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Abstract

Differential scanning calorimeteric (DSC) heating thermograms of amorphous\saipyl 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 temperaturesT). 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 temgeratuitgendT, 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 k#2080 Elsevier Science Ltd. All rights reserved.

Keywords Relationship between the temperatures of cold crystallization and glass transition; State of poly(ethylene glycol); Stoichiometiy-eingbly(
pyrrolidone)—poly(ethylene glycol) hydrogen-bonded complex

1. Introduction of melting temperaturel,,, resulting from the diluent effect
of the amorphous component [1].

Recently, considerable attention has been focused on the Over the past years progress has been made primarily on
preparation and examination of crystalline—amorphous the impact of the amorphous polymer upon the melting
compatible polymer blends [1-13], and currently all the point behaviour of the crystalline component, providing
studied crystalline—amorphous polymer mixtures are an insight into the thermodynamics of polymer interaction
shown to share three general characteristics. Firstly, the[1-3,5-12]. At the same time, few studies have been
two polymers are thought to be compatible and miscible concerned with the amorphous polymer diluent’s effect on
in the molten state. Secondly, as the blends are cooledblend crystallinity [1,4,13]. Meanwhile a question is perti-
from the melt, crystallization of the crystallizable compo- nent: is the presence of non-crystallizable fraction of crys-
nent occurs, but the total degree of crystallinity of the talline polymer due to specific interaction (binding) with the
blends, determined from the area of the melting endotherm amorphous component, which is reported to be prerequisite
(AH,,), decreases rapidly with increasing content of the for polymer compatibility [1], or is it a consequence of
amorphous component. As the result of such behaviour, kinetic hindrance imposed by amorphous polymer upon
crystallization is inhibited below some critical concentra- crystallization process. Evidently, the kinetic effects can
tion of the crystallizable polymer and no level of crystal- be caused by conventional dilution of crystalline polymer
linity is detected in blends containing an excess of the with amorphous component and the occurrence of specific
amorphous polymer. A third characteristic feature of the interaction between polymers enhances these effects.
crystalline—amorphous blends is a substantial depressionDeconvolution of the thermodynamic and kinetic factors

affecting melting behaviour of favourably interacting poly-

mer blends provides the determination of interpolymeric
* Corresponding author. Fax: 7-095-230-2224. binding degree based on differential scanning calorimetric
E-mail addressmfeld@ips.ac.ru (M.M. Feldstein). (DSC) analysis of the composition dependence of melting
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100 % PVP. of tightly bound PVP units. The remaining 44% of the PVP
T . 36%PEG units are not involved in the complexation in dilute solution,
53 % PEG since a heat of hydrogen bonding_ for these unjts is thought
------- to cease to dominant the negative change in PVP—PEG
- Crystallization interaction entropy associated with ordered complex struc-

olyr TN TP 69 % PEG ture formation.

x . . .

w i) S In the first of this series of papers [14] we presented
Glass transition 85 % PEG results demonstrating the coherent phase behaviour of

""""""""""" 100 % PEG compatible PVP—PEG blends. As the blends were quench-
P cooled from the melt te-100°C and then heated up through
Meiting T, with a rate of 26C min™?, the following thermal events
: L — . L . . were observed: (1) a single, composition-dependent glass
-150 -100 -0 o 0 50 transition {Ty), approaching with decreasing PVP content
T.°C the value found for pure PEG-400; (2) an exotherm of free
Fig. 1. Differential scanning calorimeter heating traces of PVP, PEG-400 PEG cold crystallization in couple with an endotherm of
and their freshly-prepared blends, covering entire composition range (in PEG melting; and (3) an endotherm corresponding to moist-
wt% of PEG). ure desorption al > 100°C. Numerical correlations were
obtained from DSC traces amorly, the temperature of
endotherm area. With this purpose, the kinetic contribution PEG melting T;,,) and the temperature of free PEG maxi-
to blend crystallinity must be closely examined in DSC mum cold crystallization rateT(). The latter temperature
traces. This necessitates the study of blend crystallizationcorresponds to the maximum of the cold crystallization
in conjunction with compositional behaviour of the glass endotherm in heating scans. Inference drawn from these
transition temperaturel,, and heat of fusion of crystalline  correlations implies an activation energy as a factor control-
polymer,AH,. ling the interrelationships betwedn, T, and T [19].
In a recent paper [14], we have described the phase beha- The present research complements the foregoing work
viour of poly(N-vinyl pyrrolidone) (PVP) compatible blends  [14] by refining our insight into the mechanism &f-T,
with a low molecular fraction of poly(ethylene glycol) dependence under heating quench-cooled melts of crystal-
(PEG) ofM,, = 400 g mol't. PVP is an amorphous poly- line-amorphous polymer blends, and by including into
mer with Ty = 178°C, whereas crystalline PEG-4QU,,, = consideration the thermodynamic factors embedded in the
6°C, AH,, = 1184 J g 1) at ambient temperature is in a heat of fusion of crystalline polymeAH, SinceTj reflects
molten, liquid statéT, = —70°C). Owing to large negative ~ fundamental properties of compatible blends and charac-
deviations from a simple rule of mixing, observed in compo- terises the amorphous phase, wiileand AH,,, are mainly
sitional behaviour of PVP—PEG blent, all the blends associated with the state of the crystalline component in
considered in this study displayy; < —4C0°C. At room blend, the present approach is also thought to enable us to
temperature they are in the viscoelastic state. expand our comprehension of the state of PEG in the blends
The PVP-PEG compatibility is due to complex forma- containing amorphous polymer.
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 2. Experimental
invariability of PVP—PEG binding degree over a wide range
of blend compositions reveals the stoichiometry of the PVP (Kollidon K-90), M,, = 1 000 000 g mol* and
hydrogen-bonded complex. In this complex, per every 100 PEG-400 (Lutrol E-400), M,, = 400 g mol'%, were
PVP repeat units available in blend, no more than 27 PEG obtained from BASF. PEG of molecular weight of
macromolecules, bearing together 54 terminal hydroxyl 1000 g mol'* (PEG-1000) was produced by Fluka. All
groups, have been shown to form H-bonds with 54 PVP polymers were used as received.
units, while the other 46 units remain intact [16]. PVP—  The basic experimental procedures employed in this work
PEG binding degree was measured from the FT-IR spectrawere introduced in previous paper in this series [14]. The
of blends in carbonyl and hydroxyl stretching vibration PVP-PEG blends, spanning the entire range of composi-
regions [17], and assessed also from DSC data using thetions, were prepared by drying the polymer component solu-
observed composition dependence of bldigd18]. Both tions in common solvent (ethyl alcohol). So-called “fresh”
methods were found to give similar results [16]. Expressed or “hydrated” blends were obtained by drying the solutions
in the terms of PEG weight fraction in blendspeg the at ambient temperature and containe® ¥ 2.2 wt%. resi-
stoichiometric composition of the PVP—-PEG complex dual water, whereas “dry” blends were produced by drying
corresponds twpeg =~ 0.36. Even in comparatively dilute,  the hydrated (fresh) mixtures at T@until termination of
15% PVP solution in liquid PEG-400, only 56% of the PVP weight loss. The hydration degree of dry blends was found
units form H-bonds with PEG hydroxyls, including 25-30% to be 07 = 0.2 wt%. Dry blends were stored until use over
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Fig. 2. Dependence of maximum PEG cold crystallization rate temperature,
T,, 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 fusionAH,,, of freshly prepared (hydrated) and dry PVP
blends with PEG-400 and PEG-1000 as a function of PEG weight fraction
in the blendsweee and weight fraction of free PEG-400 in blentheg.

P,Os, while the hydrated blends were exposed to atmos-
phere humidity at ambient temperature. display the same thermal events, though relevant transition
Samples were analysed under dry argon in a Mettler TA temperatures are somewhat higher. No crystallization and
4000/DSC 30 DSC thermoanalyser, calibrated with indium melting processes occur in both hydrated and dry blends at
and gallium. Samples were cooled with liquid nitrogen in PEG concentrations below 53 wt%, whereas for PEG-rich
the DSC apparatus from 20 to—150°C over 2-3 min and  blends mixing PVP with PEG is accompanied by a rapid
then heated up to 200 at a rate of 20C min~* (unless drop of theT, value until a critical PEG concentration of
other program has been noted)sTwere recorded at half- 75 wt% (or 78 PEG-400 molecules per 100 PVP repeat
height of the relevant heat capacity jumps, whereasTthe units) is attained, after which the response in Tegends
andT,, were taken as the temperatures of the cold crystal- to a plateau (Fig. 2). Both the enthalpies of cold crystal-
lization and melting peaks. The heats of cold crystallization lization, AH;, and the melting peaksAH,, are directly
and melting, determined on the areas of correspondingproportional to PEG weight fraction in blendspec As a
peaks, were normalised to 1 g of polymer blend. Magnitudes rule, AH. is always slightly smaller thaaH,,, and theAH/
of heat flow in the DSC curves, presented in the figures, are AH,, ratio has been found to be88 + 0.06 for dry and
reduced to a reference sample weight of 10 mg. 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
3. Results and discussion of crystalline polymer, PEG. The heats of cold crystalliza-
tion and melting peaks are reduced by dilution of crystalline
Fig. 1 shows typical DSC heating curves of PVP, PEG- PEG with amorphous PVP. No cold crystallization beha-
400 and their blends for the entire range of compositions viour is observed for PVP-overloaded blends, containing
over the temperature regior100 to 50C. To elucidate up to 50 wt% PEG-400. Above this point the samples
relations betweerT, and Ty in greater details we do not begin to develop 6-12% crystallinity on quench cooling
consider here the upper temperature range, exhibiting thefrom melt in the DSC apparatus, and consequently the
glass transition of pure PVP and the endotherms of moisturecold crystallization exotherms upon heating become smaller
thermodesorption for PVP—PEG blends [14]. The scan of than the corresponding melting endotherms.
pure PVP displays no thermal events in the region of inter- The area of the PEG melting endotherm decreases drama-
est, while for PVP—PEG blends three distinct transitions are tically upon addition of PVP and, as seen in Fig. 3, the
discernible. The jump in heat capacity in the region-af0 blends containing less than 50 wt% of PEG-400 do not
to —50°C reflects the glass transition. Only a single glass develop any crystallinity during thermal cycle employed.
transition is observed which is rapidly shifted to lower The singleT, for these blends and the suppression of PEG
temperatures as the PEG content rises. Adding PEG tocold crystallization caused by PVP provide positive
PVP leads to narrowing of the glass transition and increasesevidence that this system forms a miscible amorphous
the heat capacity changAC,. The second transition peak phase. Further discussion of the data presented in Fig. 3 is
between—45 and—11°C is an exotherm, representing PEG given in following sections of this paper.
cold crystallization in blends. The third is an endotherm At first glance it is curious that the liquid PEG-400
around 0—8C, which is due to PEG melting in the blends. freezes in blends not upon cooling from the melt but upon
The DSC traces of dry blends have similar character and heating quenched samples through tfigé: As a mixture of
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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 temperafTyelotted
versus glass transition temperatufg, of freshly prepared (hydrated) and
dry PVP—PEG blends.

amorphous and crystalline polymers is cooled rapidly process. At high amorphous polymer concentration the
through itsT, from the melt, the frozen molecular mobility, ~domains of crystalline polymer have been reported [1] to
which maintains it in conformational and phase equilibrium, be smaller than the critical nucleus size for crystallization.
can no longer occur on the time scale of the cooling process As Fig. 5 illustrates, a linear relationship has been found
and the material becomes a thermodynamically unstablebetween the temperature of PEG maximum cold crystalliza-
glass. In this state, no crystallization processes are allowed.tion rate, T, upon heating from glassy state the samples
PEG crystallization can therefore occur only above the obtained by quench-cooling from a melt, and the glass tran-
respective T, somewhere betweefl; and T, and this sition temperaturef,.
process is referred to as cold crystallization. The growth  For hydrated blends:
r:;_xte of the crystalline phase depends on t.he diffusion To(K) = (3.72+ 0.49) T, — (53817 + 10171) 1
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 For dry compositions:
rate Qu.ring the quen_ching process to prc_)dgce a materiaITc(K) — (218+ 051) T, — (22241 + 11023 @
containing an extensive amount of crystallinity. Therefore, g
the heating thermogram of pure PEG-400 in Fig. 1 exhibits _ _
no cold crystallization exotherm, but does display an R=0943 p=00512
endotherm of fusion. If we accept the concept that the PEG crystallization
At fixed rate of sample heating aboVg the T.—Ty inter- behaviour in compatible blends with PVP is determined
val represents not only the temperature gradient, required toby an activation energy [19], then we must in turn consider
impart molecular mobility necessary to overcome an ener- those polymer properties that relates to the activation
getic barrier of PEG crystallization, but concomitantly it energy, e.g. viscosity, free volume and diffusivity. Since
characterises the time needed for cold crystallization. As various polymers exhibit similar fundamental properties at
is evident from the data in Fig. 4, thig—T, interval and the  their ownTgs (e.g. packing density coefficient of 0.667 [20],
time required for PEG cold crystallization climb sharply asthe fractional free volumef,, of 0.025 [21], segmental relaxa-
PEG concentration is decreased below eight PEG-400 macro+ion time of 5 min [22], microviscosity (molecular friction
molecules per ten PVP units available in blends. The increasecoefficient) ny = 0.3 10 2 Pas [22], and self-diffusion
in T—Ty interval is thus a result of severe kinetic restrictions coefficient of polymer segmer, ~ 10 2 m?st [23],
placed on the cold crystallization process by the employed the T, values can be taken as the important predictive indi-
thermal procedure. An additional cause of the inability of cator of polymer behaviour in the operating temperature
blends with high amorphous polymer content to crystallize range T,< T < T, + 150 K For the PVP—-PEG system
is the growing isolation of the individual chains of the crystal- under consideration, th&; value can be therefore used to
line polymer with increasing amorphous polymer content estimate the variety of viscoelastic and transport properties
due to the random placement of different PEG molecules at maximum crystallization rate temperatufg, To give a
in the homogeneous compatible state and the above restrictemperature dependence fgr and f, and evaluate these
tion on molecular mobility during the crystallization quantities atT,, the Williams, Landel, Ferry (WLF) and

R=0.967, p=0.0016
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Fig. 6. The plot of the logarithm of apparent microviscosities ratit. and
T, against the composition of dry and hydrated PVP—PEG blends.

the Doolittle equations are appropriate [21]:

Inlzi_l__Nfcr Tc_Tg
Mg fo fy fy [fo/Aa] + Tc — Ty
_4000[T, — Tyl (3
5208+ T, — T, )

wheren, ng—apparent polymer microviscosities Btand
T, respectivelyf,, f; andf,—fractional free volume al;

andTg as well as a critical fraction of free volume required

so that a segment may jump or mow:—the number of
moving polymer units per segment, atvd —the change of
polymer thermal expansion coefficient&t For the major-
ity of polymers [21] Nf, = 1, f; = 0.025 and Aa =~

4.8 10 * K. Substitution of all these constants into Eq.

(3) gives an expression ready to use.
Based on the compositional behavioufgin PVP—PEG

5343

maximum cold crystallization rat€l.. The self-diffusion

coefficient of polymer segments &t (D), referred to that
at glass transition), is given by the WLF equation in the
form [24]:

D, Nf,
0 5 = 2303,

f -1
g
Aa(T, — Ty)

-1
5208
=17. 1+
o2 ]

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 crystalGp, can be
estimated from thely and T, values using following the
WLF equation [25]:

(4)

AG,  207x10°
kT, 516+ T.— T,

®)

where k is the Boltzmann constant.

The quantities, evaluated from tfg and T, with Egs.
(3)—(5), are related to the composition of PYP—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, 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 ©f and theT.—Tj interval,
presented in Figs. 2 and 4. Two distinct regions are discernible
in all the plots. In PVP-underloaded blengg(p = 0.24, or,
what is the samgPEG400]/[PVP] = 0.78), crystallization
occurs atT;, T.—Tg, log[ndngl, f, log[DJ/Dg] and atAGy

blends, shown in the first paper in this series [14; Figs. 2 and magnitudes which are nearly invariant with composition.
3], the apparent microviscosity and fractional free volume Thjs region is therefore thought to embed a thermodynamic
were calculated using Eg. (3) for the temperature of PEG equilibrium betweerT, and T,, at which a contribution of
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Fig. 7. The plot of partial free volumé, at PEG maximum crystallization

rate temperaturel,, against PVP weight fraction in freshly prepared and

hydrated blends.

the above mentioned kinetic restriction to the cold crystal-
lization process becomes negligible. At equilibrium thé

Ty 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 gy, f. =~ 0.037,theD. is approxi-
mately 500,000 times higher thal, and AGp =
52— 54kJmolt. In contrast, for the PVP-overloaded
blends (atwpyp > 0.25 and [PEG400)/[PVP] < 0.7) the
TJ/T, 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 Egs. (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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Crystallization in this region of blend compositions may
therefore be characterised as kinetically hindered.

Eqg. (5) yields only approximate estimate &Gp.
However, the activation energy for PEG crystallization in
compatible blends with amorphous P\, can be quan-
tified experimentally using th&.-dependence on the rate of
sample heatingy [26]:

R d(In v)

AG d(/T,)

c = ©)
where R is the gas constant.

When the logarithms of scanning rates (10, 20, 30 and
40°C min™ ") were plotted against the reciprocals ofs,T
straight lines were obtained with very good fitting, which
allowed evaluating thAG, 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 iAG, for PEG-overloaded systems is
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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 temperaturg,.
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Table 1

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

Composition AG; (kJ mol™%) R p
Weve  [PEG-400)/[PVP]

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

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 A&, and
AG; values with an activation energy for PVP—-PEG inter-
diffusion, measured by an optical microinterference tech-
nigue [27], that has been found to increase from 30 to
39 kJ mol'! 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.
The AGp andAG, magnitudes in Fig. 9 and in Table 1 are
close to the value of apparent activation energy for viscous
flow, AG,,, measured with a squeezing flow technique [28]
from the temperature dependence of PVP—PEG blend shear
viscosity and found to bAG,, = 54 kJ mol ! 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,AGp, shown in Fig. 9 as a function of PVP—-PEG blend
composition, is in essence identical to tA& 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
that AGp reveals the drop with PEG content decrease (Fig.
9), theAE/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
parametekK, defined in [14] by Eqgs. (11), rises dramatically
with increase in amorphous PEG content. Indeed, by defini-
tion K is inversely related to the heat of fusiakk,,,, 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 thAGy, and AE/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
T—Tj 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
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According to the Frenkel—Eyring’s activation theory [30] at
124 Hydrated T> -:;ti; h
> ] n=- € 9
= whereN, is Avogadro’s number, h is Planck’s constaviis
= 164 the molecular volume of moving polymer segment &,
) is the activation energy for viscous flow. Substituting Eq. (9)
s ™ Dry into Eg. (3) and considering thaAG, = AH, — TAS,
N— -18 4 H B
= gives:
A - (A AH AH
-20 . l ' l I i I |n & — ( Sn)g ( Sr))c + ( n)C _ ( 'r])g (10)
-9 -8 7 -6 -5 g R RT. RTy
(17T )-(1/ Tg )N 10* K whereAH,, is the enthalpy andS,, the entropy of activa-

tion for viscous flow.
i SEC 030 oo o e e, o e e o % e i St
ture of blend glass tran)éitioﬂ'g, against the difpferencflof reciprocaIFs)these ?hn two Va”aples' T a.nd .17I'g (Fig. 11) aHOW.S estimating
temperatures. e changes m_the activation enthalp_|es of viscous flow at _
andT,, respectively, as well as the difference between acti-
vation entropies at these temperatures. For hydrated blends
between polymer blend apparent microviscositie$.atnd we have:

Ty, calculated using the WLF equation (3) and presented as a 168943 140174

function of blend composition in Fig. 6, yields a straight line In — = —182 + T T T R? = 0.999
when is plotted against the difference of reciprocals of these TIg ¢ g

temperatures (Fig. 10). (11

For hydrated compositions: 1
(AS))g — (AS,); = —151 I mol *;

In = = 1838188[ = - —] — 358 7 (AH,). — 1404 kI mor'™
R=0.999 p < 0.0001 (AH,)g = 1165 kI mol .
For dry blends: For dry blends:
Mo _ 194579 174483
1 1 == + — = 0.
I — 2061130 = — = |- 254 @ M e 128t T T, R? = 0.996 (12)
Mg Te Ty

(AS,), — (AS,); = —105 I mol %;
R=0.997 p=0.0025 Silg = (A5

(AH,). = 1617 kJ mol *;

(AH,)g = 1450 kI mol™*.

With respect to drawing on the WLF equation to help
understand the rational behind thg-T, relationship, a
range of reservations should be here stated. First, it may
appear that the analysis presented by the Egs. (7), (8),
(10) and (12) and Figs. 9 and 10 is somewhat irrelevant
because the Inf/7ny) quantity is plotted against the same
variablesT; and Ty, from which it has been calculated.
However, since according to Eqg. (3) the numerical magni-
tude of this quantity is determined solely by thgand T,
values, and both these variables are measured independently

. . . . .. from DSC traces, this procedure enables us to treat the
Fig. 11. Three-dimensional plot of the logarithm of blend microviscosities . .
ratio at maximum PEG cold crystallization rate temperatiitgand the expressions for I”(C/ng)v ln(Dc/Dg)’ fc and AGp, prOVIded

temperature of blend glass transitiofy, against the reciprocals these by the Egs. (3)-(5), as specific forms of the-T, relation-
temperatures. ship shown in Fig. 5, which demonstrates a clear physical
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Table 2
The hypothetic maximum cold crystallization rate temperature for PEG-400 within PVP-overloaded blends, evaluated with Egs. (1), (2), (7) and (8)

PEG content (wt%) Hydration degree (wt%) Measufgd°C) CalculatedT, (°C) Equation no.
36 1.3 -325 28.9 2)
21.9 8)
8.4 -53.1 5.8 (1)
-0.7 @
50 0.3 —-50.5 -10.3 )
-2.3 ®)
meaning. In this connection the analysis of theand T, merely diluted PEG causing kinetic hindrance and did not

contributions to any of this quantities seems to be quite interfere with its crystallinity through a strong favourable
pertinent. The same treatment may be applied equally interaction, the plot would represent the straight line
well to the InD/Dg) quantity, eliciting the apparent activa- connecting the originAH,,, = 0 atwpgg = 0) and the heat
tion energy for diffusion as a factor controlling tig-T, of fusion of pure PEG-400H,, = 118 J g atWpgg = 1).
relationship instead of the activation energy for viscous Such ideal dilution behaviour is in fact typical of the PVP

flow. blends with PEG-100Q\H,,, = 1366 J g 1, T,, = 39°C) as
The second reservation relates to the significanceHbf is illustrated by the data in Fig. 3. In contrast to the phase

and AS, magnitudes obtained with the multiple linear behaviour of PVP mixtures with PEG-400, no cold crystal-

regression. Since thk and Ty are mutually dependent vari-  lization exotherms are detected in DSC heating traces of

ables, as is established unequivocally by the data in Fig. 5,PVP blends with PEG-1000, quench-cooled both from
the results of regression are fitted coefficients rather than theambient temperature (20) and from the molten state
true activation enthalpies and entropies for viscous flow at (60°C), and only melting peaks remain to signify the
Ty andT.. Nevertheless, the employed approach provides apresence of the crystalline phase. Annealing the samples
gualitative insight into the mechanism by which thgis in the melt (60C for 60 min) prior to their quench cooling
controlled by theTy in PVP-PEG compatible blends. in liquid nitrogen does not affect the heats of fusion and
The Egs. (1), (2), (7) and (8) have been employed to crystallinity, whereas appreciable depression in PEG-1000
explain why no PEG cold crystallization occurs within melting temperature in the annealed blends (e.g. b§C5.7
PVP-overloaded blends (at PEG concentratiopeg < for the blend containing 16.4 wt% of amorphous PVP)
0.5, Figs. 1 and 3). Using th&, values derived from the signifies the formation of compatible blends.
DSC thermograms of the PVP-overloaded blends, we have Unlike the PVP blends with PEG-1000, the enthalpy of
calculated the expected PEG maximum cold crystallization PEG-400 melting in the blends with the same amorphous
temperatures, which have been found to exceed appreciablypolymer decreases abruptly with increasing PVP concentra-
the onset temperature of pure PEG-400 meltin2¥C) tion (Fig. 3). The disappearance of the melting peak due to
and even the temperature of PEG fusion pedlkC)6The free PEG-400 in PVP, and the reduction in heat of fusion to
data are listed in Table 2, indicating that PEG cold crystal- less than that resulting from simple dilution with amorphous
lization is not allowed atvpgg = 0.5 due to kinetic restric- PVP demonstrates that a significant amount of liquid PEG
tion. In order to explore whether the kinetic inhibition has does not freeze in blends over entire composition range.
been aggravated by PVP—PEG binding we have modified This is presumably due to interaction (binding) of PEG
the thermal cycle employed. The blend containing 36 wt% molecules with the PVP. If solely kinetic restriction was
of PEG-400 and demonstratinf, = —54°C was cooled the reason for non-freezing PEG-400 in PVP-overloaded
slowly to —4C°C at a cooling rate of Z min~! and then blends, all the PEG would be available for crystallization
annealed at this temperature for 1h. Annealing was within the PEG-overloaded blendsvpeg > 0.7), where
followed by further cooling the sample te 150C with cold crystallization has been shown above to be kinetically
the rate of 3C min~*. The cooled specimen was then heated allowed. However, the lack of equivalence between crystal-
up to 200C in the DSC measuring cell at a heating rate of linity and the total amount of PEG-400 in blends reveals the
20°C min*. No signs of crystalline phase was detected in non-freezing PEG occurrence within a composition range
the blend after this procedure. where no kinetic hindrance takes a place. A feasible method
Whilst the lack of cold crystallization—melting phenom-  of estimating the bound (non-crystallising) PEG is to plot
ena in the PVP-overloaded blends can not be unequivocallythe heat of free PEG fusion per gram of polymer blend
indicative of complete PEG binding with the PVP due to versus the total weight of PEG per gram of the blend
kinetic reasons, it does not still argue against such binding. (wWpeg) and extrapolate to zero for theH,,,. The PEG bind-
We turn now back to Fig. 3, where the areas under PEG ing with PVP obtained in this manner is found to b@.49
melting endotherms in dry and hydrated blends are plotted and -~0.63 g PEG-400/g polymer blend, or 0.26 and 0.47
against the weight fraction of crystalline PEG. If PVP PEG-400 macromolecules per PVP repeat unit respectively
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for hydrated and dry mixtures (Fig. 3). In the case of blend crystallinity, representing an explicit function of the
constant PEG binding degree per gram of polymer blend crystalline polymer content (Fig. 3). From this standpoint
over the concentration range employed, i.ewgtg > 0.5 the AH,, is thought to be independent on the rate of heating.
for hydrated and 0.65 for dry blends, the relationship should This is really the case for pure PEG, however for the PEG
be linear as is in fact seen in Fig. 3. The invariability of the blends with amorphous PVP th&H,, decreases linearly
binding degree within a wide composition range in PEG- with the rate of heating as displayed by the data in the
overloaded blends is evidence for PVP—PEG complex stoi- Table 1 of the previous work [14]. This is a result of kinetic
chiometry. The stoichiometric composition of the PVP— hindrance in PEG cold crystallization process that is aggra-
PEG complex, evaluated on the data in Fig. 3, is in excellent vated with the increase in heating rate as is embedded by the
agreement with the results of FTi.r. analysis of hydrogen concomitant reduction iAH..
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]. 4. Conclusions

If all the PEG-400 were free and available for crystal-
lization in the blends with PVP, the slope of tAél,,—Wpeg The cold crystallization of free PEG-400 in compatible
linear plot (Fig. 3) would yield the heat of fusion for pure blends with amorphous PVP occurs upon heating through
PEG. This is the case for PVP blends with PEG-1000, but glass transition the samples prepared by quench-cooling
the slopes for PEG-400 compositions with PVP are signifi- from the melt. Under the thermal cycle employed the peak
cantly greater than the theoretical value (246 and 312'J g temperature of cold crystallization exotherf, has been
for hydrated and dry blends respectively). By this way the found to represent an explicit function df and blend
data obtained show n&H,, correlation with the total PEG-  composition. The examination of thie dependence off,
400 content in a system. In contrast, as the weight fraction of with respect to the PVP concentration, performed in the
free PEG is usedypes defined as the difference between terms of apparent polymer microviscosity and diffusivity
total PEG amount and the weight of bound PEG, the calcu- as well as fractional free volume &, reveals relevant
lated slope exhibits good agreement with tkid,,, of pure activation energies, in particular the activation energies
PEG-400 (Fig. 3). for viscous flow or diffusion, as factors controlling thg

Conceivably the most credible and unambiguous Asthe PEG content in blends increases, the contribution of
evidence that the non-freezing PEG must be identified askinetic restriction to the temperature of PEG maximum cold
the PEG bound in stoichiometric complex with amorphous crystallization rate becomes negligible. The amount of non-
PVP, and that the lack of cold crystallization-melting freezing PEG is determined from the decrease in heat of
processes within the PVP-overloaded blends is caused evenfusion of PEG-400 at various PVP concentrations in blends.
tually by PEG binding which aggravates kinetic restriction The disappearance of any PEG crystallization and melting
imposed upon crystallization, is provided by the fact that in processes within PVP-overloaded blends has been shown to
kinetically non-restricted blendgvpeg = 0.8) the heat of be caused by the amorphous polymer diluent effect resulting
free PEG fusion reaches a fixed limiting valusH,, in kinetic hindrance. In contrast, the occurrence of non-
decreased dramatically compared to that of pure PEG-400.crystallizable PEG within kinetically non-restricted PVP-
As is seen from Fig. 3, the hydrated PEG-overloaded blendsunderloaded systems relates unambiguously to a strong
displayAH? =~ 58 J g %, while for dry blends this value is  favourable PVP—PEG interaction and stoichiometric
found to beAHY ~ 415 J g 1. PEG’s inability to be fully complex formation. The stoichiometry of PVP-PEG
crystallized in PVP-underloaded blends is also manifested complex has been established from DSC thermograms as
by increased activation energy for cold crystallization, the amount of PEG unavailable for crystallization, which
presented in Table 1. Dividing thaH, by the reference  has been demonstrated to be invariable with composition
value of pure PEG-400 heat of fusion (118 J)gyields the in the PEG-overloaded blends.
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, *+ (AHy/AHpee). The PEG binding Acknowledgements
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