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Abstract

Differential scanning calorimeteric (DSC) heating thermograms of amorphous poly(N-vinyl pyrollidone) (PVP) blends with short-chain
poly(ethylene glycol) (PEG) feature exotherms of cold crystallization coupled with symmetric melting endotherms, which relate to the state
of the crystalline component, PEG, while PVP–PEG hydrogen-bonded complex reveals itself as an amorphous phase. As PEG content in
blends exceeds a characteristic level, PEG cold crystallization occurs upon heating of the cool-quenched samples through their glass
transition temperatures (Tg). The contributions of both thermodynamic and kinetic factors to the occurrence of non-crystallizable PEG
have been analysed by considering the dependence of the PEG cold crystallization temperature,Tc, on blendTg and composition along with
the compositional dependence of the heat of melting of PEG. The stoichiometry of the PVP–PEG H-complex was evaluated from DSC
thermograms as the amount of non-crystallizable PEG in PVP-underloaded blends.q 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Relationship between the temperatures of cold crystallization and glass transition; State of poly(ethylene glycol); Stoichiometry of poly(N-vinyl
pyrrolidone)–poly(ethylene glycol) hydrogen-bonded complex

1. Introduction

Recently, considerable attention has been focused on the
preparation and examination of crystalline–amorphous
compatible polymer blends [1–13], and currently all the
studied crystalline–amorphous polymer mixtures are
shown to share three general characteristics. Firstly, the
two polymers are thought to be compatible and miscible
in the molten state. Secondly, as the blends are cooled
from the melt, crystallization of the crystallizable compo-
nent occurs, but the total degree of crystallinity of the
blends, determined from the area of the melting endotherm
(DHm), decreases rapidly with increasing content of the
amorphous component. As the result of such behaviour,
crystallization is inhibited below some critical concentra-
tion of the crystallizable polymer and no level of crystal-
linity is detected in blends containing an excess of the
amorphous polymer. A third characteristic feature of the
crystalline–amorphous blends is a substantial depression

of melting temperature,Tm, resulting from the diluent effect
of the amorphous component [1].

Over the past years progress has been made primarily on
the impact of the amorphous polymer upon the melting
point behaviour of the crystalline component, providing
an insight into the thermodynamics of polymer interaction
[1–3,5–12]. At the same time, few studies have been
concerned with the amorphous polymer diluent’s effect on
blend crystallinity [1,4,13]. Meanwhile a question is perti-
nent: is the presence of non-crystallizable fraction of crys-
talline polymer due to specific interaction (binding) with the
amorphous component, which is reported to be prerequisite
for polymer compatibility [1], or is it a consequence of
kinetic hindrance imposed by amorphous polymer upon
crystallization process. Evidently, the kinetic effects can
be caused by conventional dilution of crystalline polymer
with amorphous component and the occurrence of specific
interaction between polymers enhances these effects.
Deconvolution of the thermodynamic and kinetic factors
affecting melting behaviour of favourably interacting poly-
mer blends provides the determination of interpolymeric
binding degree based on differential scanning calorimetric
(DSC) analysis of the composition dependence of melting
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endotherm area. With this purpose, the kinetic contribution
to blend crystallinity must be closely examined in DSC
traces. This necessitates the study of blend crystallization
in conjunction with compositional behaviour of the glass
transition temperature,Tg, and heat of fusion of crystalline
polymer,DHm.

In a recent paper [14], we have described the phase beha-
viour of poly(N-vinyl pyrrolidone) (PVP) compatible blends
with a low molecular fraction of poly(ethylene glycol)
(PEG) of Mw � 400 g mol21

: PVP is an amorphous poly-
mer with Tg � 1788C; whereas crystalline PEG-400�Tm �
68C; DHm � 118:4 J g21� at ambient temperature is in a
molten, liquid state�Tg � 2708C�: Owing to large negative
deviations from a simple rule of mixing, observed in compo-
sitional behaviour of PVP–PEG blendTg, all the blends
considered in this study displayTg , 2408C: At room
temperature they are in the viscoelastic state.

The PVP–PEG compatibility is due to complex forma-
tion through hydrogen bonding of hydroxyl groups at the
ends of comparatively short PEG chains to the carbonyls in
the repeat units of longer PVP macromolecules [15]. The
invariability of PVP–PEG binding degree over a wide range
of blend compositions reveals the stoichiometry of the
hydrogen-bonded complex. In this complex, per every 100
PVP repeat units available in blend, no more than 27 PEG
macromolecules, bearing together 54 terminal hydroxyl
groups, have been shown to form H-bonds with 54 PVP
units, while the other 46 units remain intact [16]. PVP–
PEG binding degree was measured from the FT-IR spectra
of blends in carbonyl and hydroxyl stretching vibration
regions [17], and assessed also from DSC data using the
observed composition dependence of blendTg [18]. Both
methods were found to give similar results [16]. Expressed
in the terms of PEG weight fraction in blends,wPEG, the
stoichiometric composition of the PVP–PEG complex
corresponds towPEG < 0:36: Even in comparatively dilute,
15% PVP solution in liquid PEG-400, only 56% of the PVP
units form H-bonds with PEG hydroxyls, including 25–30%

of tightly bound PVP units. The remaining 44% of the PVP
units are not involved in the complexation in dilute solution,
since a heat of hydrogen bonding for these units is thought
to cease to dominant the negative change in PVP–PEG
interaction entropy associated with ordered complex struc-
ture formation.

In the first of this series of papers [14] we presented
results demonstrating the coherent phase behaviour of
compatible PVP–PEG blends. As the blends were quench-
cooled from the melt to21008C and then heated up through
Tg with a rate of 208C min21, the following thermal events
were observed: (1) a single, composition-dependent glass
transition (Tg), approaching with decreasing PVP content
the value found for pure PEG-400; (2) an exotherm of free
PEG cold crystallization in couple with an endotherm of
PEG melting; and (3) an endotherm corresponding to moist-
ure desorption atT . 1008C: Numerical correlations were
obtained from DSC traces amongTg, the temperature of
PEG melting (Tm) and the temperature of free PEG maxi-
mum cold crystallization rate (Tc). The latter temperature
corresponds to the maximum of the cold crystallization
endotherm in heating scans. Inference drawn from these
correlations implies an activation energy as a factor control-
ling the interrelationships betweenTg, Tm andTc [19].

The present research complements the foregoing work
[14] by refining our insight into the mechanism ofTc–Tg

dependence under heating quench-cooled melts of crystal-
line-amorphous polymer blends, and by including into
consideration the thermodynamic factors embedded in the
heat of fusion of crystalline polymer,DHm. SinceTg reflects
fundamental properties of compatible blends and charac-
terises the amorphous phase, whileTc andDHm are mainly
associated with the state of the crystalline component in
blend, the present approach is also thought to enable us to
expand our comprehension of the state of PEG in the blends
containing amorphous polymer.

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 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 previous paper in this series [14]. The
PVP–PEG blends, spanning the entire range of composi-
tions, were prepared by drying the polymer component solu-
tions in common solvent (ethyl alcohol). So-called “fresh”
or “hydrated” blends were obtained by drying the solutions
at ambient temperature and contained 7:2^ 2:2 wt%: resi-
dual water, whereas “dry” blends were produced by drying
the hydrated (fresh) mixtures at 1058C until termination of
weight loss. The hydration degree of dry blends was found
to be 0:7^ 0:2 wt%: Dry blends were stored until use over
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Fig. 1. Differential scanning calorimeter heating traces of PVP, PEG-400
and their freshly-prepared blends, covering entire composition range (in
wt% of PEG).



P2O5, while the hydrated blends were exposed to atmos-
phere humidity at ambient temperature.

Samples were analysed under dry argon in a Mettler TA
4000/DSC 30 DSC thermoanalyser, calibrated with indium
and gallium. Samples were cooled with liquid nitrogen in
the DSC apparatus from 20 tot21508C over 2–3 min and
then heated up to 2008C at a rate of 208C min21 (unless
other program has been noted). Tgs were recorded at half-
height of the relevant heat capacity jumps, whereas theTc

andTm were taken as the temperatures of the cold crystal-
lization and melting peaks. The heats of cold crystallization
and melting, determined on the areas of corresponding
peaks, were normalised to 1 g of polymer blend. Magnitudes
of heat flow in the DSC curves, presented in the figures, are
reduced to a reference sample weight of 10 mg.

3. Results and discussion

Fig. 1 shows typical DSC heating curves of PVP, PEG-
400 and their blends for the entire range of compositions
over the temperature region2100 to 508C. To elucidate
relations betweenTc and Tg in greater details we do not
consider here the upper temperature range, exhibiting the
glass transition of pure PVP and the endotherms of moisture
thermodesorption for PVP–PEG blends [14]. The scan of
pure PVP displays no thermal events in the region of inter-
est, while for PVP–PEG blends three distinct transitions are
discernible. The jump in heat capacity in the region of270
to 2508C reflects the glass transition. Only a single glass
transition is observed which is rapidly shifted to lower
temperatures as the PEG content rises. Adding PEG to
PVP leads to narrowing of the glass transition and increases
the heat capacity change,DCp. The second transition peak
between245 and2118C is an exotherm, representing PEG
cold crystallization in blends. The third is an endotherm
around 0–68C, which is due to PEG melting in the blends.
The DSC traces of dry blends have similar character and

display the same thermal events, though relevant transition
temperatures are somewhat higher. No crystallization and
melting processes occur in both hydrated and dry blends at
PEG concentrations below 53 wt%, whereas for PEG-rich
blends mixing PVP with PEG is accompanied by a rapid
drop of theTc value until a critical PEG concentration of
75 wt% (or 78 PEG-400 molecules per 100 PVP repeat
units) is attained, after which the response in theTc tends
to a plateau (Fig. 2). Both the enthalpies of cold crystal-
lization, DHc, and the melting peaks,DHm, are directly
proportional to PEG weight fraction in blends,wPEG. As a
rule,DHc is always slightly smaller thanDHm and theDHc/
DHm ratio has been found to be 0:88^ 0:06 for dry and
0:94^ 0:02 for hydrated blends. The area under the melting
endotherm (normalized for sample mass from DSC ana-
lysis) is plotted in Fig. 3 as a function of weight fraction
of crystalline polymer, PEG. The heats of cold crystalliza-
tion and melting peaks are reduced by dilution of crystalline
PEG with amorphous PVP. No cold crystallization beha-
viour is observed for PVP-overloaded blends, containing
up to 50 wt% PEG-400. Above this point the samples
begin to develop 6–12% crystallinity on quench cooling
from melt in the DSC apparatus, and consequently the
cold crystallization exotherms upon heating become smaller
than the corresponding melting endotherms.

The area of the PEG melting endotherm decreases drama-
tically upon addition of PVP and, as seen in Fig. 3, the
blends containing less than 50 wt% of PEG-400 do not
develop any crystallinity during thermal cycle employed.
The singleTg for these blends and the suppression of PEG
cold crystallization caused by PVP provide positive
evidence that this system forms a miscible amorphous
phase. Further discussion of the data presented in Fig. 3 is
given in following sections of this paper.

At first glance it is curious that the liquid PEG-400
freezes in blends not upon cooling from the melt but upon
heating quenched samples through theirTgs. As a mixture of
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Fig. 2. Dependence of maximum PEG cold crystallization rate temperature,
Tc, in freshly prepared (hydrated) and dry PVP–PEG blends on the number
of PEG-400 macromolecules available in the blends per PVP unit.

Fig. 3. Heat of fusion,DHm, of freshly prepared (hydrated) and dry PVP
blends with PEG-400 and PEG-1000 as a function of PEG weight fraction
in the blends,wPEG, and weight fraction of free PEG-400 in blend,wp

PEG:



amorphous and crystalline polymers is cooled rapidly
through itsTg from the melt, the frozen molecular mobility,
which maintains it in conformational and phase equilibrium,
can no longer occur on the time scale of the cooling process
and the material becomes a thermodynamically unstable
glass. In this state, no crystallization processes are allowed.
PEG crystallization can therefore occur only above the
respectiveTg, somewhere betweenTg and Tm, and this
process is referred to as cold crystallization. The growth
rate of the crystalline phase depends on the diffusion
distance and, consequently, on the concentration of crystal-
lising PEG, randomly distributed within the amorphous
phase formed by PVP. Quench-cooled samples of pure
PEG are still capable of crystallising at a sufficiently rapid
rate during the quenching process to produce a material
containing an extensive amount of crystallinity. Therefore,
the heating thermogram of pure PEG-400 in Fig. 1 exhibits
no cold crystallization exotherm, but does display an
endotherm of fusion.

At fixed rate of sample heating aboveTg, theTc–Tg inter-
val represents not only the temperature gradient, required to
impart molecular mobility necessary to overcome an ener-
getic barrier of PEG crystallization, but concomitantly it
characterises the time needed for cold crystallization. As
is evident from the data in Fig. 4, theTc–Tg interval and the
time required for PEG cold crystallization climb sharply as the
PEG concentration is decreased below eight PEG-400 macro-
molecules per ten PVP units available in blends. The increase
in Tc–Tg interval is thus a result of severe kinetic restrictions
placed on the cold crystallization process by the employed
thermal procedure. An additional cause of the inability of
blends with high amorphous polymer content to crystallize
is the growing isolation of the individual chains of the crystal-
line polymer with increasing amorphous polymer content
due to the random placement of different PEG molecules
in the homogeneous compatible state and the above restric-
tion on molecular mobility during the crystallization

process. At high amorphous polymer concentration the
domains of crystalline polymer have been reported [1] to
be smaller than the critical nucleus size for crystallization.

As Fig. 5 illustrates, a linear relationship has been found
between the temperature of PEG maximum cold crystalliza-
tion rate,Tc, upon heating from glassy state the samples
obtained by quench-cooling from a melt, and the glass tran-
sition temperature,Tg.

For hydrated blends:

Tc�K� � �3:72^ 0:49� Tg 2 �538:17^ 101:71� �1�

R� 0:967; p� 0:0016

For dry compositions:

Tc�K� � �2:18^ 0:51� Tg 2 �222:41^ 110:23� �2�

R� 0:949; p� 0:0512:

If we accept the concept that the PEG crystallization
behaviour in compatible blends with PVP is determined
by an activation energy [19], then we must in turn consider
those polymer properties that relates to the activation
energy, e.g. viscosity, free volume and diffusivity. Since
various polymers exhibit similar fundamental properties at
their ownTgs (e.g. packing density coefficient of 0.667 [20],
fractional free volume,fg, of 0.025 [21], segmental relaxa-
tion time of 5 min [22], microviscosity (molecular friction
coefficient) hg � 0:3 10212 Pa s [22], and self-diffusion
coefficient of polymer segmentDg < 10221 m2 s21 [23],
theTg values can be taken as the important predictive indi-
cator of polymer behaviour in the operating temperature
range Tg, T , Tg 1 150 K: For the PVP–PEG system
under consideration, theTg value can be therefore used to
estimate the variety of viscoelastic and transport properties
at maximum crystallization rate temperature,Tc. To give a
temperature dependence forh and f, and evaluate these
quantities atTc, the Williams, Landel, Ferry (WLF) and
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Fig. 4. Composition dependence of the temperature-time range between
glass transition and cold crystallization peak for freshly prepared (hydrated)
and dry PVP blends with PEG-400.

Fig. 5. The PEG maximum cold crystallization rate temperature,Tc, plotted
versus glass transition temperature,Tg, of freshly prepared (hydrated) and
dry PVP–PEG blends.



the Doolittle equations are appropriate [21]:

ln
hc

hg
� 1

fc
2

1
fg
� 2

Nfcr

fg

Tc 2 Tg

�fg=Da�1 Tc 2 Tg

� 2
40:00�Tc 2 Tg�

52:081 Tc 2 Tg
�3�

whereh c, hg—apparent polymer microviscosities atTc and
Tg respectively;fc, fg and fcr—fractional free volume atTc

andTg as well as a critical fraction of free volume required
so that a segment may jump or move;N—the number of
moving polymer units per segment, andDa—the change of
polymer thermal expansion coefficient atTg. For the major-
ity of polymers [21] Nfcr < 1; fg < 0:025 and Da <
4:8 1024 K21

: Substitution of all these constants into Eq.
(3) gives an expression ready to use.

Based on the compositional behaviour ofTg in PVP–PEG
blends, shown in the first paper in this series [14; Figs. 2 and
3], the apparent microviscosity and fractional free volume
were calculated using Eq. (3) for the temperature of PEG

maximum cold crystallization rate,Tc. The self-diffusion
coefficient of polymer segments atTc (Dc), referred to that
at glass transition (Dg), is given by the WLF equation in the
form [24]:

log
Dc

Dg
� Nfcr

2:303fg
1 1

fg
Da�Tc 2 Tg�

" #21

� 17:37 11
52:08

Tc 2 Tg

" #21

�4�

Finally, a free activation energy for polymer crystallization,
i.e. an activation energy for PEG chain diffusion through the
crystal–melt interface to join growing crystal,DGD, can be
estimated from theTg and Tc values using following the
WLF equation [25]:

DGD

kTc
� 2:07× 103

51:6 1 Tc 2 Tg
�5�

where k is the Boltzmann constant.
The quantities, evaluated from theTc and Tg with Eqs.

(3)–(5), are related to the composition of PVP–PEG compa-
tible blends in Figs. 6–9. Since the microviscosity and self-
diffusion coefficient characterise, in essence, the segmental
mobility of individual polymer chains but are applied here
to describe the mixture of polymers,h and D are to be
treated respectively as an apparent microviscosity and an
apparent self-diffusion coefficient. The compositional beha-
viours of these quantities, shown in Figs. 6–9, match closely
the composition dependence ofTc and theTc–Tg interval,
presented in Figs. 2 and 4. Two distinct regions are discernible
in all the plots. In PVP-underloaded blends (wPVP # 0:24; or,
what is the same,�PEG-400�=�PVP� $ 0:78), crystallization
occurs atTc, Tc–Tg, log[h c/hg], f, log[Dc/Dg] and atDGD

magnitudes which are nearly invariant with composition.
This region is therefore thought to embed a thermodynamic
equilibrium betweenTc andTg, at which a contribution of
the above mentioned kinetic restriction to the cold crystal-
lization process becomes negligible. At equilibrium theTc/
Tg ratio is found to range normally between 1.11 and 1.12,
the apparent blend microviscosity is about 5.6 orders of
magnitude less than that atTg; fc < 0:037; theDc is approxi-
mately 500,000 times higher thanDg, and DGD <
522 54 kJ mol21

: In contrast, for the PVP-overloaded
blends (atwPVP . 0:25 and �PEG-400�=�PVP� , 0:7) the
Tc/Tg ratio has been found to increase appreciably,
approaching the values of 1.22–1.23 (see Fig. 8 in the
first paper of this series [14]), and all the quantities provided
by Eqs. (3)–(5) are the explicit functions of blend composi-
tion (Figs. 6–9). In this composition region PEG cold crys-
tallization proceeds at a substantially decreased apparent
microviscosity and activation energy, but at increased free
volume and diffusion coefficient, implying that enhanced
molecular mobility and crystallization rate are required in
order to surpass the diluent effect of amorphous PVP.
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Fig. 6. The plot of the logarithm of apparent microviscosities ratio atTc and
Tg against the composition of dry and hydrated PVP–PEG blends.

Fig. 7. The plot of partial free volume,fc, at PEG maximum crystallization
rate temperature,Tc, against PVP weight fraction in freshly prepared and
hydrated blends.



Crystallization in this region of blend compositions may
therefore be characterised as kinetically hindered.

Eq. (5) yields only approximate estimate ofDGD.
However, the activation energy for PEG crystallization in
compatible blends with amorphous PVP,DGc, can be quan-
tified experimentally using theTc-dependence on the rate of
sample heating,n [26]:

DGc � 2R
d�ln v�
d�1=Tc� �6�

where R is the gas constant.
When the logarithms of scanning rates (10, 20, 30 and

408C min21) were plotted against the reciprocals of Tcs,
straight lines were obtained with very good fitting, which
allowed evaluating theDGc from relevant slopes (Table 1).
The obtained data in Fig. 9 and in Table 1 are in very reason-
able agreement with those determined with the WLF equa-
tion (5). The increase inDGc for PEG-overloaded systems is

most likely caused by the lack of free PEG available for
crystallization, as is shown below. Since PEG cold crystal-
lization in the blends with amorphous PVP involves a diffu-
sion process, it is of interest also to compare theDGD and
DGc values with an activation energy for PVP–PEG inter-
diffusion, measured by an optical microinterference tech-
nique [27], that has been found to increase from 30 to
39 kJ mol21 as PVP weight fraction increases from 0.1 to
0.5.

Diffusion seems to take a considerable portion of the
activation energy required for PEG cold crystallization.
TheDGD andDGc magnitudes in Fig. 9 and in Table 1 are
close to the value of apparent activation energy for viscous
flow, DGh , measured with a squeezing flow technique [28]
from the temperature dependence of PVP–PEG blend shear
viscosity and found to beDGh < 54 kJ mol21 for the blend
containing 36 wt% PEG-400.

It is worthy of note that the activation energy of crystal-
line polymer chain diffusion through the crystal–melt inter-
face,DGD, shown in Fig. 9 as a function of PVP–PEG blend
composition, is in essence identical to theDE parameter
[14], introduced by Okui [19] and defined as an activation
energy for migration of polymer segment through the
nucleus–melt interface. However, notwithstanding the fact
thatDGD reveals the drop with PEG content decrease (Fig.
9), theDE/K quantity in the first paper of this series [14; Fig.
13] displays evident growth with reduction in PEG concen-
tration. These seemingly inconsistent findings can be easily
reconciled by the plausible conjecture that the nucleation
parameterK, defined in [14] by Eqs. (11), rises dramatically
with increase in amorphous PEG content. Indeed, by defini-
tion K is inversely related to the heat of fusion,DHm, which
approaches zero rapidly with amorphous PVP addition to
crystalline PEG (Fig. 3). The PVP is generally recognised as
an inhibitor of crystallization [29] and the observed effects
in the compositional behaviour of theDGD and DE/K
quantities in PVP–PEG blends serve as example of its anti-
nucleation activity.

According to Okui [19] and our results (Figs. 6–9) the
Tc–Tg relationship in Fig. 5 invokes PEG molecular mobi-
lity, expressed in the terms of the activation energy. This
inference can be derived more explicitly from the following
simple physical reasoning. The logarithm of the ratio

#M.M. Feldstein et al. / Polymer 41 (2000) 5339–53485344

Fig. 8. Effect of PVP concentration (in weight fractions) on apparent poly-
mer self-diffusion coefficient in hydrated and dry PVP–PEG blends at the
themperature of maximum cold crystallization rate,Dc, related to the refer-
ence value of that at glass transition temperature,Dg.

Fig. 9. The composition dependence of viscous flow activation energy for
freshly prepared and dry PVP blends with PEG-400 at maximum cold
crystallization rate temperature,Tc.

Table 1
Effect of PVP concentration on the activation energy for PEG cold crystal-
lization, DGc, upon heating of the blends, quench-cooled from melt,
through their glass transition temperature

Composition DGc (kJ mol21) R p

wPVP [PEG-400]/[PVP]

0.34 0.50 59.5̂ 9.5 0.973 0.027
0.31 0.56 63.8̂ 4.3 0.995 0.005
0.24 0.78 56.2̂ 12.2 0.956 0.044
0.15 1.4 90.5̂ 29.1 0.911 0.089
0.08 2.8 96.5̂ 12.6 0.983 0.017



between polymer blend apparent microviscosities atTc and
Tg, calculated using the WLF equation (3) and presented as a
function of blend composition in Fig. 6, yields a straight line
when is plotted against the difference of reciprocals of these
temperatures (Fig. 10).

For hydrated compositions:

ln
hc

hg
� 18381:88

1
Tc

2
1
Tg

" #
2 3:58 �7�

R� 0:999; p , 0:0001

For dry blends:

ln
hc

hg
� 20611:30

1
Tc

2
1
Tg

" #
2 2:54 �8�

R� 0:997; p� 0:0025

According to the Frenkel–Eyring’s activation theory [30] at
T . Tg :

h � Nah
V

eDGh=RT �9�

whereNa is Avogadro’s number, h is Planck’s constant,V is
the molecular volume of moving polymer segment andDGh

is the activation energy for viscous flow. Substituting Eq. (9)
into Eq. (3) and considering thatDGh � DHh 2 TDSh
gives:

ln
hc

hg
� �DSh�g 2 �DSh�c

R
1
�DHh�c

RTc
2
�DHh�g

RTg
�10�

whereDHh is the enthalpy andDSh , the entropy of activa-
tion for viscous flow.

The multiple linear regression of the ln(h c/hg) quantity
on two variables, 1/Tc and 1/Tg (Fig. 11) allows estimating
the changes in the activation enthalpies of viscous flow atTc

andTg, respectively, as well as the difference between acti-
vation entropies at these temperatures. For hydrated blends
we have:

ln
hc

hg
� 218:2 1

16894:3
Tc

2
14017:4

Tg
; R2 � 0:999

�11�

�DSh�g 2 �DSh�c � 2151 J mol21;

�DHh�c � 140:4 kJ mol21;

�DHh�g � 116:5 kJ mol21
:

For dry blends:

ln
hc

hg
� 212:6 1

19457:9
Tc

2
17448:3

Tg
; R2 � 0:996 �12�

�DSh�g 2 �DSh�c � 2105 J mol21;

�DHh�c � 161:7 kJ mol21;

�DHh�g � 145:0 kJ mol21
:

With respect to drawing on the WLF equation to help
understand the rational behind theTc–Tg relationship, a
range of reservations should be here stated. First, it may
appear that the analysis presented by the Eqs. (7), (8),
(10) and (12) and Figs. 9 and 10 is somewhat irrelevant
because the ln(h c/hg) quantity is plotted against the same
variablesTc and Tg, from which it has been calculated.
However, since according to Eq. (3) the numerical magni-
tude of this quantity is determined solely by theTg andTc

values, and both these variables are measured independently
from DSC traces, this procedure enables us to treat the
expressions for ln(h c/hg), ln(Dc/Dg), fc andDGD, provided
by the Eqs. (3)–(5), as specific forms of theTc–Tg relation-
ship shown in Fig. 5, which demonstrates a clear physical
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Fig. 10. The Frenkel–Eyring plot of blend apparent microviscosities ratio at
maximum PEG cold crystallization rate temperature,Tc, and the tempera-
ture of blend glass transition,Tg, against the difference of reciprocals these
temperatures.

Fig. 11. Three-dimensional plot of the logarithm of blend microviscosities
ratio at maximum PEG cold crystallization rate temperature,Tc, and the
temperature of blend glass transition,Tg, against the reciprocals these
temperatures.



meaning. In this connection the analysis of theTc and Tg

contributions to any of this quantities seems to be quite
pertinent. The same treatment may be applied equally
well to the ln(Dc/Dg) quantity, eliciting the apparent activa-
tion energy for diffusion as a factor controlling theTc–Tg

relationship instead of the activation energy for viscous
flow.

The second reservation relates to the significance ofDHh

and DSh magnitudes obtained with the multiple linear
regression. Since theTc andTg are mutually dependent vari-
ables, as is established unequivocally by the data in Fig. 5,
the results of regression are fitted coefficients rather than the
true activation enthalpies and entropies for viscous flow at
Tg andTc. Nevertheless, the employed approach provides a
qualitative insight into the mechanism by which theTc is
controlled by theTg in PVP–PEG compatible blends.

The Eqs. (1), (2), (7) and (8) have been employed to
explain why no PEG cold crystallization occurs within
PVP-overloaded blends (at PEG concentrationwPEG ,
0:5; Figs. 1 and 3). Using theTg values derived from the
DSC thermograms of the PVP-overloaded blends, we have
calculated the expected PEG maximum cold crystallization
temperatures, which have been found to exceed appreciably
the onset temperature of pure PEG-400 melting (2238C)
and even the temperature of PEG fusion peak (68C). The
data are listed in Table 2, indicating that PEG cold crystal-
lization is not allowed atwPEG # 0:5 due to kinetic restric-
tion. In order to explore whether the kinetic inhibition has
been aggravated by PVP–PEG binding we have modified
the thermal cycle employed. The blend containing 36 wt%
of PEG-400 and demonstratingTg � 2548C was cooled
slowly to 2408C at a cooling rate of 28C min21 and then
annealed at this temperature for 1 h. Annealing was
followed by further cooling the sample to21508C with
the rate of 58C min21. The cooled specimen was then heated
up to 2008C in the DSC measuring cell at a heating rate of
208C min21. No signs of crystalline phase was detected in
the blend after this procedure.

Whilst the lack of cold crystallization–melting phenom-
ena in the PVP-overloaded blends can not be unequivocally
indicative of complete PEG binding with the PVP due to
kinetic reasons, it does not still argue against such binding.
We turn now back to Fig. 3, where the areas under PEG
melting endotherms in dry and hydrated blends are plotted
against the weight fraction of crystalline PEG. If PVP

merely diluted PEG causing kinetic hindrance and did not
interfere with its crystallinity through a strong favourable
interaction, the plot would represent the straight line
connecting the origin (DHm � 0 at wPEG� 0) and the heat
of fusion of pure PEG-400 (DHm � 118 J g21 atwPEG� 1�:
Such ideal dilution behaviour is in fact typical of the PVP
blends with PEG-1000 (DHm � 136:6 J g21

; Tm � 398C� as
is illustrated by the data in Fig. 3. In contrast to the phase
behaviour of PVP mixtures with PEG-400, no cold crystal-
lization exotherms are detected in DSC heating traces of
PVP blends with PEG-1000, quench-cooled both from
ambient temperature (208C) and from the molten state
(608C), and only melting peaks remain to signify the
presence of the crystalline phase. Annealing the samples
in the melt (608C for 60 min) prior to their quench cooling
in liquid nitrogen does not affect the heats of fusion and
crystallinity, whereas appreciable depression in PEG-1000
melting temperature in the annealed blends (e.g. by 5.78C
for the blend containing 16.4 wt% of amorphous PVP)
signifies the formation of compatible blends.

Unlike the PVP blends with PEG-1000, the enthalpy of
PEG-400 melting in the blends with the same amorphous
polymer decreases abruptly with increasing PVP concentra-
tion (Fig. 3). The disappearance of the melting peak due to
free PEG-400 in PVP, and the reduction in heat of fusion to
less than that resulting from simple dilution with amorphous
PVP demonstrates that a significant amount of liquid PEG
does not freeze in blends over entire composition range.
This is presumably due to interaction (binding) of PEG
molecules with the PVP. If solely kinetic restriction was
the reason for non-freezing PEG-400 in PVP-overloaded
blends, all the PEG would be available for crystallization
within the PEG-overloaded blends�wPEG . 0:7�; where
cold crystallization has been shown above to be kinetically
allowed. However, the lack of equivalence between crystal-
linity and the total amount of PEG-400 in blends reveals the
non-freezing PEG occurrence within a composition range
where no kinetic hindrance takes a place. A feasible method
of estimating the bound (non-crystallising) PEG is to plot
the heat of free PEG fusion per gram of polymer blend
versus the total weight of PEG per gram of the blend
(wPEG) and extrapolate to zero for theDHm. The PEG bind-
ing with PVP obtained in this manner is found to bet0.49
andt0.63 g PEG-400/g polymer blend, or 0.26 and 0.47
PEG-400 macromolecules per PVP repeat unit respectively
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Table 2
The hypothetic maximum cold crystallization rate temperature for PEG-400 within PVP-overloaded blends, evaluated with Eqs. (1), (2), (7) and (8)

PEG content (wt%) Hydration degree (wt%) MeasuredTg (8C) CalculatedTc (8C) Equation no.

36 1.3 232.5 28.9 (2)
21.9 (8)

8.4 253.1 5.8 (1)
20.7 (7)

50 0.3 250.5 210.3 (2)
22.3 (8)



for hydrated and dry mixtures (Fig. 3). In the case of
constant PEG binding degree per gram of polymer blend
over the concentration range employed, i.e. atwPEG . 0:5
for hydrated and 0.65 for dry blends, the relationship should
be linear as is in fact seen in Fig. 3. The invariability of the
binding degree within a wide composition range in PEG-
overloaded blends is evidence for PVP–PEG complex stoi-
chiometry. The stoichiometric composition of the PVP–
PEG complex, evaluated on the data in Fig. 3, is in excellent
agreement with the results of FTi.r. analysis of hydrogen
bonds formed between PEG terminal hydroxyl groups and
carbonyls in the PVP repeat units, and matches closely the
PVP–PEG binding degree determined from the composi-
tional dependence of the glass transition temperature [16].

If all the PEG-400 were free and available for crystal-
lization in the blends with PVP, the slope of theDHm–wPEG

linear plot (Fig. 3) would yield the heat of fusion for pure
PEG. This is the case for PVP blends with PEG-1000, but
the slopes for PEG-400 compositions with PVP are signifi-
cantly greater than the theoretical value (246 and 312 J g21

for hydrated and dry blends respectively). By this way the
data obtained show noDHm correlation with the total PEG-
400 content in a system. In contrast, as the weight fraction of
free PEG is used,wp

PEG, defined as the difference between
total PEG amount and the weight of bound PEG, the calcu-
lated slope exhibits good agreement with theDHm of pure
PEG-400 (Fig. 3).

Conceivably the most credible and unambiguous
evidence that the non-freezing PEG must be identified as
the PEG bound in stoichiometric complex with amorphous
PVP, and that the lack of cold crystallization-melting
processes within the PVP-overloaded blends is caused even-
tually by PEG binding which aggravates kinetic restriction
imposed upon crystallization, is provided by the fact that in
kinetically non-restricted blends�wPEG $ 0:8� the heat of
free PEG fusion reaches a fixed limiting value,DH∞

m ;

decreased dramatically compared to that of pure PEG-400.
As is seen from Fig. 3, the hydrated PEG-overloaded blends
displayDH∞

m < 58 J g21
; while for dry blends this value is

found to beDH∞
m < 41:5 J g21

: PEG’s inability to be fully
crystallized in PVP-underloaded blends is also manifested
by increased activation energy for cold crystallization,
presented in Table 1. Dividing theDH∞

m by the reference
value of pure PEG-400 heat of fusion (118 J g21) yields the
weight fraction of free, crystallizable PEG-400, whereas the
weight fraction of non-freezing, bound PEG can be deter-
mined as a difference between the amounts of total and free
PEG in the blends, 12 �DH∞

m =DHmPEG�: The PEG binding
degree with PVP, evaluated with this procedure, is calcu-
lated to bet0.51 and 0.65 g bound PEG per gram mixture
for hydrated and dry systems respectively. These magni-
tudes are in close agreement with those evaluated earlier
from the intercepts of linear plots in Fig. 3 atDHm � 0:
The invariability of theDH∞

m values with blend composition
implies stoichiometry of the PVP–PEG complex.

The area under melting endotherm,DHm, is a measure of

blend crystallinity, representing an explicit function of the
crystalline polymer content (Fig. 3). From this standpoint
theDHm is thought to be independent on the rate of heating.
This is really the case for pure PEG, however for the PEG
blends with amorphous PVP theDHm decreases linearly
with the rate of heating as displayed by the data in the
Table 1 of the previous work [14]. This is a result of kinetic
hindrance in PEG cold crystallization process that is aggra-
vated with the increase in heating rate as is embedded by the
concomitant reduction inDHc.

4. Conclusions

The cold crystallization of free PEG-400 in compatible
blends with amorphous PVP occurs upon heating through
glass transition the samples prepared by quench-cooling
from the melt. Under the thermal cycle employed the peak
temperature of cold crystallization exotherm,Tc, has been
found to represent an explicit function ofTg and blend
composition. The examination of theTc dependence onTg

with respect to the PVP concentration, performed in the
terms of apparent polymer microviscosity and diffusivity
as well as fractional free volume atTc, reveals relevant
activation energies, in particular the activation energies
for viscous flow or diffusion, as factors controlling theTc.
As the PEG content in blends increases, the contribution of
kinetic restriction to the temperature of PEG maximum cold
crystallization rate becomes negligible. The amount of non-
freezing PEG is determined from the decrease in heat of
fusion of PEG-400 at various PVP concentrations in blends.
The disappearance of any PEG crystallization and melting
processes within PVP-overloaded blends has been shown to
be caused by the amorphous polymer diluent effect resulting
in kinetic hindrance. In contrast, the occurrence of non-
crystallizable PEG within kinetically non-restricted PVP-
underloaded systems relates unambiguously to a strong
favourable PVP–PEG interaction and stoichiometric
complex formation. The stoichiometry of PVP–PEG
complex has been established from DSC thermograms as
the amount of PEG unavailable for crystallization, which
has been demonstrated to be invariable with composition
in the PEG-overloaded blends.
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