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Low-temperature excess specific heat and fragility in semicrystalline polymers
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The specific heats of polyethylene oxilREO polymers with two different degrees of crystallinity and of
a PEO-NaSCN polymeric complex have been measured between 1.5 and 25 K. The behavior of specific heat
with decreasing crystallinity is consistent with the universal feature expected for a solid in which the topo-
logical disorder introduces an excess of low-energy vibrational modes: the p@@k‘ﬁﬁ, as compared to that
revealed in the most crystalline PEO, is enhanced. The specific heat has been interpreted in terms of the
contributions from both the crystalline and the amorphous phases characterizing the polymer. The excess
specific heat over that provided from the Debye theory has been described by an empirical phonon-fracton
density of vibrational states. A density of fracton states with a dimensionality equal to 1 appears to well
account for the additional localized vibrations in a polymeric network without sidebonds, such as pure PEO. A
comparison between the parameter of “fragility” obtained from modeling the mechamjaa@laxation of the
amorphous fraction of the polymers and the excess specific heat has been tried. Within the range of fragilities
explored, no definite correlation between the fragility and the density of soft vibrations has been found.
[S0163-18296)03342-5

I. INTRODUCTION over a temperature region more extended than might be ex-
pected.

Anomalies in the specific heat at low temperatures due to Concerning the excess specific heat over that predicted by
the existence of additional vibrational states besides théhe Debye theory, it has been clearly proved that it arises
acoustic phonons are a dominant feature of polymers. Thom the amorphous regions of the polyntérit has been
enhanced low-energy vibrational dynamics producing dhe focus of several theoretical work and can be explained by
broad maximum in the density of vibrational stdttand the ~ @ Sharp increase in the DOS, due to a large number of local-
excess specific heat in the region between 1 and 2Rés. ized _\/lbratlonal modes. A phenomenologlcgl approach is to
3-5 is believed to arise from the amorphous regions ofconsider these modes as independent Einstein oscillators,

polymeric structures. By low-temperature measurements O\{vhose thermal capacity is described by the Einstein function.

specific heat in a simple linear polymer, such as pure poly:I'hls interpretation well accounts for the bump in the specific

~~heat, but it is difficult to find for it a convincing microscopic
ethylene(PE), Reeie and Tuck%p_rovgd that the character explanatior’>"8 An elegant theory for the specific heat of
istic hump inC,/T* decreases with increasing crystallinity

iy amorphous polymers relates its low-temperature behavior to
d?gree' They assumgc_i that the sp.ecmc heat of PE S.amplﬁeirfractal structurd.This model uses the fractal dimension
with different crystallinity degrees is the result of a linear

S ) d to set the mass scalifghered<d, d being the Euclidean
overlap of the contributions from the crystalline and amor-gimensionality and the fracton dimensiod to define the

phous fractions. Using this linearity, extrapolation to com-y;irations in a fractal structure. The fracton dimensibis
pletely crystalline polyethylene has been tried obtainiiga rejated to a characteristic lengthin the system. For scale
dependence for temperatures up to about 9 K. This findingength smaller than the system shows a fractal character,
appears to be in partial agreement with the theoretical preyhile it results Euclidearid=3) for distances larger thah
dictions for the vibrational spectrum of a wholly crystalline To this characteristic length it corresponds a crossover fre-
polymer by Genensky and NewélIThis model determines quency wo=(lo/l)wp in the vibrational density of states
the vibrational density of staté®OS) of a crystalline poly- g(w) from Debye like to fracton excitations, whekgis an
mer by considering a semplified set of inter- and intrachairatomic distance setting the shortest length scale in the system
force constants, obtaining frequency regions governed band «p is the Debye frequency. In the frequency region
different power lawsw®. In the framework of this model the abovewco, g(w) results proportiona| t@d_l, Wherea:d_/a'
specific heat below 25 K is mainly determined by the regions being related to the diffusion constant scaling exporgnt
where « is equal to 2(near 0=0) and 1.5(for a slightly by the relationa=1+ 6/2. The exponen® and_consequently
largerw). These frequency behaviors of the DOS should cora can be evaluated in the limits of lowa&d) and high
respond toT® and T%®° dependences for the specific heat. (a=1) conductivity. The former situation corresponds to vi-
This statement has been criticized by Tucker and Reese whuwration propagation just along the polymer chain and gives
found in crystalline PE a cubic behavior in the specific heatd=1, any deviation from this value>1) corresponding to
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the existence of some kind of chain interactions. Following . - .
the change in the dimensionality of the polymer, the specific -

heat will be proportionall® (w<w.,) and toT? (w>wc).

It is worth to emphasize that the presence of a character-
istic length in an amorphous system has been introduced and
variously interpretet®%in order to justify the sharp onset
of localized vibrational excitations involving an intermediate
scale length and causing a deviation from the behavior ex- 10
pected for the usual acoustic phonons. This length appears to b)
be a general feature of the topological disorder present in the
amorphous systems, although its order of magnitude can de-
pend on the stoichiometry. Many of the commercially avail-
able polymers are partially crystalline. The presence of
amorphous regions strongly affects the physical properties of 100 . .
the polymer, since a given physical property is now an aver- 200 300 400
age of the corresponding values for the amorphous and the
crystalline regions. The present concern is to report a study
in samples of polyethylene oxid®EO with different crys-
tallinity degrees in order to understand as the topological
disorder of the amorphous structures can influence the vibra-
tional anomalies of polymers.

By this point of view PEO is an interesting prototypical 107
example of a long chain nonreticulated polymelt consists T(K)
of a double helix chain with an interior channel lined by
oxygen atoms which has a radius-efl A. In the crystalline FIG. 1. (9 DSC thermograms in quenched and annealed
state the PEO molecule contains seven chemical unitgamples of PEO; temperature dependence of(theeal and(c)
(-CH,CH,0-) and turns twice in a periodic length of 19.3 A. imaginary parts of the complex mechanlc_al modulus in pure PEO
The absence of cross-links or side chains, usually present fif'd PEO-NaSCN polymers. The mechanical frequency is 30 Hz.
many of the polymers studied at low temperatiredimi-
nates the possibility of anomalies associated with particulagbout 330 K, just below the melting temperature of PEO.
details of the structure. The sample of PEO), 74 NaSCN, ,» 0.22 being the propor-

Furthermore the correlation between the “fragility,” de- tion between the polymer repeat unit€H,CH,0-) and the
termined by an appropriate mechanical study of the primargalt, has been prepared and stored by using the same proce-
relaxation, and the excess of low-energy vibrations has beegiure described elsewher®.
analyzed in polymers of pure PEO and a salt-PEO complex. The thermograms of the PEO samples have been deter-
This paper attempts to explore the range of validity of amined using a Setaram differential scanning calorimeter
recent suggestion which proposes that the complexity of theDSC) at heating rate of 5 K/min. The degree of crystallinity
vibrational characteristics determining the low-temperaturéhas been evaluated by comparing the heats of fusiog- of
anomalies of an amorphous solid could be related to thend a-PEO samples to that of a wholly crystalline PEO
“strong” or “fragile” character of the corresponding glass- (H;=205.0 JIg.* DSC traces ofg- and a-PEO samples
forming liquid.*? are reported in Fig. (B), showing a distinct endothermic
peak which is associated with the melting of crystals build-
ing up the polymers. It appears clearly that the heat of fusion
of a-PEO is larger than that of-PEO: the corresponding

Commercial samples of polyethylene oxidM. W. values areH;=145.4 J/g andH;=124.4 J/g. The obtained
600 000 obtained from Aldrich were purified by filtration values of the degree of crystallinity are, respectively,
and ion exchange of an aqueous solution passed through aj=0.71 andX=0.61.
propriate H and OH  resins. The solvent was removed by  The revealed variation of the degree of crystallinity is also
drying the polymers under vacuum at 50 °C for 72 h. Thesupported by the analysis of the dynamic Young mod&Us
samples obtained were stored in a vacuum desiccator. The the rubber region, see Fig(l), where the stiffness of
as-prepared polymers were subjected to two different thersemicrystalline polymers is essentially determined from the
mal procedures in order to obtain samples with distinct cryserystalline fraction. The real and imaginary part of the
tallinity degrees. The quenched polymeig-PEO were complex elastic modulusE* =E'+iE”, have been mea-
compression moulded between two disks of Teflon at a temsured between 120 and 350 K using a dynamic mechanical
perature of about 373 K, above the melting temperature ofhermal analyzer driven at a frequency varying in the range
PEO, and then rapidly cooled in liquid nitrogen. All proce- between 0.3 and 30 Hz.
dural steps were carried out under a controlled atmosphere of In Fig. 1(b) the temperature behaviors Bf are shown for
nitrogen. The quenched samples showed no visible degradal the samples. It appears clearly that above the glass tran-
tion. sition temperaturél §, which is marked by the drop in the

The annealed polymers-PEO were obtained by main- modulus associated to the glass-rubber transition, the magni-
taining the as-prepared samples for 72 h at a temperature aide of E’ in a-PEO is appreciably larger than op-PEO.
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Furthermore the highest value of the rubber modyLi83 ] 10 100
GP3 in (PEOQ,,dNaSCNy,» as compared to those of Ty
g-PEO(0.22 GPaanda-PEO(0.89 GP# can be correlated '
with a largest degree of crystallinity introduced by the salt ; ]
addition (values taken af =295 K andf =3 Hz).13 In fact it w02l

10t L a ]

has been proved that, at high salt concentratiomsl. g

fract~0.2), the polarizing power of the alkaline salt mol- 3‘* 10° ¢ /
ecules, which are coordinated to the neighboring oxygens of A ]
the main chain, enhances the intermolecular forces favoring 107F o E

the formation of a stoichiometric salt-polymer crystalline
phase:>1®To better illustrate the effects of the annealing and
the salt addition on the degree of crystallinity of these poly-
mers, the experimental results for the temperature depen- %0 3 b)
dence of E” of 30 Hz mechanical waves for the same i '%"@&!e i

samples are compared in Fig(cL As the temperature is "% o

increased from 120 K to about 200 E!’ increases exhibit- R P A °008%5a

ing the y-relaxation peak due to local segmental motions E f@ o8 S

within the main chairt® Above this regiorE” increases with © 10 © aPEO " o0 1
a small slope up to about 210 K and, for higher temperatures, : gioEiaSCN

shows the broad peak typical of the glass to rubber transition 0 10 20 30
(the a, relaxatior). The maximum shifts to higher tempera- T(K)

tures as the mechanical driving frequency is increased. It can
be seen that ther, peaks are strongly affected from the FIG. 2. (a) The specific heat 0f-PEO sample measured be-
increased degree of crystallinity introduced by the annealingween 1.5 and 25 K¢b) The temperature dependence@f/ T2 in
and the salt addition: the strengths decrease showing thmire PEO and PEO-NaSCN polymers.
largest reduction in the polymeric complex and the maxi-
mum shifts to higher temperatures, pointing to a correspond- The present concern is to report a study of the variation of
ing elevation of the glass transition. the specific heat with the crystallinity and, as a matter of the
The specific heat was measured in the range between 1fact, we analyze the behavior G, in the temperature region
and 25 K using an automated calorimeter which operated byhere the PEO polymers show different heat capaClty
the thermal relaxation method. A surface mounting device<14 K). The PEO-NaSCN polymer is not considered in the
resistor as the temperature sensor and a constantan strélowing analysis as a consequence of its structural com-
gauge as the heater element were attached to the opposfiexity which makes difficult the correlations between vibra-
faces of the samples using a cyanoacrilate resin. The expefional modes and structure. Further considerations on the
mental error in the measured specific heat has been evaluatepecific heat of this sample are made in the next section,
as about 2%. The density was measured at room temperatuniere the connection between the fragility and the excess of
by weighing the samples in air and in decane. low-energy vibrations of amorphous systems is discussed.
The dependence of specific heat on crystallinity has been
accounted for by considering, as given by the overlap of
lll. RESULTS AND DISCUSSION the heat capacities from the é)rystalli((écr) and amorphous
A. Crystallinity and low-temperature specific heat excess (Cam regions weighted by the corresponding crystallinity
of PEO fractions. This interpretation has been successfully applied in
the analysis of the low-temperature specific heat of puré PE,

The experimental results obtained for the specific kgt and can be represented in terms of the following expression:

of g-PEO polymer between 1.5 and 25 K are plotted in Fig.
2(a). The specific hgaps dad-PEO z';md(PEQO.m(NaS..(.:I\)O.22 Cp=XCq+ (1= X)Con- (1)
polymers show a similar behavior. These specific-heat re- ) . .

sults, when plotted a§p/T3, show behaviors very different Slnce it has been proved that pure crystalline PE is charac-
from the Debye prediction, see Figli. As the temperature terized by a cubic temperature dependenceCgrover the

is reduced the specific heat of all the polymers deviateé€mperature interval up to about 12 K, we assume @at
markedly from a cubic temperature dependence showing a9 Pure PEO can be evaluated by

excess specific heat having the shape of a well-defined peak 3 4

in a Cp/T3 plot. It appears that the crystallinity influences Co= ng( l) JBD a L‘X)Z X
appreciably the specific heats of pure PEO samples in the bp) Jo [exp(x) —1]
temperature region below 14 K, the heat capacities of bot S

the polymers becoming equal slightly above 14 K. The expvhere % is given by
cess specific heat is strongly decreased in the PEO-NaSCN 67 Nppr\ 3 A
complex which, as discussed in the previous section, is the D:(P—) kv
most crystalline system. These peculiarities give evidence of M b
the fact that the source of the anomalous specific heat lies iHere N, is Avogadro’s numberp is the density,v is the
additional localized vibrational states whose density denumber of atoms per formula unt, is the average velocity
creases with increasing degree of crystallinity. of sound,P,, is the molecular weight, ankig is the Boltz-

. @
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mann constant. The contributid,,, of the amorphous frac- 40
tion has been analyzed in terms of a simplified phonon- a)
fracton model, as proposed by Avogadepall® In this I
model the acoustic contribution, which governs the DOS up 30
to the crossover frequenay,,, should produce a cubic de-

pendence for the specific heat. The noncubic dependence of

the specific heat arises through a den$iy(w) of fracton 20l
states which accounts for the excess localized vibrational

states and has a frequency dependente’.

Recent measuremenhtf low-frequency Raman scatter-
ing in epoxy resins with a high degree of structural connec- . b)
tivity due to crosslinks between the chains gave a valuel for 151 /\ i
of ~1.7. This finding has been interpreted as the result of the I Coer
occurrence in the system of relevant interchain interactions.

In the framework of the empirical correlation betwegn c
and the intensity of interchain interactions, we think it quite |
reasonable that pure PEO, which is a linear polymer having
weak interchain interactions, can be assumed as a polymeric Co.am
system characterized bg=1. Of course this_assumption 05 . 5 . 2%
could appear quite strong, because the valud,daflso in a TK)
linear noncrosslinked polymer as PEQ, can be slightly dif-
ferent from 1. A proper determination dfshould require the FIG. 3. () Theoretical fit by Eq(1) (see text of the tempera-
det,ermination ofg(w) by_ inelastic neutron experjments_, ture dependence (ﬁp/T?’ in samples ofy- anda-PEO between 2.0
which are not available in PEO. Consequently this choic&ng 14 k:(b) Debye-like phonon and fracton theoretical contribu-
provides a convenient algorithmic basis for reproducing thejong from the crystalline €p ) and amorphousQ@p wrt Cr ar)
behavior of localized vibrational states, keeping in mind thatyhases ofy-PEO, weighted by the crystallinity fraction.
values ofd little higher than 1, corresponding to a slightly
frequency-dependenD (w), do not alter appreciably the as to reduce them we introduce the restriction to use only the
analysis of the specific-heat data. It is worthwhile to noteg, describing the average vibrational behavior of the whole
that, in the context of these assumptions, the present analysiglymer.
can be compared to an early model of the specific heat in A further contribution to the specific heat can arise from
polymers by Tarasso¥ In his simple continuum model the “two-level systems.” This term, universally observed in
Tarassov associates the low-frequency region of the speemorphous solidS and polymer$;?°is approximately linear
trum to three-dimensional vibrations over the chains and thén temperature and becomes dominant below 1 K. It is asso-
high-frequency part to one-dimensional vibrations propagatciated with the tunneling motions of group of atortar
ing within the polymeric chains. The value df=1 corre-  single atoms between different positions available in the
sponds to presume the limit of low conductivity for fractons, network. In a plot opr/T3 it should result in an upturn by

3 4
C/T3(udigk?)

ph-fr,am

which leads to the following expression fQr,: decreasing temperature below about 1 K. In the present data,
5 A which extend only to 1.5 K, there is no evidence for an
c. - 9vR(l> f‘%o” X“exp(x) X upturn, so we are unable to evalua_te the m_agnltude of this
am O] Jo [exp(x)—1]° linear term. However there are evidences in polyethylene
terephtalatt and in TefloR! that this contribution becomes

/T XPexp(x) rapidly very small afT>1 K. Consequently it is expected
a1z dx|. i
6oo/T [€XP(X)—1] that it can be completely neglected foE2 K.

The best fit to experimental data obtained by considering
where the high-frequency cutoif,, of the spectrum is de- the addition of the crystalline and amorphous contributions
termined by the normalization condition to the specific heatEg. (1)] of q-PEO over the 2-14 K
temperature interval is shown in Fig(a®. The curves, la-
beled axCp, ¢r, Cp am, andCy 4, in Fig. 3(b), correspond to
the Debye and fracton contributions assessed by @yand
(3), respectively, for the crystalline and amorphous phases.
and Q is a dimensionless constant equal toThe values obtained for the parameters 85e&=239.4 K,

Dy (w)kgOp/9N,v. In principle the present description of the 6,,=22.1 K, 6,,=70 K, Q=5.26x10 2 It is to be empha-
heat capacity of semicrystalline polymers implies the use osized that the obtained values define a fracton spectral den-
different Debye temperatures for the amorphous and crystasity in the interval between-1.9 and 6.0 meV. This energy
line fractions. In fact a wholly crystalline polymer is ex- range corresponds quite closely to the region in the inelastic
pected to display a highef, than that characterizing the neutron-scattering spectra of amorphous polymers where an
amorphous form of the same polymer, being the of  excess of low-energy excitations is usually obseRr&d.
samples with decreasing degree of crystallinity an appropri- By the calculated values @&, and 6, and by using fot,

ate overlap of the two contributiorisThis peculiarity, how- an average valuél.49 A) between the C-C and C-O dis-
ever, would increase the number of fitting parameters and stances, a value of 16.3 A for the characteristic lengtias

T
+9VR<0—D Q

fwMD(w)dw=3NAv(1—x) @)
0
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TABLE I. Values of the fragilitiesm and of the primary relaxation parametg@gsB, T, 7, A, and of
anharmonicity coefficienb’. The values of densitp refer to room temperature.

P Tg B TO TO b,
Samples (gem™®) K) m B (K) (K) 10¥s A (@o03cGPakKk?
g-PEO 1.23 213 165 0.37 1891 155 0.15 4.15 6.47
a-PEO 1.29 228 110 0.13 2806 155 6.87 1.96 2.10
(PEO,§NaSCNg,, 131 251 79 0.16 3192 168 127  0.86 278

been obtained. In order to check the validity of this theo-cific heat ofa-PEQO. This finding seems to prove the validity
retical approach the parameters obtained by the f@ pfor  of the approach used to evaluate the low-temperature specific
g-PEO, except the Debye temperatérg have been used to heat in these semicrystalline polymers.
reproduce the specific heat of takePEO sample, which is There is a quite close correspondence between the char-
characterized by a crystallinity fractiofi=0.71. 6, has been acteristic lengt and the length of the structural repeat unit
varied to account for its dependence on the crystallinity dewhich characterizes the PEO in the crystalline state. This
gree, as revealed by calorimefriand ultrasoni® measure- finding, also observed in a semicrystalline sample of
ments in low- and high-density pure PE. poly(vinylchloride),>* could be interpreted as an evidence of
In the absence of a complete set of acoustic data on lorfracton localization in fractal clusters within amorphous re-
gitudinal and transverse sound velocities in pure PEO at lowgions of the polymer where distorted structural units, similar
temperatures, we used an alternative procedure described iihSize to those characterizing the crystalline phase, are pre-
the following. It allows us to obtain a rough evaluation of served. _ _
bp,a for a-PEO by the knowledge of;, , for g-PEO and of Despite the ability of the fracton model in reproducing the
the low-temperature values of the Young modulus for bothexcess specific heat of semicrystalline PEO, we remark that

the samples. it has been used in a general context as a theory of localiza-
The expression of the Young modulus in terms of thetion and, most importantly, in consequence of the fractal
longitudinal (v;) and transverseuv() sound velocities is character of polymers. The latter circumstance implies that
the randomly coiled chains must be self-similar in a range of
) v? dimensions lower than the characteristic lenigth

E'=pv; ( 3- vz_vz)- 5 Good fits below 14 K were also obtained by the addition

bt of a Debye term, which evaluates the contribution of the

For a given material and at a given temperature yv,, acoustic phonons in the system, and two Einstein functions

where y ranges between 2 and 3.5 for a relevant number off the formC/R=nE(6¢/T). In the fits it was allpyved that
different polymers near room temperatdfeConsequently, it both the characteristic temperatuteand the coefficient to

is also possible to write Ed5) in the form vary. The obtained values of the parameters for both the
polymers are: q-PEO, 6:,=13.6 K, 6,=34.2 K, ny
o, 1 =7.33x10°% n,=15.83x10% a-PEO, #;=13.6 K,
E'=pvi| 3= 7=/ ®)  9,=34.2 K,n;=5.28x10"3, n,=15.22<10 2.

Since the number of the chain-end groups is of the order
The room-temperature values of the densitygePEO and  of ~10' cm™3, the values found fon exclude them as pos-
a-PEO are quite differensee Table ). However it is ex-  sible microscopic origin for the Einstein contributions. Fur-
pected that, by crossing the glass transition region, this difthermore it is difficult to associate the frequencies corre-
ference should become negligible as a consequence of sponding to the characteristic temperatuéesto particular
larger volume contraction shown from the most amorphousinits in a polymer without side groups, such as PEO. Nev-
polymer. So assuming that the surely slight changes of thertheless the validity of the Einstein terms in accounting for
densityp and of y due to the small increase of the crystal- the excess specific-heat confirms, once again, the localized
linity from g-PEO toa-PEO can be neglected, a simple re- nature of the additional vibrational modes.
lation is obtained between the ratio of Young moduli and the

ratio of transverse sound velocities for both the polymers: B. Fragility and excess of low-energy vibrations
E4/Eq=v{4/vi - The proportionality between, andv, also in semicrystalline polymers
allows us to obtain the relationy ,/v; q= 0p o/ Op ¢, Which Recently a possible correlation between the dynamics of a

leads tofp 5/ 0p 4= (E4/Eq)"% By extrapolating down to 0 glass-forming liquid at the glass transition and the low-
K the linear behaviors oE’ in both the polymergsee Fig. temperature anomalies has been propdééd.this scheme
1(b)], we get a value of 1.026 de;/Eé and of 1.013 for the ratio between the density of relaxations and the excess of
b ol b ¢ Which corresponds to a value of 242.4 K gy , . low-energy vibrations arising from the disordered topology
By inserting this value and the parameters derivedjf#EO  of an amorphous structure is regulated by the “strong or
in Eq. (1), the curve, shown in Fig.(8) as a solid line over fragile character” of the corresponding glass-forming
the experimental specific heat afPEO, has been obtained. liquid.?® “Strong” liquids should be characterized by a

It results that the same theoretical parameters obtained fromarger number of soft vibrations than “fragile” liquids where
the fit of the experimental data gfPEO permit us to repro- the relaxations are the dominant feature. The memory of this
duce quite closely the shape and the magnitude of the spaeenario should be preserved in the glassy state determining
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the magnitude of the linear and “excess$the bump spe- 3
cific heat, respectively, below and above 1 K.

To evaluate the degree of fragility of these polymers, a
study of the primary relaxation has been performed by ana-
lyzing the temperature dependence of the complex mechani- 2L i
cal modulusE* =E’'+iE". The behavior ofE’ has been
used to determine the paramej@mwhich accounts for the
nonexponentiality of thex, relaxation; then, by the values of
B the product(w7),, between the angular frequenayand
the relaxation timer, at the temperature at whidf’ has its
maximum value, has been estimated corrétit is to be
noted that(w7)y,=1 only for a Debye or single relaxation
time procespk Considering the curves d&"(T) at different
frequencies, the behavior of the relaxation time in a tempera-
ture range abovd is derived and the fragilityn or the
correlated strength paramet@rcan be calculatetf. The re-
lations definingm andD are

E'(GPa)

150 ' 200 ' 250
T(K)

FIG. 4. Theoretical fi{solid line) by Eg. (8) of the temperature
behavior of the elastic modulus below and in the region ofdhe
relaxation for pureg-PEO. The mechanical frequency is 30 Hz.
d logr 590

m= AT and m~16+ —. (7

(Tg/T)T:Tg D nentiality characterizing the, relaxation in polymers, the

“stretched-exponential function” ¢(t) of Kolrausch-

The “fragility” has been introduced by Angéfi to classify  Willams-Watt has been used

the glass-former liquids in terms of the nature of bonds

present in the system. High values Bf (~100 set co- t\A
valently bonded liquids and low valu¢s:10) the weak mo- ¢(t)=ex;{ _(_)
lecular and simple liquids. Now it has been shéfhat, in

PEO-salt solid blends, the behavior®f in the region of the 7 being the relaxation time and is a parameter ranging in
a, relaxation can be described by the overlap of the anharg,q interval 6<B<1. Above T, polymers behave as non-
monic interactions _of vibra’gional modes in both the amor-a rhenian liquidg233 and thegtemperature dependence of
phous and crystalline fractions of the polymer and of theeir siryctural relaxation time can be well described by the
dispersion due to the cooperative relaxation in the amoryoqel-Tamman-Fulcher relation

phous phase only. In the framework of this approach the
modulusE’(T) can be written as

: (11)

B
T= TOEX[< T To) , (12

) : . : where 75, B, and T, are empirical constants. This relation
The first term in the right-hand side of E(g) accounts for xpresses the temperature dependence of the structural relax-

. e
the temperature dependence of the elastic modulus due to t%‘ﬁon time, by using the ideal glass-transition temperature

Where al the ibrational modes are excited. 1 approaches ks cosel correlated i
1tapp The experimental data have been analyzed by combining

linearity and can be expressed by the contributions of the anharmonic effects and of the relax-
ation process, as given by the E¢®. and(10) and using the
E.T)=Eo—Db'(T—Tp), 9 same procedure elsewhere descritfetf. The anharmonic
parameter has been directly evaluated through the slope of
E'(T) in the glassy region, because, in these polymers, the
dispersion due to the low-temperatuyeelaxation does not
the Grineisen coefficients which account for the anharmonicfféct the linear trend of the modulus. The relaxational drop
in the modulus, derived by subtracting the anharmonic con-

interactions between the vibrational mod@s. e , #
The relaxation term in Eq(8) can be evaluated by the tribution from the experlm/ental da _has been analy;ed by
the Fourier transform oE’(t), as given by Eq(10), in a

Fourier transform in the frequency domain of the stress re: o -/
laxation functionE’ (t) (Ref. 30 least-squares fit using a minimum search program wih (

—E{), B, B, Ty, and y as free parameters. The relaxation
. , . strength, as given bA=(E.,—Eg)/Ey, and the other pa-
E'()=Eo+(E.—Eo) ¢(1), (10 rameters, resulting from this analysis, are given in Table |
together with the values of the anharmonicity coefficieht
whereE_, andE| are the high- and low-frequency limits for A typical fit of relaxational modulus is shown by a solid line
the modulus, respectively, and the relaxation functiff) in Fig. 4. The good fit to the shape of the experimental re-
represents the change of the stress with the time following aults and the finding that the theoretical parameters obtained
perturbation. In order to account for the marked nonexpofrom the fits to the experimental data at different frequencies

E'=E {T)+ET). (8)

whereE, is the value ofE’ at the lowest temperatuf, in
the experiment. The parametef is mainly determined by



15 062 G. CARINI et al. 54

10° - . . showing the lowest excess,, see Fig. &). The result of
E E subtracting the Debye contributi®y, ,, from the total heat
capacity ascribed to the amorphous phésg, [the experi-
; mental excess heat capacity normalized to the amorphous
10t | __ fraction (1—X)] reveals excess contributions which are close
; ] for g- anda-PEO. The amount of amorphous phase and the
values ofCp , and Cp 5, are not known in PEO-NaSCN,
but this polymer shows am,-relaxation strength which is
102k 4 only little lower than that of &-PEO and a Young modulus
; ] which, at low temperatures, appears to become quite close to
those ofg-PEO anda-PEO[see Figs. (b) and Xc)]. Con-
sequently it is not expected that the amount of amorphous
10 . , . phaseg(as related to the,-relaxation strengthand the Debye
34 36 38 temperature can be so different from that of pure PEO to
10% T (K" balance a difference in the exce€g, which is about 10
wJ/g K* in the region of the maximum. It can be concluded
FIG. 5. Logarithm of the average,-relaxation time(r) vs the  that the connection between fragility and excess of specific
inverse temperature. heat, arising from additional low-energy vibrations, is rather
obscure in these semicrystalline polymers. Even if a wider
range of polymers needs to be explored to get more conclu-
sive insights, no clear correlation between the excess density
of soft vibrations and the fragility appears to result in PEO-
based semicrystalline polymers.

<t>(s)

are the same within a few percent prove the validity of this
theoretical approach.

An interesting feature is that anharmonicity paraméter
and the nonexponentiality paramet@rdecrease with in-
creasing crystallinity in the system. Such a peculiarity, al-
ready observed in a wide range of semicrystalline IV. CONCLUSIONS
polymers?®34 can be correlated to the reduction of the free - , , _
volume present in the system and of the constraints imposed. "€ specific heaC,, in samples of semicrystalline PEO
by the crystalline regions on the long-range segmental moWith two different crystallinity degrees and of a PEO-
tions of the chains in the amorphous phase. NaSCN polymeric complex has been measured in the tem-

As discussed, the temperatures @f peaks at different perature.range _1.5—25 K. It ha; been fognd that the main
frequencies combined with the values @fermit an accu- effect of increasing the crystallinity degree is the decre.ase of
rate evaluation of the average relaxation time over the freCp below 14 K, as a consequence of the corresponding re-
quency range explored. As a consequence of the restrictédjiction of the excess specific heat due to the amorphous
temperature range abog the relaxation timer follows an fraction. In the range of crystallmlty_ explored_for pure PEO
Arrhenius behavior, see Fig. 5 where the logarithmrafs polymers thg specific heat can be.g|ven by a linear overlap of
the inverse temperature in one of the polymer studied is rethe contributions frqm the crystalline and amorphous phases
ported as typical. In this case, as suggested BynBar of the samplgs, we|ghted by the parameter which expresses
etal,?’ the fragility can be calculated by the relation t.he crystallinity fraction. The contribution from the crystal-
m=EA/(RTyIn 10), E, being interpreted as an apparent ac-line phase has been evaluated by the usual De_t_)ye theory and
tivation energy of the process only. A typical fit by the that from the amorphous phase by an empirical phonon-
Arrhenius law to the data of deduced by the mechanical fracton I_DOS which accounts for a fractal-like behavior of the
experiments is shown as a solid line in Fig. 5. The valuefolymeric backbone for a length scale lower than a charac-
obtained for the fragility parameten are inserted in Table I. teristic lengthl. A power-law dependencey® ™!, has been
In the calculations the glass transition temperafigehas  used for the fracton density of states assuming a fracton di-
been taken as the temperature at whidias a characteristic mensionality d=1. Such a value corresponds to one-
value,7(T4) =100 s3® because mainly in the most crystalline dimensional vibrations which are localized within the poly-
polymers the glass transition range is broadened, making thmer chain. This low conductivity limit for the vibrations is
calorimetric effect unobservable. The valuesnofplace the suggested to be consistent with the molecular structure of
amorphous phase of these systems in the “fragile” rangePEO which is characterized by quite weak interchain inter-
except the PEO-salt complex which appears to be intermedactions as compared to the intrachain ones. This theoretical
ate between fragile and strong glass formers. The behavior @fpproach permits us to account for the variation of the spe-
m is strictly correlated to the growing degree of crystallinity cific heat following the increase of the degree of crystallinity
and supports the reduction of the average segmental mobilitgf the polymer and demonstrates that the source of the excess
of the amorphous polymeric chains. The growing amount ofpecific heat lies in additional localized vibrational states
crystalline regions, introduced in pure PEO by annealing ogmrising from the amorphous phase. Finally it has been shown
salt addition reduces the long-range movements of the chaithat the decrease of the “fragility” of the amorphous frac-
and the fragility of the system. tion of pure PEO, obtained by annealing or by the addition of

Now the decrease of the fragility is not related to a cor-an alkaline-metal salt, does not correspond to a clear indica-
responding increase of the excess specific heat in these sertibn for an increase of the density of soft vibrations which
crystalline polymers, the strongest polym@&@EO-NaSCN  cause the excess specific heat at low temperatures.
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