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Abstract

This paper studies the effect of molecular mass on the melting temperature, enthalpy and entropy of
hydroxy-terminated poly(ethylene oxide) (PEO). It aims to correlate the thermal behaviour of PEO
polymers and their variation of molecular mass (MW). Samples ranging from 1500 to 200,000 isother-
mally treated at 373 K during 10 min, were investigated using DSC and Hot Stage Microscopy (HSM).
On the basis of DSC and HSM results, melting temperatures were determined, and melting enthalpies
and entropies were calculated. Considering the melting temperatures, it was found that the maximum or
critical value of MW was found around 4000, and then these remain almost constant. This behaviour
was interpreted assuming that lower MW fractions (MW<4000) crystallize in the form of extended
chains and higher MW fractions (MW>4000), as folded chains. The melting enthalpies showed a scat-
tering effect at least up to MW 35,000. It was difficult to obtain any relationship between melting
enthalpies in J g™ and MW. These variations seem to be of statistical nature. Corrected enthalpy data on
amolar basis (kJ mol™") exhibited a linear relationship with MW. Considering the solid—liquid equilib-
rium, the melting entropies (in kJ mol™") were calculated. These values were more negative as com-
pared with molar enthalpy increases. It was explained because the changes in melting temperatures are
much smaller than those observed in the enthalpy values. Linear relationship between enthalpies and
entropies as a function of MW was deduced.
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Introduction

Hydroxy-terminated poly(ethylene oxide)s (PEO) are a group of water-soluble syn-
thetic polymers obtained by catalytic condensation of ethylene oxide and water [ 1-4].
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The general formula of these compounds corresponds to HO(CH,—CH,0) H, where n
represents the average number of oxyethylene groups (-OCH,—CH,) or the degree of
polymerization. PEO polymers are available in a wide range of nominal molecular
masses (200 to several millions), with different functional end groups and several
commercial trade names. The hydroxy-terminated group of these polymers are also
named poly(ethylene glycol)s (PEG). Already in the sixties, basic studies on PEG
conformation, crystalline structure and thermal behaviour of different modifications
were performed [1, 2].

PEO are semicrystalline polymers which, in the solid state, contain both amor-
phous and crystalline regions in varying proportions depending upon the synthesis
and their thermal history [1-10]. In the amorphous phase, the polymer chains have a
random orientation. In the crystalline regions, PEO molecules exist as a double paral-
lel helix [2]. The helices are arranged as plate-like structures known as lamellae from
which the hydroxyl end groups are rejected onto the surfaces [9]. It has been previ-
ously reported since the early 1960s that PEO polymer forms helical structures [2].
Thus, X-ray, NMR and IR results [2, 4] support that the structure consists in seven
monomer units (FOCH,—CH,) with two turns per repeat unit. Scanning tunneling mi-
croscopy measurements on PEO adsorbed on graphite has confirmed the above struc-
tural model (no structure differences using PEO molecular masses 14200 and 21800),
being proposed a hierarchy of superhelical structures accounted for the observed mi-
croscopy images [11]. The chains within the lamellae may exist as extended or folded
chains, depending on the molecular mass (MW) of PEO [10]. The folded chains are
considered metastable as compared with the extended ones. The lamellae are, in turn,
arranged in spherical structures with fine radiating branches, called spherulites
[4, 6, 7]. The physical properties of these polymers are closely related to the thickness
and distribution of lamellae, the crystallinity and the size of distribution of spheru-
lites, and the content and distribution of short side chains.

The valuable applications of these polymers justify the high number of studies. It
could be mentioned as relevant examples how they are used as carriers in the pharmaceu-
tical technology for the manufacture of the so-called ‘solid dispersions’ (PEG molecular
mass ranging from 1500 to 200 000), which are prepared to enhance the dissolution rate
of poorly water-soluble drugs by dispersing the drug in this kind of carrier or polymer
matrix [12-14]. The improvement in drug dissolution rate is dependent for the same
drug-carrier ratio on the elaboration conditions [13]. On the other hand, grafting poly-
meric dispersants such as PEG, to powders is an attractive method for processing ceramic
powders [14—16]. Some of the many advantages include improved colloid stability and
more precise control of dispersant quantity, resulting in an enhanced uniformity of ce-
ramic particle compacts. Grafting PEG on silica [14], alumina powders [16] and other
oxides [12] has already been reported. Other important practical applications (chroma-
tography, etc.) [17], as well as the fundamental interest of these materials justify all these
research efforts. Recently, Zheng et al. [18] have used PEG and PEO polymers, both wa-
ter-soluble binders, as plasticizers and lubricants for ceramic extrusion applications.
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In all the aforementioned applications, it is very important to know deeply the
thermal behaviour of this kind of polymers, which is influenced, in turn, by the chain
length and molecular mass of the polymer used. Several classical studies on the melt-
ing of very low molecular mass PEO samples have been made [1-10]. Thus, it has
been evidenced that the thermal history of PEO plays a significant role in the results
when these polymers are investigated by thermal analysis methods. The effect of mo-
lecular mass on the melting transition and the relation of crystallization temperature
to fusion have been studied mainly using dilatometry and small-angle X-ray scatter-
ing. The end group effect of PEO with low molecular mass on fusion has also been re-
ported [19]. Systematic research on the melting behaviour of low molecular mass
PEO fractions has been done using differential scanning calorimetry (DSC) [10, 20,
21] and the thermoanalytical method has been applied to measure the entropy of fu-
sion [22]. Thus, it was reported that PEO of molecular mass near 6000 has two melt-
ing transitions [20]. It was also reported after a thermal study by DSC that samples of
PEO with molecular mass 4000 show two endothermic melting points, and an exo-
thermic recrystallization peak between them [21]. This observation is in agreement
with the earlier results of small-angle X-ray scattering and density measurements [1],
which indicated a complex morphology in such polymers.

The effect of annealing on the thermomechanical properties of PEO [23], melt vis-
cosity and thermal properties of PEO fractions and blends (1500—40 000), have been
also investigated [24]. It should be noted that Kambe [21] has further confirmed the de-
pendence of DSC traces of PEO on the previous thermal history and, consequently, the
values of melting enthalpies. Costagliola et al. [24] reported an apparent enthalpy of fu-
sion, calculated from the DSC curve, about 40 cal g (166.6 J g ). These authors claimed
that this value does not change with varying molecular mass, thus indicating that the de-
gree of crystallinity is nearly constant for fractions lying in the range of MW examined
(10° to 20 000). Presence of peroxides, a by-product often associated with this kind of
polymers [25, 26], can contribute to the formation of degradation products after produc-
tion of the melt, and hence will influence the thermal properties. In particular, it has been
recognized [3] that poly(ethylene oxide) is particularly useful for studies on the proper-
ties of crystalline polymers of low molecular mass (1000-20 000), and samples with nar-
row molecular mass distribution are readily available.

In the present work, the effect of molecular mass on the melting temperature,
melting enthalpy and melting entropy of PEO polymers, ranging from 1500 to
200,000, is reported. A previous treatment on the examined samples was performed
in order to eliminate the thermal history caused by processing and storage conditions,
which is the origin of important variations in the final results obtained and several
discrepancies observed in literature [1, 3, 5, 20, 21, 24].

Experimental

PEO samples as flakes, which are applied in the pharmaceutical technology, having
nominal molecular masses (MW) 1500, 4000 and 6000, were supplied by Acofar
(Barcelona, Catalonia, Spain), and those ranging from 15 000 up to 200 000 provided
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by Serva Laboratories (Barcelona, Catalonia, Spain). These samples were used with-
out further purification. The nominal MW of this set of PEO samples were accurately
guaranteed by the suppliers after careful gel permeation chromatography and high-
performance liquid chromatography measurements.

Powdered PEO samples obtained using a cutting-mill (to avoid structural alter-
ations induced using other grinding devices) were exactly weighed (10 mg with accu-
racy of 0.1 mg), placed into flat-bottomed aluminium pans (45 PL), heated using a
DSC Mettler equipment, model FP85, from 303 to 373 K at a heating rate of
10 K min ™" and isothermically treated at 373 K during 10 min. Identical thermal treat-
ment was applied to all examined specimens in order to eliminate any thermal his-
tory. After this treatment, the samples were cooled at room temperature. Next, DSC
measurements were performed at a heating rate of 10 K min™' and melting enthalpies
determined after integration of the areas under the melting DSC endotherms, follow-
ing calibration with high-purity indium and using the software supplied with the
equipment. Melting temperatures were determined as bottom peak temperatures (7,),
or maximum of the considered peak, and extrapolated onset temperatures (7,), de-
fined as the point of transition, being the point of intersection between the base line
and the DSC endothermal melting effect, which gives the most reproducible value,
experimentally independent of the operator [20]. The temperature at which melting
started (thaw point) was determined by Hot Stage Microscopy (HSM) using a Mettler
equipment, model FP82 HT and Olympus BH-2 Microscope. Samples of 0.1 mg
placed on glass slides with coverglass, heated at the rate of 5 K min"' were examined
using this technique (triplicate runs).

Results and discussion

The melting temperatures (7, and 7,) plotted as a function of PEO molecular mass are
shown in Fig. 1. These values are in agreement with those reported by other authors
[3-5, 20, 24]. It should be noted that the thaw points obtained from HSM observa-
tions were higher by 2-3°C than those determined from the DSC curves (Fig. 1),
which is in accordance with previous results [5]. This fact can be associated to a) sub-
jective estimation of melting temperatures by HSM in spite of triplicate runs carried
out using this technique; b) different conditions of heat transfer using HSM (thin
films respect to bulk samples studied by DSC) and c) differences in heating rate con-
ditions as described above in experimental section.

From the results reported in Fig. 1, it can be seen that the melting temperatures
show a pronounced increase with molecular mass between PEO 1500 and 20 000, af-
ter which the melting temperature determined as 7, does not rise substantially, or
slightly decreases as determined by 7', data. It has been suggested [20] that this kind
of hydroxy-terminated polymers exhibit a melting range which is dependent on sam-
ple source, preparation conditions and thermal history rather than a specific melting
point temperature. The critical value of molecular mass was found around 4000, and
then the melting temperatures remain almost constant. In accordance with other au-
thors [20, 24], this behaviour can be interpreted assuming that the lower molecular
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mass fractions (MW<4000) crystallize in the form of extended chains and the higher
molecular mass fractions (MW>4000), as folded chains. In the former case, the
lamellar thickness is given by the chain length itself, whereas in the latter it is inde-
pendent of molecular length and will depend only on the crystallization conditions [5,
24]. However, the similar curve of Fig. 1 as reported by Costagliola et al. [24] in a
previous paper, provided only melting temperatures (7)) obtained from maxima of
the fusion endotherms (i.e., the values of 7, plotted in Fig. 1). These authors reported
a plot of melting point temperatures (i.e., 7' ) obtained by DSC vs. MW of PEO frac-
tions, but unfortunately no scanning speed data were indicated in their paper [24]. A
more realistic situation can be assessed in the present paper considering 7, data in-
stead of T,. The slight decrease observed in T, plot (Fig. 1) can be assigned to a
broader DSC endothermal peak obtained as increasing PEO molecular mass, which is
an indication of the variations progressively observed in the crystallinity of this kind
of polymer samples [20].
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Fig. 1 Plot of melting temperatures of PEO samples, determined as peak (77,) or extrapo-
lated (T,) temperatures from DSC measurements (heating rate 10 K min™"), as a
function of PEO molecular mass

On the other hand, the values of melting enthalpies in J g (Fig. 2) show a trend
to increase as increasing the molecular mass, with a maximum at PEO 6000, and de-
creased continuously up to 35 000 as illustrated in Fig. 2. This last sample shows a
value similar to 1500. Other relative maximum is observed at molecular mass (MW)
40 000 followed by a decrease, reaching at 200 000 a value rather lower than that ob-
served at 1500. These results showed a scattering effect at least up to MW 35 000 and
the difficulty to obtain a relationship between melting enthalpies in J g ' and MW, in
accordance with previous works [10, 20]. These variations seem to be of statistical
nature. However, a plot of the experimental enthalpy data (AH_) on a molar basis
(kJ mol™) shows a linear relationship with MW and, hence, with the degree of
polimerization # in the general formula of outlined PEO compounds described as
HO(CH,~CH,0),H. The increase of enthalpy in kJ mol™' as increasing MW is not sur-
prising, but expected. The corresponding regression equation is:

—AH,,=-55.836-0.2688 MW
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and coefficient of regression
r=-0.999(4) for MW <=10°,

Considering the solid-liquid equilibrium, then AG, =AH —T AS, =0, where the
symbols have the usual meaning in chemical thermodynamics, the entropy of melting
is AS =AH /T, .1f it is assumed that 7 is approximately the same as 7, the AS val-
ues can be readily calculated from the above results (Fig. 1). As expected, AS  in
kJ mol ' is more negative as AH, increases because the changes in 7, values are much
lower than that observed in AH . A similar linear relationship between AS, and MW,
as shown in Fig. 2, can thus be deduced. In that case, the linear regression is as fol-

lows:
~AS,=—0.853-7.6:10"* MW, with r=— 0.999(2) for MW<=10°,

According to several theoretical approaches, the melting temperatures of PEO sam-
ples can be predicted. For instance, the melting temperatures (7)) for different PEO sam-
ples can be reasonably predicted using the Flory relation [27] (1/T,)~(1/T.))=2R/(H ),
where 7 is an equilibrium melting temperature of the polymer with infinite molecular
mass, H, is the molecular heat of fusion per chain and » the degree of polymerization. As-
suming that £, is 62050 cal mol " or 2.5833 kJ mol ' [5] and 7. =70°C (343 K), accord-
ing to Godovsky et al. [5], then melting temperatures of PEO polymers with different
MW can be calculated using the aforementioned equation.
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Fig. 2 Plot of melting enthalpies determined from DSC measurements, following cali-
bration with high-purity indium, in J g™ and kJ mol™" of PEO samples, as a
function of PEO molecular mass

After some of these calculations, the results have shown differences 7, (experimen-
tal)-7(calculated) ranging from —1 K, in the case of PEO 1500, up to a maximum of
—10 K, in the case of PEO with MW=10". These differences are slightly lower if the value
T2=68.6°C (341.6 K) is considered, a value experimentally obtained for PEO of
MW=6-10° as noted in a previous work [29]. However, the most reliable value for 7,° is
obtained from extrapolation of data for samples of low crystallinity and high crystalliza-
tion temperature, having been found a value of 7! =76°C (349 K) considered the thermo-
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dynamic melting point of PEO [29]. It is worth indicating that using this value to recalcu-
late melting temperatures, following the procedure described above, produced important
differences as compared with the present 7', results determined from DSC measurements.

On the other hand, there are some discrepancies comparing the melting enthal-
pies calculated from DSC curves (Fig. 2) and literature values. It will be discussed in
the next paragraphs considering previous contributions in this subject. In an earlier
paper [5], direct calorimetric determinations of the heat of fusion of PEO fractions
above MW=600 indicated a value of 41+1 cal g ' (170.8 J g '), which was considered
molecular mass independent. A value of 45 cal g' (187.5] g ') was reported for com-
pletely crystallized PEO samples [8]. Costagliola et al. [24] reported a value of ‘ap-
parent enthalpy of fusion’, calculated from DSC, at ca. 40 cal g' (166.6 J g). These
authors claimed that this value does not change with varying molecular mass, thus in-
dicating that the degree of crystallinity is nearly constant for fractions lying in the
range of MW examined (10° to 20 000) [24]. Buckley and Kovacs [10] reported a
value of 47.0 cal g ' (195.8 J g obtained for a perfect crystal of infinite dimensions.
However, Beaumond ef al. [30] calculated that the enthalpy of fusion of a 100% PEG
crystalline material of MW=40001s 51.5 cal g (214.6 ] g'), with a melting tempera-
ture of 336 K. These data have been used as standard values by many workers to esti-
mate the degree of PEG crystallinity.

It should be noted that some attempts have been made to modify the Flory equa-
tion [27]. Beech et al. [31] modified this equation taking into account the lamellar
crystals of the polymer of a given thickness chain units, the end interfacial free en-
ergy of the lamellar crystal (G.), the thermodynamic melting point 7°=76°C (349 K)
[29], the enthalpy of fusion of bulk polymer per chain unit H=2 kcal mol™
(8.3 kJ mol™) [30] and G, in the range 1-5 kcal mol™'. With these corrections, the
melting temperature predictions for PEO polymer with MW>10" can be improved.
However, other authors [10] used the theory of Flory and Vrij [31] to derive analyti-
cal expressions to predict melting temperature of low molecular mass PEO samples
ranging from 3000 to 10 000.

Finally, the present authors want to remark that there are several experimental
factors that influence the thermal behaviour observed in PEO polymers as studied by
DSC. For instance, according to previous reports [ 10, 20], the heat of fusion and melt-
ing points of PEG samples varied with scanning speed, especially for the lower PEG
fractions. The thermal history may determine both the degree of crystallinity and the
crystal form of the PEG, as shown by changes in the heat of fusion and melting tem-
peratures, respectively. An increase in the melting temperatures with scanning speed
has been reported for several compounds, for instance PEG 6000, according to previ-
ous results [10], and commonly used melting point standards [20, 32]. This fact may
be due to the finite melting rate of the crystals, thus leading to the measured tempera-
ture rising at a faster rate during the lag period at higher scanning speeds. Further ex-
perimental work would be necessary to reach most plausible reasons of such a ther-
mal behaviour, in particular concerning PEO polymers.

J. Therm. Anal. Cal., 67, 2002



196 SANCHEZ-SOTO et al.: MELTING OF HYDROXY-TERMINATED PEO

Conclusions

The effect of molecular mass on the melting point, melting enthalpies and melting
entropies of hydroxy-terminated poly(ethylene oxide) (PEO) samples has been stud-
ied. Samples ranging from 1500 to 200 000 were investigated using DSC and HSM.
A previous thermal treatment on the samples was performed in order to eliminate the
thermal history caused by processing and storage conditions, which is the origin of
important variations in the results of previous reports. On the basis of DSC and HSM
results, melting temperatures were determined and melting enthalpies and melting
entropies were calculated. According to the results of melting temperatures of these
polymers, it was found that the critical value of molecular mass (MW) is around
4000, and then the melting temperatures remain almost constant. This behaviour was
interpreted assuming that the lower molecular mass fractions (MW<4000) crystallize
in the form of extended chains and the higher molecular mass fractions (MW>4000),
as folded chains.

On the other hand, the melting enthalpies showed a scattering effect at least up
to MW 35 000 and the difficulty to obtain a relationship between melting enthalpies
inJ g ' and MW. These variations seem to be of statistical nature. However, corrected
enthalpy data on a molar basis (kJ mol ') showed a linear relationship with MW and,
hence, with the degree of polymerization of the studied PEO polymers. Considering
the solid—liquid equilibrium, the melting entropies were calculated. These values, in
kJ mol™', are more negative as compared to molar enthalpy increases. It is explained
because the changes in melting temperatures are much lower than those observed in
enthalpy values. Linear relationship between enthalpies and entropies as a function of
MW was deduced. The values of these thermodynamic parameters were discussed
taking into account previous literature relationships of equilibrium melting point of
PEO polymers, the effect of molecular mass and some corrections to predict melting
points, and other experimental factors, such as the scanning rate. In summary, the
present paper attemps to correlate the thermal behaviour of PEO polymers and their
variation observed in MW. Further experimental work would be necessary to reach
most plausible reasons for such a thermal behaviour exhibited by these polymers, in
particular considering the effect of different PEO molecular mass fractions.
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