affects simultaneously the phase behaviour of other
components. As a result, evident coherence can be readily
observed in the compositional behaviour of phase transi-
tions in compatible blends. If one of the blend components
is an amorphous polymer, while another polymer is capable
of forming a crystalline phase, and the third component is a
low molecular weight volatile liquid, the d.s.c. technique
enables the characterisation of the states of every blend
components and their interactions by observing the compo-
sitional behaviour of the amorphous and crystalline phases
in couple with the examination of the vaporisation
endotherms of the liquid component. In the present work
such an approach is realised by the example of PVP–PEG–
water compatible blends.
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