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We have investigated the thermal evolution of the structure and the dynamics ofipglghloride)

(PVC) in a wide temperature range. Corroborating earlier findings, small angle neutron scattering
revealed the presence of structural heterogeneities. On the other hand, the single chain form factor
corresponds to that of Gaussian chains. Gradually with increasing temperature the system becomes
homogeneous. A simple description of the heterogeneities in terms of microcrystallites is forwarded.
The dynamical behavior of PVC has been investigated combining broadband dielectric spectroscopy
(DS) with coherent and incoherent neutron scattering. In a wide temperature range broadband DS
facilitated a precise determination of the dynamic response related to the segmental relaxation.
Close to the glass transition temperature the line shape strongly deviates from the usual
Kohlrausch—Williams—Watts functional form of common glassforming systems. Moreover, the
characteristic relaxation time observed by incoherent scattering displays an anomalous dependence
on momentum transfer indicating the possible existence of heterogeneities in the sample. Based on
the structural and dynamical results, a model is proposed, that considers the coexistence of regions
with different dynamical properties leading to a distribution of characteristic relaxation times. The
model accounts for the experimental observations, assuming for all regions the same functional form
for the a-relaxation. It may be univocally determined from the coherent scattering data at the first
static structure peak. The distribution of relaxation times found is compatible with the distribution

of only one variable, the glass transition temperature.2@?2 American Institute of Physics.
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I. INTRODUCTION nature of this polymer is still open. Evidences of heteroge-
neous morphology have been reportedibut a clear inter-

(PVO) is one of the simplest polymers, with a composition pretation of the structure is Iaclfiﬁgl.o'“On the other hand,
close to that of polyethylene. PVC is widely used, and itsPVC undergoes a glass transition and displays dynamical
study also presents some practical interest. For both reasorf§0Perties like thea- and f-relaxations characteristic for

a large number of studies on the structure and dynamics dilassforming systems. Already 60 years ago it was estab-
PVC can be found in the literatuté. The nature of this lished that thew-relaxation in PVC shows a rapidly increas-
polymer has revealed to be so particular that even book&d broadening with decreasing temperature approaching the
have been devoted to3tDespite the big effort made, some glass transition temperatug,.** In 1967, McCrumet al.

of its peculiarities—well established since many years—aretated in their book® “This effect (seen already in 1941 by
not yet understood. These concern structural as well as dyruoss and Kirkwootf) appears to be characteristic of par-
namical properties. A strong controversy on the “crystalline” tially crystalline polymers such as PVC. It might result from

From a chemical point of view, polyinyl chloride)
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the heterogeneity in structure of these systems which couldiscussed. A model based on the heterogeneous nature of
give rise to a range of barrier heights or distribution of acti-PVC is proposed and successfully applied to all dynamical
vation energies.” However, this hypothesis has never beedata. Finally, the conclusions are presented.

guantitatively checked. The reasons might(bethe dielec-
tric mea;urements were usually restricted to r_ela’Flver Iovv“_ EXPERIMENT
frequencies, preventing a complete characterization of the

dielectric response at high temperatures; therefore, the terd. Samples
perature dependence of therelaxation was known in only a Since we were interested in both, incoherent and coher-
narrow range;(ii) the lack of microscopic information in g scattering, we used protonated guaiyyl chloride
order to characterize the structural/dynamical heterogen‘?PVCh,[—CHZ—CHCI—]n) and fully deuterated polyinyl
ities. Since it couples directly to the density, neutron scalterzhioride (PVCd, [—CD,—CDCI-],). Due to the different
ing is the appropriate tool in order to access such informageytron scattering lengths of the isotopes H and D, the domi-
tion. Concerning PVC structure, some experimental resultyant contribution to the measured scattering for PVCh is the
obtained by small angle neutron scatteri®ANS) have inconerent scattering from the protons in the sarmphe
been reported; but they correspond to only one tempera-ipconerent scattering cross section of hydrogelif,is much
ture. _higher than any other cross section—coherent or
In this work we have made an effort to push the avail-inconerent—of the rest of the nuclei composing PY.QBn

able techniques in order to facilitate the study of the highihe contrary, for PVCd the coherent scattering determines the
temperature response of PVC. One of the techniques used jgeasured intensitiego ™~ ¢~ ¢2"3 are much higher

broad band dielectric spectroscof@¥S) covering a wide fre-  {han their incoherent counterpe)rt(srm
quency range up to the GHz regime. This allows to charac-  The samples were synthesized by the group of Professor
terize the response in a very large temperature range. Othgy \jjjangos(ICTP, CSIC, Madrid, Spain Further details on
than DS, in a complementary fashion quasielastic neutroghe polymerization procedure can be found elsewk&fe
scattering(NS) accesses the dynamical processes at a MQyg|yes of the number-average molecular weilght and the
lecular level in space and time and offers direct microscopigolydispersityM,,/M,, of both samples were similai\,,
insight into the molecular processes. In particular, the time=35x 10° M,,/M,=2). Also the tacticity, determined by
evolution of the interchain correlations can be accessed iRuclear magnetic resonance, was nearly the @2 syn-
studying the coherent dynamic structure factor in the neighgjotactic, 50% hetereotactic, and 18% isotactic triadéie
borhood of its first peak. Such experiments reveal the struconset temperature for degradati®ge, of the PVCd sample
tural relaxation isolated from contributions from secondaryyas determined by a standard thermogravimetric test at a
relaxations. This allows the precise determination of thegate of 10 K/min. It revealed gq= 596 K, about 50 K higher
spectral shape of the-relaxation. Moreover, additional in- than that obtained in the protonated case. The glass transition
formation on the existence of dynamical heterogeneities imemperaturesTg were determined by differential scanning
the sample is offered by th@-dependence of the incoherent calorimetry at a heating rate of 10 K/mifiT 4(PVCd)
scattering function. The combination of relaxation and NS= 358 K andT4(PVCh)=353K]. In the temperature range
techniques has already proven to be very successful for thg70 K< T<420K, the mass densityd(T) varies with
investigation of the dynamics in several glass forming poly-temperature like d(T)(g/cnt) =1.394-2.03x 10" *(T[K]
mer system3’~*® —273)-2.19x 10" §(T[K] - 273)%. 202

The goal of this work was to understand the peculiarities
of the PVC dynamics in terms of an underlying heteroge-
neous structure, as it was suggested a long time ago. To do &
we have first characterized the structural heterogeneities by Dielectric measurements were performed on the proto-
studying the chain form factor and the structure factor ahated sample in the frequency domain from i®z to
small angles. Furthermore the thermal evolution of the het10? Hz with a Novocontrol System by means of two differ-
erogeneities has been determined. Based on these resultser@t equipments. A Solartron-Schlumberger gain/phase ana-
model is proposed that considers the presence of a distriblyzer S11260 supplemented with a broad dielectric converter
tion of regions with different structural relaxations. The ob-allowed the dielectric relaxation to be measured in the range
served distribution of characteristic times is compatible with10-2 Hz up to 13 Hz. For higher frequencies
the existence of only one distributed variable in the system(10° Hz—1@ Hz), a Hewlett—Packard impedance analyzer
the glass transition temperature. HP4191A based on the principle of a reflectometer was used.

The paper is organized as follows: after the ExperimentThe error in the determination of the loss tangent of the
where the sample characterization and the experimental techielectric constant was around 1Dfor the first set up and
niques are explained, we present our SANS results on th&0 2 for the second one. Overlapping of the spectra at the
structure of PVC. Thereatfter, the dynamics results obtainedame temperature was possible by means of the common
by the different techniques are analyzed in the standard waglecade of both equipments and small corrections were moti-
for polymers. In the Discussion, the structural data are intervated by the uncertainties in the determination of the sample
preted considering the presence of microcrystallites. Movinghickness. Measurements were made under isothermal condi-
to the dynamics, first the anomalies compared to standartons eab 5 K covering the temperature range 195K
polymer dynamics are identified. Their possible sources are=435 K with temperature stability better than 0.1 K.

Broadband dielectric spectroscopy
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Sample holders, that act as electrodes, were paralletainer yielding a transmission of about 92%. The measure-
plate capacitors of 20 mm diameter for the low frequencyments were performed in a temperature range 380K
setup and 5 mm diameter for the high frequency one. The<430 K. Typical measuring times at each temperature were

thickness of the sample was 0.1 mm. 12 h. The instrumental resolution function was determined
from the scattering of the sample at 2 K. Initial data treat-
C. Neutron scattering ment was carried out correcting for effects of detector effi-

ciencies, scattering from sample container, and instrumental

background. Finally at each temperature the incoherent
The basis of this technique is founded in coding the neustructure factoiS; ((Q,w) was obtained as a function of the

tron velocity change in the scattering process for each newenergy change during scatterifigp and the change of wave

tron individually into its spin rotatioR? The Larmor preces- vectorQ.

sion of the neutron spin in an external magnetic field uses the

neutron spin as an internal clock. Starting with a well defined3. Small angle neutron scattering

neutron spin state, the application of magnetic precession e measurements of the chain form factor and the static
fields before and after the scattering event results in a polag,cture factoS(Q) in the lowQ-range were carried out by
ization of the neutron that depends only on the velocity dif-\aans of the small angle neutron scattei8ANS) diffrac-
ference of each neutron individually to first order irrespective;ymeter KWS1 at the FRJI-2 research reactor icHyu Ger-
of its initial velocity. Energy resolution and monochromati- many. The sampléhickness: 1 mmwas in between quartz
z_ation' of the incident beam are thus decou.pled, an.d reso“b‘lates of 2 mm, and the brass sample holder was placed in an
tions in energy of6E/E~10"° can be achieved with an electrically heated furnace. The sample aperture was 5
incident neutron spectrum of 20% bandwidth. x5 mm?. An incident wavelength ok =7 A with a wave-
The final polarization of the neutron beam in a NSEgngih spreadsh/n=0.2 was used. Performing measure-
experiment is directly related to the normalized intermediatgants at two detector positiosample-detector distances of
scattering functionS(Q,t)/S(Q).? The timet depends on 1 55 11y and 4 M a Q-range 0.01 A1<Q=0.25 A-! was
the wavelength of the neutron, the precession fieBdand  coyered. The raw data were corrected for empty cell and hall
the lengthLg of the precession field<BLg\". Thus the  pacyground scattering. Absolute scattering intensities were
time evolution of the structure factor can be followed vary-gpiained in relating the scattered intensity to the known in-

ing B. Our experiment was performed by means of the SpeCzgherent scattering level of a secondary polyethylene stan-
trometer IN11 at the Institute Laue-LangevifLL) in 45 q

Grenoble, France. Since due to the spin flip scattering the

incoherent scattering contributions are strongly suppressed, 9> - (XT)S(R)Z S(Q) _) ) o

the signal from the deuterated PVCd sample is nearly en- dQ Q= XT | Dg) S4(Q)\dQ S(Q '

tirely due to coherent scattering revealing the pair correlation .

function. wheres stands for the standard awdl, andD are thickness,
By using an incident wavelength af=4.3 A, six tem-  transmission, and detector distance.

peratures in the range 390KT <460 K were investigated at The static structure factor was determined from the scat-
the first maximum of the static structure factor pe@k ., tering of a fully deuterated PVCd sample. The chain form
=1.2A1.2 The Fourier time accessible was 35fs factor was obtained from measurements on blends of PVCd/

<1.8 ns. The thickness of the sample was 2 mm and typicdl YVCN with two different concentration®% and 10% of
measuring times were around 3—4 h. The instrumental resgleuterated chains in protonated matricase mvestlg{:lted
lution function was measured from the elastic scattering Ofseveral temperatures in the range 36@K§470 K (five

the sample at 4 K. The instrumental background from thdemPperatures for both blend samples and in addition 450 K
cryostat as well as from the Al container were measured®r PVCd. After appropriate equilibration, a measuring time
separately and subtracted from the experimental spectra u8f around 30 min was employed at each temperature. The
ing the appropriate transmission factors. The backgroun§@MPle transmission was measured for all temperatures. Af-
corrected spectra were divided by the resolution function if€" COTecting the data pixel by pixel, a radial average was
order to obtain the normalized intermediate dynamic strucPerformed.

ture factorS(Q,t)/S(Q).

1. Neutron spin echo

a2,

[ll. EXPERIMENTAL RESULTS
2. Backscattering A. Small angle neutron scattering

The incoherent scattering functigoorresponding to the SANS techniques access scattering phenomena corre-
self-correlation function of the hydrogen atommas studied sponding to typical lengths of 10—-1000 A. These scales may
on the protonated sample by means of the neutron backelate to inhomogeneities of very different origins, such as
scattering(BS) spectrometer IN10 also at the ILL. The inci- the presence of different phases in the material, density fluc-
dent wavelength was =6.28 A, providing an energy reso- tuations, clusters, sizes of chains,.... Figuta) Ehows the
lution of SE~1.2ueV [full width at half maximum SANS results obtained for pure PVCd for temperatures close
(FWHM)]. Due to experimental problems in the smallestand aboveT,. All curves display similar featuregi) the
angles detectors, th@-range covered was 0sdQ<2 A1, presence of a broad peak, the intensity and maximum posi-
The samplgthickness: 0.17 mynwas filled in a flat Al con-  tion of which vary withT and(ii) a strong intensity increase

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 3, 15 July 2002 Heterogeneous structure of poly(vinyl chloride) 1339

04
160 (a) °
o
03t
—~ ot °
g § 140 |
o2}
g .
B Sl
‘% 0.1 | 120 | e ®
b
0 541 ©®) Q-
£ _ o
202} oel! -
52 =52 a
[:]E -
e L
Qolt
aa) —_ 5
= =]
g r g ©
S [Id WS> I, —— e e =
> ' ‘\
% o AL, o : = 0.01
0 0.05 0.1 0.15 02 8 N
QA™ C »
2 \
FIG. 1. (@) Small angle neutron scattering results on PVCd for the different §
temperatures indicated. As an example for 360 K, the dotted line shows the %0 \
additional contributions to the pedk(Q,T)+ FBG (see the tejt (b) Re- 2 0 ) X , .
sults from subtracting the additional contributions from the experimental — 0 100 200 300 400 500
data at the same temperatures again T(K)

FIG. 2. Temperature dependence(af the characteristic length associated
1 ) to the SANS peal., (b) the characteristic length associated to the first
at very low Q-values (below 0.02 A%). This last feature maximum of the static structure pedkand (c) the integrated intensity of

relates most probably to the existence of bubbles or somiée SANS peakadditional contributions previously subtracte@he solid
residual porosity in the material originating from the sample?”.d dotted lines show tfie-dependence obtained from the expansion coef-
) : icient in the glassy and supercooled liquid states, respectively. Dashed lines

preparation procedure. The scattering contrast for such holgs ¢) are guides for the eye.
is especially high for a deuterated material. The correlation
peak is the salient feature in these diffraction curves. It evi-
dences the existence of a long period within the PVCdespectively. For comparison, another correlation length,
sample reflecting some periodic modulation of the densitynamely, that associated to the matffirst” ) static structure
These results corroborate earlier findings on PVC by smalfactor peak defined aé=27/Q,.y is depicted in Fig. )
angle x-ray scattering(SAXS) (Refs. 3-6, 8, ® and (see DiscussionAn important change in the slope b{T)
SANS>’ takes place in the temperature range 430—450 K. Also the

In order to characterize the correlation peaks in the simintensity shows a strong decrease with increasihghat
plest way, the contribution at very lo®-values,B(Q,T), starts in the sam@&-range.
may be subtracted. Furthermore, we subtract a flat back- In addition to the SANS structure factor of the PVCd
ground FBG. Its value is determined from the higHimit of sample, also the chain form factor within the amorphous ma-
the intensity. The low scatteringB(Q,T) was described by trix was studied. This is possible only with neutron scattering
a power lawB(Q,T)=CQ™ 2, where the prefactdC and the techniques, due to the different neutron scattering lengths of
exponent were found to be slightl{f-dependent. The value deuterium and hydrogen nuclei. For that purpose, the SANS
a~4 is characteristic for Porod-scattering from objectssignals from two dilute blends with PVCd concentrations
larger than the accessible length scales. As an example, thi,=2% and ¢p=10% in PVCh were investigated in the
dotted line in Fig. 1a) represents the total contribution sameQ- and temperature-range. Figure 3 depicts the mea-
B(Q,T)+FBG to be subtracted from the 360 K curve. For sured cross sections for tlfg,= 10% sample at three differ-
all the temperatures investigated Figb)ldisplays the re- ent temperatures and for the two concentrations at 430 K in
maining peaks after the proper subtraction of these additionads insert. The small incoherent backgrounds, determined
contributions. FofT>430 K the maximum position and the from the highQ-limit of the intensities, have already been
intensity of these peaks are strondlydependent. This is subtracted from these data. If the isotopic interaction be-
evident in Fig. 2. The thermal evolution of the correlationtween PVCh and PVCd chains is negligibliee., Flory—
length L=27/Q3ANS (Q3ANS | maximum positioh and the ~ Huggins parametey=0), the scattering from the blend is

max
integrated peak intensity are shown in Figéa)2and 2c),  given as
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with b=(h+1)/M,, and h=((M,,/M,)—1)"! was as-

20 g 10% sumed.
= f Due to the low crystallinity of the sampl@ee Discus-
16 210 sior), the contrast factordy— pp)? was calculated on the
% b basis of amorphous densities only. With the polydispersity
2 & 102 indexM,,/M,=2 (see Experimentin the fitting procedure

only two parameters were varied: the average radius of gy-
ration and the average molecular weight. The fits of the ex-
perimental data in terms of Eq&)—(4) are shown in Fig. 3

as solid lines. The agreement is highly satisfactory. The wide

9%/Q (cm™)

4r Q-range accessed allows to accurately determine the slope of
i . d319Q(Q) at highQ. There we find=/dQ(Q)*Q 2, un-

0 E— o derlining the Gaussian chain conformation.

0.001 0.01 0.1 The values obtained for the fitting parameters from the

-1
Q@AY ¢$p=10% data are listed in Table | for the different tempera-
tures investigated. The weight-averalge, can be deduced

FIG. 3. Momentum transfer dependence of the cross sections measured : _ —_N)—
SANS for the 10% PVCd/PVCh blend at 360(K), 430 K (<) and 460 K fom the cross section =0 [Penaid Q=0)=1]. From
(A). The 430 K and 460 K data have been shifted for clarity. The dotted?>/9Q(Q=0), we deriveM ,~ (75+9)x10° g/mol. The er-
horizontal lines show their corresponding new origins. Insert: cross sectionsor is mainly determined by the temperature dependence of
divided by the concentration for the 1086 ) and 2%(®) samples at 430 K. the density and the accuracy of theesitu measurement of
Straight lines indicateQ 2 and Q! slopes. The solid lines though the the transmission in the experimef5%). We note that the
points both in the figure and in the insert are the descriptions obtained in . ) .
terms of Eqs(2)—(4). corresponding value fol ,~37.5xX10° g/mol is very close
to that obtained for this sample by other characterization
techniquessee Experiment This consistency provides ad-

ditional support to the description of the form factors in

> (PH—PD)2 terms of Gaussian chains. At 430 K, from the measurements
3_Q(Q):¢D(1_¢D) T d from the ¢p=10% sample av-average radius of gyration
) Ry, =92+ 1A is obtained; for thepp=2% blend, the re-
X f MW(M)P o Q,M)dM, (2)  sulting value isR; =105+4 A. The random-walk statistics
0 is reflected in the relatioRy~M OSimplicitly assumed in the

wherep,, and pp stand for the scattering length densities of fitting procedure. We find thaR,=(0.34+0.01)M %%, Be-
the protonated and deuterated samples respectivel§ide some uncertainties due to the reduced coherent scatter-
Penair(Q,M) is the chain form factor. For Gaussian chains,!Nd, both blends(¢p=2% and 10% give very similar re-

P.aid Q,M) is expressed by the well known Debye scatter-Sults. This may be seen from th_e insert in_ Fig. 3, wh_ere at
ing function, 430 K results for both concentrations are displayed. With the

$p=2% sample slightly higher values are deducedNby
_ .  A2p2y 2052 (5% to 10% difference These differences may be due to
Penail QM) = Q4Ré[exp( QRY—1+QRgl. 3 inaccurate volume fractions and worse signal to noise ratios
i i o in the ¢pp=2% sample.
where the radius of gyratioR, implicitly depends orM as
RygcM%2 W(M) provides the correction for the polydisper- g piajectric Spectroscopy

sity. A Schultz—Zimm—Flory distribution,
Figure 4 presents representative data for the imaginary

part of the dielectric constant”(w) for PVC at different
temperatures. As can be appreciated in Fi@,4elow T,

bh+l

WM =D

MM exp(—bM), (4)

TABLE |. Parameters characterizing the structural properties of the PVC sample investigated. The radius offgyratidrthew-averaged molecular weight

M,, have been obtained from the SANS study of the 10% PVCd/PVCh sample. The description of the heterogeneous structure shown by the PVCd sample
in terms of the Percus—Yevick approaslee textyields the values for crystallinity. , the average radius of the microcrystallRg , the effective interaction

radiusRys and hard sphere volume fractiophere listed. The correlation lengthis that determined from the SANS peak position.

M, X103

T(K) Ry, (A) (g/mol) be R (A) ] 2Rys (A) L A)

360 1132 68+3 0.041+0.002 30.5:0.3 0.23 1092 118+ 10
410 1131 75+3 0.041+0.001 31.6:0.1 0.22 11@2 122+10
430 114+1 81+4 0.038+0.001 31.6:0.1 0.22 1142 122+ 10
450 0.024+0.001 32.20.2 0.20 13&:3 148+ 10
460 1082 88+ 4 0.019+0.001 32.30.2 0.20 1433 158+ 10
470 921 66+3 0.016+0.001 32.5:0.3 0.18 1464 170+ 10
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If the low frequency contribution were purely dissipa-
tive, e.(w) would be inversely proportional to the frequency,
ie.,

O¢

co(w)= o (63)
with
k=1, (6b)

where o, strongly depends on temperature. Values xof
lower than 1 in Eq.(6a would reflect the contribution of
interfacial processes.

Concerning the relaxation processes, the permittivity
s;ﬁ(w) can be expressed in terms of the response function
of the corresponding process in the frequency domain
CI)*;’B(@), that is related to the relaxation function in the time
domaine, s(t) via Laplace transformation,

82’5((»)—8Do

afB _ xox
Asa,ﬁ q)aYB(w)
©  Joggt)
gt g :f - et (7)
1 2 3 4 5 6 7 8 9 0

log [f(Hz)] HereAe, z ande., ,are the dielectric strength and the high

FIG. 4. Frequency dependence of the dielectric losses of PVC in th&gsub- frequen_cy limit of the real part of the permittivity value,

region(a) and close and abovk, (b) at the temperatures indicated. Symbols respectively.

correspond to experimental data; solid lines represent the fitting curves re- |t js well established that in polymews,(t) and "Dﬁ(t)

sulting from the standard description. They give account mainly for the : ; ; *

B-relaxation in(a) and include the three contributions of H§) for 380 K ars not simple gxponentlals, or, gqU|vaIen®n(w) and

and 430 K in(b). For 380 K the individual contributions are shown: the P (@) are not simple Debye functions. As can be deduced

conductivity (dashed ling the B-relaxation (dashed-dotted lineand the ~ from Fig. 4, in the case of PVC this is also eviddthe

a-relaxation described in terms of a single KWiotted ling. This last FWHM of a Debye peak is 1.14 decadles

contribution is depicted also by a dotted fine for 430 K. In the case of thes-relaxation, the dielectric function of
polymers is commonly described in terms of a superposition
of Debye elemental processes. These are supposed to be ther-

the secondary relaxation is the main responsible of the dimally activated, i.e., the characteristic time for a given el-

electric loss features. As the temperature increases approacgkmental process; is given by

ing Ty, the a-relaxation starts to be observed in the fre- E

qguency window[see, e.g., the curve corresponding to 360 K 75(E)= T% ex;{ _) (8)

in Fig. 4b)]. Above T4 with increasing temperature the two keT

loss peaks corresponding to theand 8 processes approach (T%, T-independent prefactokg , Boltzmann constajtDue

each other, the-relaxation taking place at lower frequencies 4'the disorder in the system, the values for the energy barrier
than thep-relaxation. At high temperaturée.g., 430 Kithe g 516 distributed according to a distribution functigp(E).
relaxations merge and only one peak can be resolved in th@ith this for the permittivity we arrive at

experimental dielectric window. On the other hand, the pres-

ence of an additional third contribution at low frequencies SZ(w)—sxﬁ %

and high temperatures is evident. This contribution, that in-  —x—— = fo gB(E)de. 9
creases withT, can be attributed to the conductivity of the A A

sample and also to interfacial polarization processes. A Gaussian distribution of energy barriegg(E),

Taking into account these three identified contributions,

the total permittivitye* (w) can be written as 2

(E) 1 [{ 1(E—EO
9s oeN2m 2\ og

of varianceaé and average valug, usually gives a good
description of the experimental data Bt Ty

where ¢, B, and « stand for the conductivity,3- and In glassforming polymers the relaxation function for the
a-process, respectively. In the following, the expressions for-relaxation in general can be well described by means of
the permittivity contributions of these processes in convenihe Kohlrausch—Williams—WattdKWW) or stretched expo-
tional glassforming polymers are given. nential function,

(10

e (w)=¢e¢ (w)+ep(w)+eh(w), (5)
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B

t

Tw

¢a(t)=exr{— , (11
wherer,, is the characteristic time of the relaxation gBds

the shape parameter<Q3<1, giving account for the non-
exponential behavior. For most of the polymers the value of
Bis found to be hardly dependent @rand to be in the range
0.4-0.5. As dielectric measurements are usually performed
in the frequency domain, an analytical expression for the
response functiond* (w) facilitates the data treatment.
However, the Laplace transform of KWW functions in the 4
general case does not have an analytical form. It was shown 1000 / T(K)
nevertheless that it can be well described by Havriliak 0.2
Negami(HN) functions, if the shape parameters fulfill cer- (b)
tain relationshipg*2 Therefore, for expressin@* (w) we
made use of HN-functions,

cE(eV)
j

1
* — * —

R T " =
wherea andy are the shape parameters aty is the char- 02r ©)
acteristic time. We restricted ourselves to the HN-family e_e_e__e_e_e_c_g_g..:&weesoo-o
functions which describe well the Laplace transform of 2@ R
KWW functions. This is achieved by the imposing the rela-
tion,

0 " 1 . 1 N
y=1-0.8121— a)%%¥" (13 200 250 300 350

T(K
Under these circumstances the relationships between HN- ®
and KWW-shape parameters and their characteristic timesiG. 5. Temperature dependence of the parameters characterizing the di-
are electric B-relaxation in PVC:(a) characteristic time corresponding to the
maximum of the lossesib) width of the distribution function of energy
ay= ,31-23, (149 barriers;(c) relaxation strength. Solid lines correspond&pan Arrhenius-
type temperature dependenég); and(c) linear regression fits as function of
THN the temperature.

H
Tw

log

=2.601—B)%%exp —3p). (14b)

Since we are dealing with only one independent shape pderistic time of theg-relaxationr,,; is represented. It is ob-
rameter, the results will be given in terms of the paramgter tained from the maximum of the loss peak and corresponds
For conventional glassforming polymers the dielectricto the relaxation time for the most probable value of the
spectra can be described by means of(Bpand considering energy barriers,, ;= 75(E,). From the fit of these data to an
the above given expressions for the different contributionsArrhenius law, values of 0.61 eV fd&, and 5.5< 10 1° s for
Due to the high number of parameters involved, the first stepg are obtained. Concerning the width of the energy barrier
in the usual procedure consists of characterizing the secondistribution functiongg(E), a slight decrease ofre with
ary relaxation in the temperature range beldy There, the increasing temperature is foundgg[eV]=0.198-2.6
conductivity does not appear and therelaxation contribu- X 10 4T[K] [see Fig. ®)]. The strengthA e ; follows ap-
tion is not yet present or is still weak. Thereafter, under theproximately the linearT-dependence given bye;=0.08
assumption that the parametrization obtained for the+2.1x10 * T[K] that is shown in Fig. &) by the solid
B-process can be extrapolated to higiieaboveTy, the fit  line.
of the experimental data allows to get the information on the  Above T, the three contributions of Ed5) are present
structural relaxation and the conductivity. This approxima-in the dielectric spectra. The loss peak corresponding to the
tion is found to be valid in the temperature range where thgs-process was extrapolated from<T,. Close toTg, the
a- and B-processes are separatéd. description obtained for the experimental spectra was quite
Figure 4a) shows that the description of the loss peaksunsatisfactory, as can be appreciated from the fitting curves
of PVC in terms of this scenario for thé-process is very shown in Fig. 4b) as examples. Even allowing the exponent
good forT<T,. We note that a power law accounting for « in Eq. (69 to take values smaller than 1, the shape of the
the small contribution of the high frequency tail of the experimental data cannot be well described when the func-
a-process was considered in these descriptions Tor tional form of thea-contribution is restricted to correspond
>255 K. Thus the parameters characterizing the secondatp a KWW function. The best description of the data using a
processesa-%, og, Eq, and the dielectric strengthe ) can  T-independeni value (x=0.67), gave the results shown in
be well determined in this subg region. The results are Fig. 6 for the parameters characterizing theelaxation. The
shown in Fig. 5. In the upper part of the figure the characshape parametgs is found to depend strongly on tempera-
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21 22 23 24 25 26 27 28 FIG. 7. Time evolution of the dynamic structure factor of PVC as measured
1000/T(K) by IN11 on a deuterated sample at the first static structure factor peak. The

corresponding temperatures are indicated. Dashed lines are KW15)]

FIG. 6. Temperature dependence of the parameters characterizing tifisting curves for the two highest temperatures. Solid lines correspond to the
a-relaxation in PVC when described by a single KWW functia:Shape  fit results of the heterogeneous model proposed.

parameter{b) Relaxation time. Dielectric spectroscopy; coherent scat-

tering at Qma=1.2A"1 (NSE: ¢; incoherent scattering at the same

Q-value(BS): V. Solid horizontal line in(@) indicates the asymptotic value

of B at high temperatures. dently determined fof =430 K, where an important portion
of the decay takes place within the IN11 window. The results

ture[see Fig. 63)], increasing from~0.3 atT, up to~0.5 at fo.r B and ,Twmalx have been plotted in Fig. 6 for comparison
the highesfT investigated. This indicates a pronounced nar-With the dielectric results. Figure(® shows that the values
rowing of the response function. As we have mentioned beobtained fors by both experimental techniques in the over-
fore, such behavior is anomalous for glassforming polymerd@PPing temperature are very much compatible. Towards
On the other hand, as can be seen in Fif),8he character- high temperatureg appears to increase more slowly than at

istic times show the typical non-Arrhenius behavior of glass/OWer temperatures, and a const#ht 0.5 serves as a good
forming systems. approximation forg@ at T>430 K. Furthermore in this tem-

perature regime, the temperature dependeno%@ﬂX agrees

C. Neutron spin echo: Coherent scattering at the first with the dielectric results.

static structure factor peak

The dynamic structure factor obtained from the NSE ) )
measurements on PVCd at the first structure factor peak- Backscattering: Incoherent scattering

Qmax (Qmax=1.2 A™") and different temperatures aboVg The scattering function measured by the backscattering
is represented in Fig. 7. At first sight, two features can bepectrometer IN10 on PVCh is strongly dominated by the
deducedf(i) the curves display a clearly stretched time evo-incoherent scattering contribution of the hydrogen atoms in
lution, and(ii) the characteristic time of the decay becomesthe sample. In Fig. 8 some spectra corresponding to different
faster with increasing temperature. Q-values and temperatures are compared with the instrumen-
As we have already pointed out, the decay of the correta| resolution. In all these cases the spectra are broader than

lations of the density fluctuations in the neighborhood ofthe resolution. The quasielastic broadening increases with
Qmax is governed by thex-relaxation. The functional form increasingQ andT.

characteristic for this process is a KWW function. Inorderto  Similar to the collective response .., for a large
account for the decay of correlations related to processesumber of polymer systems the results obtained in the
taking place at faster times than those accessed by IN11, e.gwrelaxation regim&~*Cindicate that the incoherent scatter-
vibrations, the so-called “fast dynamics,” etc., a prefactoring functionS;,((Q,t) can be described by a KWW function.
(Debye—Waller factorAq__(T) has to be introduced. Thus Furthermore a prefactok(Q,T) needs to be introduced, in

the dynamic structure factor &, can be written as order to account for fast processes and the Debye—Waller
factor. Finally we have
SQmact) _, o J [ ) s Y
S(Qpmay) - Qmax( ) €x ,TSmax : (15 t B

. (16)

Sinc(Qvt):A(QvT)eXF{ - (W
As can be seen in Fig. 7 for the highest temperatures inves- WA
tigated (dashed lings this functional form allows a good Most results forr,(Q,T) reported so far for glass forming
description of the experimental data. The characteristic tim@olymers follow a power law ifQ which may be expressed
Tgmax as well as the shape paramegecan only be indepen- by
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3 08 5 J FIG. 9. Momentum transfer dependence of the characteristic times obtained
g from incoherent scattering at the temperatures indicated. Empty symbols
5 80 6 correspond to the KWW times obtained from the fit of single detector spec-
@' T T 7 tra at 430 K to a single KWW witl8=0.5. Dashed—dotted line is the result
’§ of the fit of these times to a power law with free exponent. Solid lines
o 04} h'y - represent the power laws obtained from the fit of the experimental data by
"8 means of the heterogeneous model, the dashed line the corresponding ex-
w02} 4 4 trapolation. The dots indicate th@-values at which experimental spectra
exist and show broadening with respect to the instrumental resolution. The
0 l2ue?E Smeeno || 2ol W e’ | RS bars show the FWHM of the distribution functions of KWW relaxation
001 0 00l -001 0 00! times used.
A (meV) how (meV)

FIG. 8. Frequency dependence of the incoherent scattering function of qu]bsorptlon of th_e Cl atoms is quite strong. In order to reduce
obtained by IN10 on a protonated sample normalized to its maximum valuetn® number of fit parameters, the value of the shape param-

The corresponding- and Q-values are indicated. Symbols correspond to eter 8 was fixed toB=0.5 that was obtained from the coher-

experimen'(al data. Thg instrumental resolu_tio‘n is alsq dep(dmﬂeq ling ent scattering results in the high temperature range. An ac-

;ciz);g?epoaﬂflss?(.)di?‘hd lines show the description obtained by using the hetéep.table description of the experimental spectra was
achieved. Th&-dependent results far, (Q,T) at 430 K are
shown in Fig. 9(empty symbols Instead of the expected

Q\" exponent value oh=4 an anomalously low value of

7,(Q,T)= To(T)<_) (17a¢  =2.7is found. Thus, the relation betwesrand the stretch-

Qo ing parametejB strongly deviates from Eq17b). The char-
with Qu=1A"! to get the right time dimensions for the acteristic relaxation times obtained f@=1.2 A~* are de-
temperature dependent prefactg(T) and picted in Fig. b) and compared with the results from the

n=2/8 (17 qther techniques. A; may be seen, ﬂhgepgndence _of the_
' times obtained from incoherent scattering is compatible with
This result reflect® the Gaussianity of the scattering that of the dielectric times at the highest temperatures inves-
function! that can be written as tigated, but strong deviations towards faster values are ob-
served at 390 K and 380 K.

B Q 2
S (Q,t)=A(Q,T)6XP[ = (—) ]
" 7o(T)] 1 Qo IV. DISCUSSION
ra(t))Q? L
=A(Q,T)ex;{ _< (6)>Q } (19 A Structural heterogeneities
The SANS results on the deuterated sample show clear

where(r?(t)) is the mean square displacement of the mov-evidence for the existence of a density modulation in the
ing proton. Thus, ther-relaxation corresponds to an anoma- sample. In Fig. Za) we have displayed the temperature de-
lous diffusive process, where the mean square displacemepéendence of the corresponding correlation length. was
increases sublinearly with timég?(t))=6D t#. Here,Dis interpreted as the characteristic length scale of the density
an “anomalous” diffusion coefficient determined by the modulation in the sample, while the broadness of the corre-
T-dependent part of,,(Q,T), D~7,(T) #. Let us now see lation peak relates to the distribution of such distances. In
what is found here for PVCh. Fig. 2 the results for the modulation lendtHFig. 2(@)] are

The experimental data—collected in the frequency do-compared with the characteristic lengttobtained from the
main, Si,o(Q, w)—were fitted to the result of convoluting the position of the first static structure factor pe&k,¢
Fourier transform of Eq(16) with the instrumental resolu- =2#/Q.x [Fig. 2(b)], that reflects the average interchain
tion. Following the procedure described in a previousdistance. We observe that both characteristic lengths exhibit
work,2® multiple scattering corrections were also performed.a similar expansion foll;<T<430 K. From the expansion
These corrections were very small in our case, siifcenly  coefficient in the supercooled liquid statey~6.67
results at largeQ-values were available an@) the neutron X104 K™%, a linear expansion coefficieft; = a,/3~2.2
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X 10 % K~ can be deduced. The dashed lines in Figa) 2 g QR Ry
and 2b) correspond to the lawls/Ly=€/€o=1+ B, T. Thus R— —
the average domain size in thisrange simply follows ther-
mal expansion. Furthermore, the intensity of the SANS
peaks in thisT-range is constant, indicating that the number
of regions or the density contrast does not significantly
change, i.e., the structural modulation remains unaltered.
However, above 43K a qualitatively different behavior sets
on. The peak shifts very rapidly and the intensity strongly
decreases with increasifig This observation might relate to
the melting of the “crystalline” parts in the sample, as it has
been commonly interpreted by several autifors. olLo i :

A detailed molecular description of the scattering pattern 0 005 01 015 02 025
obtained in SANS, is difficult to realize. However, although Q(A'l)

details are lacking, a tentative interpretation of the heteroge- _
FIG. 10. Structure factor obtained for PVCd by SANS corrected for the low

neities could be provided |f_one S|mpllf|es considerably ONG_decay at 360 KO), 430 K (¢), and 460 K(A). The solid lines are the

the shape of the heterogeneity. The simplest approach theniging curves obtained by applying the Percus—Yevick approach. The 430 K

to consider a system of polydisperse spherical particles, irand the 460 K data have been shifted for clarity, being the new origins those

teracting by a hard-core potential in an amorphous matrixmarked by the dashed lines. The inset shows the two functions involved in

The int ticle struct factor f h t is liquid the description of the 430 K, namely, the interparticle structure factor

. € interparticie structure aC_Or or SL!C a system Is fiqui 1(Q,Rm,7,Rye) (solid line) and thez-averaged intraparticle form factor

like and well known for colloidal particles as the Percus—(p (qy)), (dashed ling[see Eq(19)].

Yevick approach. We refer to the literature for the exact

formulation®® The intraparticle structure yields the average

size of the inhomogeneity, i.e., of the microcrystallites andpreted SAXS measurements on PVC in terms of a nodular

the distance between them. Their volume contgnor crys-  structure® On the other hand, we observe that the crystallin-

tallinity degree in this case can be derived from the intensityjty ¢, decreases continuously from the constant value

written in the decoupled approximation as around 4% in the temperature range 368 K<430K to

s ~1.6% at 470 K. These values correspond also well to what

m(Q):¢Cvp(pc—pa)2<PC(Q)>ZI(Q,anﬂ?,RHSH|:|3(3_ is founq usuallly.ln PVC(Ref. 1) and to recent NMR esti-
19 mates in plasticized PV There, the plasticizer did not
(19 seem to effect the degree of crystallinity but merely acts to

Here,(P.(Q)), is the z-averaged form-factor of a “crystal- disperse the crystals.

line” sphere of which a volume fractiow, is present. The In view of the rather featureless scattering curves ob-

size of such spheres is distributed according to a Gaussiaained for PVCd—besides the peak structure—no further mi-

function with varianceaém. Knowing the temperature be- croscopic details have revealed themselves. The data, e.g.,

havior of the mass density and the ratio of amorphous talid not allow to distinguish Gaussian from log-normal dis-
crystalline density to be 1.37/1.83he temperature depen- tributions for the crystallite size. Nevertheless, from the
dent scattering length densitips(T) andp,(T) (subscripts SANS study of the PVCd and PVCd/PVCh samples we can
c,a denote crystalline, amorphousan be calculated. The extract some conclusions. The presented results corroborate
volume of the “crystallite”V, is determined by the mean the earlier invoked heterogeneity structure, and would not
radiusR,,, Vp:47TR3m/3- ¢. andR,, are to be fitted for the disagree with the scenario of irregularly packed nodules with
form factor andRys and 7, i.e., effective interaction radius a distribution of sizes proposed by Blund&Moreover, our
and hard sphere volume fraction, for the structure factorresults on the chain form factor of PVC also support this
Whereas the crystallinity of PVC is hard to get, this modelscenario against the lamellar structure proposed by other
provides at least an estimate. The contrast factor was kegtthors! As we have seen in the previous section, the chains
fixed at the appropriate temperature value. In addition, a fladisplay a Gaussian conformation. The/JQ(Q) Q™2 de-
incoherent background FBG) as discussed earlier was pendence observed for the scattering from the PVCd/PVCh
taken from the high® limit. For three temperatures, Fig. 10 blends at highQ-values excludes considerable sections of
shows the description of the measured structure factor iparallel stems as would be expected in long nodules. For
terms of this model. The experimental data have been cosuch a structure @ ~* dependence of the scattered intensity
rected for the lowQ-increase as described above. The insershould be obtained. The insert in Fig. 3 shows that our re-
shows the separate contribution{Q,R,,,7 Rys) and sults are not compatible with@ ™! law. Moreover, it is very
(P.(Q)), for 430 K. The resulting fitting parameters are important to remark that our result for the chain dimension in
summarized in Table I. The average size of the microcrystalthe bulk [Ry =(0.34+0.01)M{,°] corresponds almost per-
lites is steady around 32 A radiuerim~0.1—0.15). In con- fectly with the #-structure of PVC in Benzaldehyd at 430 K
trast, above 430 K the effective hard-sphere interaction ratRg,/My;°=0.35) ** Taking into account the value for the
dius (where they would overlgdncreases with temperature. main chain bond length in PVCL.53 A)*" a characteristic

It is worth mentioning that the values found for bd®f, and  ratio of C,,=9.2+0.5 for PVC chains in the bulk is derived
2Rys agree with those obtained by Blundell when he inter-from our study. This value agrees well with other values

o
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S
»
T

o
N
T

93/0Q - B(Q,T) (cm™)
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reported in the literature for the “unperturbed” chai@;, quencieqi) evidences the failure of the description used be-
=9.6—10.8(Ref. 39 andC..=10.93° and is also compatible fore in the new range accessed diifl shows that the value
with estimations made using the PVC RIS mdde(C.. of xin Eq. (68 has to be lower than 1.
=11.8). This again corroborates the Gaussian PVC chain The anomalies observed for the shape of dhprocess
conformations. Moreover, in contrast to the PVCd results, nan PVC could be attributed to the merging process with the
peak has been found in the cross sections obtained for the-relaxation'®*? This phenomenon could indeed contribute
PVCd/PVCh blends. We argue that the mean scatteringp the narrowing of the peaks at high temperatures—close to
length density of the inhomogeneity is very similar to that ofthe merging of the timescales of the and B-relaxations.
the mean amorphous matrix due to the ideal mixing and zerélowever, in the neighborhood df, its influence should be
Flory—Huggins coefficient. Thus, the contrast between theseeak, and never could produce the symmetrization observed
two components(crystalline and amorphous matejias  for the a-peak close tdl.
much weaker than that between the deuterated chains and the Of great interest for a further interpretation are the simi-
protonated matrix, and the measurements in the blend revekdrities that can be found between the dynamical behavior of
essentially the chain form factor without any hint of the in- PVC and that of polymer blends. The dielectric response of a
homogeneities. blend is characterized by a strong symmetrical broadening of
Summarizing, we may conclude that betwegp and the signal with respect to that of the homopolyrieThis
430 K approximately the features of the heterogeneous stru@xtra broadening rapidly decreases with increasing tempera-
ture of our sample do not change with temperature—apatiure. In such systems, the peculiar dynamical features find a
from the usual thermal expansion. At higher temperatures aatural explanation in the existence of different environ-
gradual structural homogeneization takes place. A comments for the different regions in the material, i.e., in the
pletely homogeneous system would be obtained, if thgresence of heterogeneities in the system. This analogy can
modulation peak would have disappeared. An extrapolatioe taken as a starting point for the interpretation of the PVC
of the integrated intensitlFig. 2(c)] points to a temperature dynamical anomalies. As we have shown with the SANS
above 500 K. This result agrees reasonably with the valustudy on the same sample, the presence of heterogeneities is
estimated by Hoffman and WedRdor the maximum crys- evident. In our model of the PVC structure, a distribution of
talline melting temperaturés42 K). sizes was invoked. There are also indications in the literature
that the noncrystalline portions may exist in various degrees
of order with different densitie¥ Density fluctuations asso-
B. Heterogeneous dynamics ciated to different packing degrees in our homopolymer

The data analysis presented in the previous section rfomd be the counterpart for congentratﬁon fluctuations i_n
veals several anomalous features for PVC dynamics. First, i lends. It can .be expected that reglons with different density
the neighborhood of 4 the dielectric response attributable to would show different dynamical bghawor.

the a-relaxation cannot be described well by a single KWW The presence of heterogeneities can alzsgo be deduced
function. The theoretical function provides too much inten-from_the study of theQ-depe_ndenge Bino( Q. 1). . In glass-

sity on the high frequency side and not enough at the on:{ormmg_ poly_mers the _relatlonsh!p of qu?.b) is usually
frequency flank of the loss peak compared to the experime ound, implying Gaussian behavior for the incoherent scat-
tal observatiorisee Fig. 40)]. In other words, close td, the

peak is unusually symmetric. On the other hand, in the di
electric study a strond-dependence of the shape is ob-
served, much steeper than that observed for polymers i
generalt! Moreover, the value for the shape paramegean

the neighborhood off is close to 0.3, an extremely low
value for polymers. Similar low values for this parameter
have already been reported for PVC in the literature, ke
=0.23% and, as it was mentioned in the introduction, the
broad response of PVC close Tq is very well known since

a long time!?'3 However, aT-independent spectral shape

tering function. However, a coexistence of sample regions
with different dynamics would cause deviations from
Gaussianity® For example, for the case of polymer blends
ese deviations are well establisHéd.A weaker
-dependence of the relaxation times than that given by Eq.
(17b) can be observed in such materials. Also for PVC such
a weakerQ-dependence is foun@ee Fig. 9.

All results point towards the existence of dynamical het-
erogeneities as the source of the anomalies observed. They
would naturally originate from the structural heterogeneities
found in our sample. In the following, we propose a model

was assumed in some previous works on PVC dynaffiics. based on this hypothesis that rationalizes the dynamical be-

The apparent discrepancies with these earlier results can ngor of PVC.

understood taking into account that the previous dielectric . »

studies of PVC were restricted to a frequency rangel' Mode! of dynamical heterogeneities

5—10 Hz. If only such narrow interval is studied, the di- We start assuming the existence of a variety of regions in
electric response can be rather well described by using aRVC which show different structural relaxations. The global
even broader theoretical function for tlaeprocess that fits response of the system is then given by the superposition of
the low frequency wing of the peak without dealing with the the individual responses.

high frequency side. Moreover, the use of such a broad func- We assume that within each region the or structural
tion allowed to fit the experimental data below®18z as- relaxation takes place in a similar way as observed for many
suming values ofk=1 for the exponent in Eq(6a. The  polymers. We expect the-relaxation to follow a stretched
extension of the experimental window towards higher fre-exponential behavior with a dynamic structure factor accord-
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ing to Eq.(15), and to be associated to sublinear diffusion

: ; . : . 0.5
showing a Gaussian scattering function according to Eg.
(18).
The spectral shape of the structural relaxation was deter- 041
mined by the NSE measurements @, Wwhere the 03

a-relaxation is observed without contamination by secondary
processe$® Furthermore, at high enough temperatures the w
spectral shape was nearlyindependent and was described
by a stretching exponen=0.5, a reasonable value for a

polymer. Also dielectric measurements in the same tempera- 0Tt >

ture range result in a similgd value. Based on these obser- S,
vations, we make the assumption that the structural relax- 0 . 2 3\“'-“4“—’—5‘ é 7 8 9
ation within any region is characterized by such a stretched

log[f (H:
exponential. og[f (Hz)]

Thus, we consider a unique and to first order temperatureiG. 11. Frequency dependence of the dielectric losses of PVC for the
independent spectral shape of therelaxation for all re- temperatures indicated. Points correspond to experimental data; solid lines

gions; but we allow for different time scales in the different [ e fitting curves when the heterogeneous model is assumed. For 380 K
the three contributions are shown: conductivity and interfacial polarization

sample regions. We then suppose that the different regiongashes g-relaxation(dashed—dotted and a-relaxation(dotted line.
are distributed by a log normal distribution. As a conse-

guence, the characteristic time is distributed in the same way,
5 asymmetric or not. The distribution functiogglog ) de-
g(log .)— 1 ex;{— }('09 T,—(l0g Ta>) 20 rived from the fits shown in Fig. 11 are depicted in Fig.
N 2 o ' 12(a). With increasingr a clear narrowing of the distribution
] . function is observed, and at high temperatures the timescales
where(log 7,) corresponds to the average time ands the ot the different regions become very similar. It is worth men-
width of the distribution function. Both parameters can bejioning that this observation is in principle not related to
T-dependent. The global relaxation observed by different exgyctural changes, since the heterogeneous structure remains

perimental methods can be considered as a weighted integrghaitered in the temperature range wheftg 7,,) has been

over the Iecal relaxations. Thus we define, independent °6btained. Figure 1®) displays the associated strong de-
the experimental probe, a local correlafigi(7,) with the  crease of the widths with increasing temperature. This

above mentioned properties and a global correlgtpr Both T-dependence is well described ly=6.954-0.015T [K]
are related by (solid line). Note that this parametrization ofleads to nega-
tive values at high temperatures; no distribution will be as-

Fo- f “g(log ) o(r)d(l0g 7). (21)
0

The relaxation times, stand forr,, in Eq. (11), Tﬁmaxin Eq.
(15 and 74 in Eqg. (18), which are all underlying the same
Gaussian distribution.

Since the dielectric measurements cover the widest
frequency/temperature range, the model was first applied to
the permittivity data. There it was possible to accurately de-
termine the parameters characterizing the distribution func-
tion. The analysis was carried out in a similar way as de-
scribed in the previous section, i.e., taking into account the
three contributions of Eq(5) and fixing the B-relaxation 9 8 7 6 5 4 3 -2 -1

glogT )

function as determined from the sillg-study. As we work in - log [t (s)]

the frequency domain, the theoretical spectra were built by a 1 e (b)
superposition of HN-functions equivalent to the KWW func- 08l

tions with3=0.5, i.e., witha=0.78,y=0.55. Using again a £ 06l

power law for the conductivity, the description of the spectra © 04

in the frame of this model was very satisfactory. For some of o2p e
the temperatures thIS. is .der.nonstrated in Fig. 11. The as- .%70 35;0 39'0 4(‘)0 41'0 120 430 240 450
sumed shape of the distribution functigflog 7,) seems to T(K)

be, at least within our experimental accuracy, appropriate to
account for the observations, at least in the regibn FIG. 12. (a) Distribution functions of KWW relaxation times as obtained
=380 K. At lower temperatures closer EQJ’ some small from the description of the dielectric spectroscopy data with the heteroge-
discrepancies between model and experiment are prese gous model for the temperatures indicai@l. Temperature dependence of

. . R thé width of the distribution function. The solid line shows the fit of the
However, the strong contribution of the conductivity in thosepoints to the law proportional td given in the text, and the dashed line the

spectra does not allow to decide whetlgélog 7,) becomes  extrapolation of this law to high temperatures.
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TABLE Il. Values obtained for the prefactor of the-relaxation in the

dynamic structure factor by using the heterogeneous model.
T(K) Qmax
A 390 0.89
= 400 0.88
~. 410 0.88
= 430 0.87
% 450 0.84
460 0.82
21 22 23 24 25 26 27 238 relaxation time is depicted in Fig. 13 with a dotted line. The

1000/T(K) value deduced fotlog[ 7="(s)]), was —12.02.

FIG. 13. Arrhenius plot of the average value of the distribution function We note that due to the negligible width gflog 7,) at
g(log 7,,) obtained from the description of the experimental data by thethe highest temperatures, the curves obtained for
heterogeneous model. Symbols as in Figh)6Dotted and dashed—dotted PP : :
lines are curves obtained by shifting the Vogel—Fulcher Law obtained fromS(QmaX’t)/S(_Qma") are nearly indistinguishable from single
the dielectric spectroscopy resulssolid line) in order to match the NSE KWW functions. However, as the .tem.perature decreases to-
results and the high temperature BS results at 1.2 Aespectively. wards Ty, the shape of the function imposed gylog 7,)
and theT-dependence oflog 7,) perfectly account for the
experimental behavior. This result is not trivial at all.

sumed in such cases. Finally, thedependence of the aver- The values obtalr_led fOAQmax(_T) a_lre “Ste_d in Table II.
age relaxation time is depicted in Fig. 13. It can be very wellTheY decrease continuously with increasing temperature,
described by a Vogel-Fulcher Law showing no signature for changing their behavior above a

critical temperatureT,, as the Mode Coupling Thedl

Bloge would predict.
(log 74) =(l0g 74) o+ T-T, )’ (22 We now consider the incoherent scattering from PVCh.
with the values,(log[ 7(S)])o=—11.66, B=1005.6 K, and These data did not show the universality of therocess.

T —317.24 K For this reason at each temperature the spectra taken at dif-
° . i ferent Q-values were fitted keeping the form gflog7,)

Qn the other hgnd, the conductivity exponanas de- fixed to the dielectric result. A Debye—Waller factor like de-
termined to 0.8, higher than that obtained in the former
endence of the prefacté&(Q,T),

analysis. It has to be pointed out that it is not possible td’
describe properly the experimental behavior in the low fre- (u?) )
quency region by fixingk=1. As commented above, this AQ.T)=Aoexp ——=-Q
could indicate the presence of interfacial polarization pro- i )
cesses contributing te”(w) in the low frequency side. In Was imposed. Free parameters wags (u), and the mean
fact. in the frame of our model such contribution would havevalue of the characteristic time distributed for this correlator,
a natural explanation in the heterogeneous character fourtd®9 7o)- They were determined as function of the tempera-
for PVC. ture. The results for the parameters determining the ampli-

We have shown that the proposed model accounts for thi!de of the incoherent spectég and(u?) are listed in Table
anomalous behavior of the dielectric response of PVC. Thdll- An acceptable description of the experimental spectra
next step is to investigate whether the distribution functionSn{Q,@) was achieved, as can be appreciated in Fig. 8,
g(log r,) determined from the permittivity study also allows Validating again the shape used fg(log 7,). It is worth
a description of the scattering data. In this way we also in"0ting that this distribution does not only determine the
vestigate the universality of the structural relaxation that isShape of the individual fitting curve for a givéprvalue, but
usually found in polymer systems. Universality means thaf/SO theQ-dependence of the spectra. Let us remember that
the timescales for the different correlators show the sami€ time scaler, relates to the anomalous diffusion coeffi-
T-dependence. This feature would imply that the shift factoC/€Nt introduced above, and that tidependence of the
from the dielectric study allows to describe the experimentafharacteristic time,(Q, T) in ‘f‘;‘/‘:h region is required within
results obtained from other techniques. our assumptions to follow  ## (8=0.5) variation. This

We first discuss the data for coherent scattering from
PVCd by NSE. The solid lines in Fig. 7 show the level of 1ag|E |11, parameters determining the amplitude of the incoherent spectra
agreement  achieved applying our model  forpy using the heterogeneous model.
S(Qmaxt)/Qmay- An almost perfect description by the

: (23

model is found. We note that the only parameters adjusted T(K) Ao (u?)(A)
were theT-dependent parametebmaX(T) accounting for fast 380 0.97 0.33
processes and the prefac{tog 7", for the average value 228 g'gg 8'23
of the characteristic timescale of the structural relaxation. 430 0.89 035

The resulting VF curve obtained for the average structural
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FIG. 14. Distribution functions of Vogel—Fulcher temperatufgsobtained  FIG. 15. Temperature dependence of the characteristic times of three differ-
from the distribution functions of KWW relaxation timeglog 7,) at the  ent regions in the sample: those wh&gecorrespond to the maximutsolid
temperatures indicated. line) and half maximurn{dotted and dashed—dotted lipes the distribution
function h(T,) (see insejt The vertical bars show the width of the distri-
bution function of characteristic timeg(log 7,) for two temperature$360
K and 420 K.

is shown in Fig. 9, where the results obtained within this

model for the average values of the timescdleg r,) are

plotted as lines. These can easily be obtained from the values At this point we comment on a previous work featuring
of (log 7,) by means of Eq(17) with 8=0.5. In this figure, jncoherent scattering results on PVC, that reported a very
the vertical bars at some representatQevalues show the gifferent Q-dependence for its characteristic tiffeThose
width of the distribution at the corresponding temperaturesesyits were obtained imposing a wrong shape parameter
Note that the distribution can produce evident deviationg g=0.23) on the fit of the quasielastic spectra which were of
from the Gaussian behavior, even at 430 K, whgfleg7.)  |imited quality. The lowg value was deduced from the di-

is quite narrow(see the different slope of the times obtainedg|ectric measurements restricted ts=10° Hz. From this
from the single KWW description The experimental behav- \yrong evaluation the importance of an extended frequency
ior can thus be well reproduced by the superposition of difwindow in dielectric spectroscopy is evident. Furthermore,
fusivities following g(log 7). performing NSE investigations at the structure factor maxi-

~ InFig. 13 theT-dependence of the average characteristiGnum is crucial for a determination of the actual shape of the
times such obtained frong,.(Q,t) is compared with the g|axation function.

results from dielectric spectroscopy and coherent scattering.
Both coherent and incoherent scattering data correspond
Q=1.2 A~ Deviations from universality are evident. At
the two lowest temperatures the experimental behavior indi- We have found a very satisfactory description of all sets
cates a faster dynamics than that deduced for th@f experimental results in terms of the heterogeneous model.
a-relaxation. To understand the origin of this observation, welhe prior knowledge on the dynamics of polymer blends can
examine theQ-range where the information has been ob-guide us further in the interpretation of our results. Phenom-
tained. Figure 9 shows with dots thoQevalues where IN10 enologically, for the polgvinyl methyl ethey component dy-
spectra are measured and where they exhibit some discerfamics in the polfvinyl methyl ethej/polystyrene blends it
able broadening. The reliabl®-range for the lowest tem- has been found that the only parameter affected by blending
peratures is reduced to values higher than T.Aror other is the VF temperatur@,.*® Thus, the distribution of relax-
polymers like polybutadierté and polyisobutylen& it was  ation times may be related to a distribution of VF-
found that secondary relaxations cause quasielastic contribtemperatures(T,) in the sample. Note that a distribution of
tions of the spectra in thi®-regime. They dominate, if the only T, translates in an equivalent distribution of glass tran-
a-relaxation is too slow to contribute to the frequency win-Sition temperatures. The question now is whether this also
dow accessed by neutron scattering. Therefore, we can aapplies to the PVC heterogeneous behavior. If this holds, the
tribute part of the broadening observed in th@s and distribution functionsg(log 7,) andh(T,) would be related
T-range to theB-process. This would explain the deviations throughg(log 7,,) d(log 7,)=h(T,) dT,, and taking into ac-
from universality found in the analysis &,.(Q,t). We note ~ count Eq.(22), h(T,) could be obtained frong(log 7,),
that the NSE results on PVCd represent a nice example for Bloge
the isolation of thex-relaxation by coherent measurements at  h(T,)=g(log7,) ﬁz (29
Qmax- In this case, no signature for deviations from the 0
T-dependence of the characteristic time towards thén this way a unique functiom(T,) is obtained from the
B-process can be observed. different distribution functiongy(log r,), independently of
Figure 13 shows that the time scale for collective motionthe temperature. This is demonstrated in Fig. 14. Within the
is slower than that of the self motion at the sa@ealue  uncertainties, all the curves collapse to one. This result cor-
(Qmay- This finding could indicate some modulation of the roborates the hypothesis that the behavior found is a conse-
coherent times witt5(Q), in an analogous way to the pre- quence of the distribution of only the VF temperature. The
dicted deGennes narrowiffgfor simple liquids. resultingh(T,) shows a maximum around 320 K, is asym-

'2 Origin of the dynamical heterogeneities
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