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Segmental dynamics and incompatibility in hard/soft polymer blends
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We report on the segmental dynamics of the binary polymer blend polystyie8epoly
(methylphenylsiloxane (PMPS in the two-phase region using dielectric spectroscopy that
essentially probes the PMPS component. Based on the experimental orientation relaxation
functions, the average glass transition temperafyreontrols phase separation. When the spinodal
temperatureTs exceedsTy, the PMPS segmental relaxation displays two distinct decays
characteristic of a merely pure and a mixed, roughly at the initial composition, PMPS regions. On
the contrary, wheiT falls in the proximity ofT, the PMPS relaxation is strongly nonexponential

and its average time reflects mixed regions rich in PMPS due to incomplete phase separation, which
drives only the glassy phase out of local thermodynamic equilibrium. Distinct morphological
differences in the two-phase state of these blends, inferred from their segmental dynamics, are
revealed by transmission electron microscopy. 1898 American Institute of Physics.
[S0021-960628)50214-7

I. INTRODUCTION equilibrium final stage&®**’In the latter case, the compo-
sitions of the two phases are expected to be different from
The effects of composition fluctuations on the segmentatheir nominal values based on the phase diagram. Depending
dynamics are known to be crucial in understanding the locabn the degree of demixing, two, or even a single but broad
dynamics of mixed polymeric glasses. For example, in theglass transition might be observetf rendering thus any
case of binary blends and diblock copolymers, several inveszonclusion concerning the composition of the two phases
tigations have addressed aspects of this proBirurther,  rather ambiguous. However, in both cases, information on
an increasing number of experimental studies, as well as thehe degree of evolution of the phase separation can be pro-
oretical and computer simulation effofts}? have elucidated vided by probing the component’s segmental dynamics, re-
the role of the mobility contrast between the components oflecting the composition characteristics of the formed local
a binary mixture on, and its relation to, the local immiscibil- environments. In this context we have performed a detailed
ity, clearly observed even in athermal systetfi.Recent dynamic and morphological investigation of phase separated
elaborate experimental studies have demonstrated the effeginary polymer blends, with larg€, contrast between com-
of the suppression of the composition fluctuatidn®which  ponents, and the effects of the relative distance between the
can lead even to the dynamic arrest of phase sepatatiae T, of the formed phases and the mixture’s phase separation
to vitrification, when the glass transition temperatdrg, is  temperature on the resulting two-phase state of the mixtures.
reached before phase separation occurs at the spinodal telfve have shown that real space morphology can be mani-
peratureTs. In contrast to small molecule mixtures, it is the fested in the local segmental dynamics of the heterogeneous
interplay between the local mobility and the thermodynamicpolymer blends.
driving force, that apparently controls the demixing process
and finally determines the morphology of the two phaseq|. EXPERIMENT
region. A
In the case where the phase separation process has been
completed, resulting in an equilibrium thermodynamic state, Polystyrene (PS and pol¥methylphenylsiloxane
an A/B blend’s partitioning inA-rich and B-rich phase is (PMPS samples were synthesized via anionic polymeriza-
expected to obey the lever rule, with local compositions action. Their molecular characteristics together with the glass
cording to the phase envelope of the binary mixture. Such &ansition temperatures measured by differential scanning
system is characterized by the existence of two glassalorimetry(DSC) are listed in Table I. Five binary polymer
transitionst® and two dynamically distinct regimes, modified blends PS/PMPS were prepared from ternary solutions in a
from the corresponding homopolymer characteristics, bycommon good solvent, toluene. The solvent was subse-
amounts reflecting the average equilibrium compositions irquently allowed to evaporate under vacuum at 140 °C for
the two phases. On the other hand, when glass transitiomore than a week. The PS volume fractignin the five
interferes with the demixing process, the resulting incom-inary polymer mixtures and the computdd [1/Ty(¢)
plete phase separation will lead to thermodynamically non= ¢/Ty pst (1—¢)/T4 pmpg in the homogeneous state are
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TABLE I. Molecular characteristics of the PS and PMPS homopolymers.

My, ps My /M, Nps Tg.pdK) My, pmps My /My Npwmps Tg.pmrdK)
3250 1.05 31 356 2720 11 20 234
4200 1.05 40 361 6970 11 51 239
7600 1.05 73 363 4800 11 31 238

listed in Table Il. The spinodal temperaturds of the the images, regions enriched with PMPS appear brighter than
blends, shown in Table Il, correspond to the temperature ahose containing more PS. Details on the method in general
which the light scattering intensity due to composition fluc-and on other siloxane containing polymer systems have been
tuations diverges, according to the mean-field theory. published elsewher&.

B. Experimental techniques 3. Dielectric relaxation spectroscopy (DS)

1. Differential scanning calorimetry (DSC) The measurements were performed utilizing a Solartron-

The glass transition temperatures of the PS and PMP§chlumberger FRA 1260 frequency analyzer supplemented
homopolymers, as well as the blends, were measured with i%/ using a high impedance preamp"fier of variable gain, in
differential scanning calorimetefRheometric Scientific, the frequency range of 16—10° Hz. The sample was kept
model PL-DSQ. All blends were brought to the two-phase petween two gold-plated stainless steel electrddesmeter
state, after they had been annealed at 130 °C for severab mm with a spacing of 0.1 mm. The sample cell was
weeks in vacuum followed by slow temperature decrease t@laced in a cryostat with its temperature regulated by a ni-
ambient temperature in a couple of days. Then the samplagogen gas jet heating system, allowing a stability of 0.1 °C
were quenched to ||CIU|d nitrogen temperature and the Dsgnd providing control in a broad temperature range
traces were measured with a heating rate of 20 K/min. TW({- 160—-300 °C)_ All Sampies were measured either Starting
representative thermograms from blendsafd B are shown  from temperatures lower thafiy pyps, UP to the homoge-
in Fig. 1. Two glass transitions were observed in both blendspeous phase higher than thgy ps, OF vice versa. The
in consistency with the existence of two different enViron-samp|es used for DS measurements were thermally treated
ments in the phase-separated regimes; howevefl {lsteps  |ike those for DSC investigations. However, instead of
for blend B are hardly seen in accordance with the aSSl.lmR:iuenching to low temperatures, they were first heated up to
tion that no clear phase-separated region is present. Dynami&0 °C and where then cooled down with rate of 5 K/min to
and morphological datgsee Sec. Il will provide informa-  temperatures well below th&, of the PMPS. Variation of
tion on the phase state of the present blends. this cyclus with respect to cooling rates gave identical results

with regard to the dielectric response.
2. Transmission electron microscopy (TEM)

We performed TEM experiments, in order to acquire ac pata analysis
direct visualization of the particular morphological charac- o )
teristics of the blends. Representative images from the two DS has been shown to be very sensitive in probing local

groups of blends were taken, and in particular for blends Eflynamics in multiconstituent polymeric systefiis,*provid-
(Te~Tg) and A (T¢>T,). Ultrathin sections of bulk N9 detailed information on a segmental level. The dielectric

samples of the blends were produced-af0 °C using a characieristics of t_he examine_d system are associated to its
Leica Ultracut UCT with EMFCS cryo-attachment. The sec-Telaxational behavior, by the interconnectibif the com-
tions were floated off the diamond knife on 3®-DMSO  Plex dielectric permittivity,e* =¢’—ie”, with the response
mixture (40:60 and transferred to the grids. The specimensfunction ®(t). Namely ¢* is expressed by the one sided
were left unstained. Electron microscopy was done in a Ledourier transform of the time derivative df,

9214) operated at 120 kV. As expected, conventional and of  db\

elastically filtering brightfield techniques do not reveal con-  €*(w)— 6w=A€i (— W) e ''dt, 1)

trast strong enough to elucidate any structure. Micrographs 0

were therefore taken in the inelastic imaging mode under thevherei?=—1, Ae=€,— €., is the relaxation strength, with
conditions for structure sensitive contradtf=250eV). In ¢, ande,, being the low and high frequency limits ef. In

TABLE Il. Characteristics of the various PS/PMPS blends.

PS/PMPS Nps Newps ¢ T(K) bs Ty(K)
A 73 20 0.50 383 0.34 285
Al 31 31 0.30 400 0.50 264
A2 73 20 0.75 358 0.34 319
B 31 51 0.45 314 0.56 281
B1 40 20 0.28 317 0.41 260
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FIG. 1. Differential scanning calorimetry of blends A4) and B (b), indi- 0

cating two glass transition temperatufasrows; for blend B the transitions
are nearly smeared out, as discussed in the text.
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the case of segmental relaxation, in gendrét) represents

the normalized autocorrelation function of the segmental di- ) ) )
poles FIG. 2. Schematic representation of the phase diagram for Al, A(@h2

and B1, B(b) polystyrene/polgmethylphenylsiloxaneblends with different
proximity between macrophase separation temperafyrand the lowest
temperature where complete phase separation takes|hadetersection of
the phase diagram with the blend’s averdgés)]. O, experimentally de-
. . . . termined cloud point§Ref. 23 for mixtures consisting of the homopoly-
whereu;(t) is the dipole moment of theth segment at time  mers of A. The spinodal decomposition of the initial concentragiomto
t, and() denotes an ensemble average. The cross correlatignobile (PMPS-rich and glassyPS-rich phases is indicated by the dashed
terms between different segments, cancel out when no assgows for blends A and B ifie) and (b), respectively. For all samples, a
ciation or specific interactions are present, hence what j§milar arest of structure with nearly the sames, corresponding ta,
d. is the normalized self-correlation function of th was observed. Solid symbols refer to the various blendg atA-type (H)
measured, 'S. € no . . &nd B-type(#); see also Table Il
segmental dipole moment reorientation. The strergttas-
sociated with the dielectric segmental mode relaxation of the
species is expressed Y malized; a similar equation t®) is also used extensively in
Ae= NAMiZPF/SmikBTy the anz_;tly5|§ of dynamic mechanical data. The chara_c_terlstlc
relaxation time can be extracted from the peak position of
the distribution. Besides the loss due to relaxation, an addi-
tional contribution to the spectra may arise from ionic con-
ductivity, €"<w %, only apparent at low frequencies.

PS weight fraction

‘1>(t)=% <Mi(t),uj(0)>/ ; (1i(0)u;(0)), )

3

wherem; refers to the segmental mags, is the backbone
dipole moment component perpendicular to the chais

signed to each segmeint p the density, and the local field

factor?® Data analysis was performed) by means of the
well-known Havriliak—Negandt (HN) empirical function

€ (w)= €.+ (€g— €)I[1+ (iw7p)*]?, (4)

where a and 8 (a, =0, andaB<1) are parameters de- Figure 2 depicts schematic representations of the phase
scribing the broadening and the skewness of the relaxatiojagrams of the various blends of Table II. The solid lines

spectrum, respectively; ar(d) by utilization of a new tech-  rohresent the binodal curves. For blends A, this curve has
nique for the inversion of frequency domain dielectric d&ta, been determined experimentally, as described in Ref. 23,
yielding the distribution of relaxation times and further, more,yhareas for the other blends the corresponding curves are
easily the relaxation strengthe, a quantity which is essen- simply sketched based on the measured phase separation
tial to know for our purpose. In the latter method, the dielec‘temperatureﬂ's which are also included in Fig. 2. The plot-
tric loss spectra are gxprgsged as a su'perposition of Debygq concentration dependence of fhg ¢) for these blends
processes on a logarithmic time scale via was estimated from th&,'s of the pure components. The
temperatured s and Ty(¢) are relevant for the macrophase
separation process of a blend with average composifion
According to very recent 2D-computer simulations of a bi-
nary mixture undergoing a glass transition during phase
separatioff and earlier thermodynamic consideratidhghe

lll. RESULTS AND DISCUSSION

A. Phase diagram and glass transition scenario

e"(w)=f:"ﬁ(|n Nor[1+(wn)?]d In 7, (5)

where E(In 7)=AeF(In 7); integration of the resulting
F(In 7) yields Ae since theF(In 7) of Debye times is nor-
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decomposition process stops whes:T,(¢#) while the do- =5)/V(¢), whereS(q) is the static structure factor of the
main morphology and composition should depend on theystem. However, since the tessellation of space at a given
depth of the intersection between thg(¢) and the coexist- varies with the locakp, a bimodal probability density func-
ence curve. Due to asymmetric phase separation the concetign can result from a largé, contrast, thus rationalizing the
tration distribution functionP(¢) develops two maxima, presence of two distinct segmental relaxation processes in
from which only the one corresponding to the soft phaséhomogeneous polymer blends. As the hard component ac-
reaches the equilibrium concentration at the phase boundarguires larger cooperative volun&g. (6)] compared to the
In contrast, the concentration field in the hard phase camobile component, the slow relaxation process corresponds
strongly deviate from its local equilibrium affecting the com- mainly to the bulk average. Alternatively, the fast process
position and the volume fraction of this glassy phase. Ac+telates to smaller cooperative volumes, rich in the mobile
cording to Ref. 17, the latter controls domain morphologycomponent. The deviation of this local compositigrfrom
and growth. Changes in the distribution functié¢) inthe ¢ and the disparity between fast and slow relaxation times in
critical region can also affect the largest scale motions, e.gan athermal blend depends on fhig contrast. In this view,
chain relaxatiort? the two phases of a heterogeneous system, may be described

The blends of Fig. 2, fall in two categories: Composi- dynamically in a unified fashion, by envisaging each phase
tionally symmetric and asymmetric blends with large as a locally homogeneous region. Thus, the slow relaxation
(samples A, A, and A) and small(isamples B and B dif-  will provide an estimate of the average composition of this
ference betweers and the lowest temperatuf®; where phase, whereas the fast process can give an estimate of the
complete phase separation takes place, according to thmposition of the mobile compon&ndue to the different
phase diagranfthe latter is actually the temperature corre-reference volumes. On this basis, we proceed with the quali-
sponding to the intersection of the blend'g(¢) with the  tative and quantitative account for the two classes of mix-
binodal curve, as seen for example in Fid. Zhe former tures, characterized by distinctly different relative distances
blends(of the A-type, characterized by a wide temperature of the phase separation temperature from the lowest tempera-
range for complete phase separatiof-T;, were found to  ture characterized by complete phase separation, as men-
exhibit a double peak structure in the dielecti w) spec- tioned earlier.
tra and a well defined morphological pattdoi. Fig. 6a)];
on the other hand, the latter blengsf the B-type, with a _
rather narrow temperature range for complete phase separg: Yide temperature range of complete phase
tion T,—T,, displayed a broad” (w) curve[cf. Sec. Il D] Separation
and a smeared out composition field pattpch Fig. 6b)]. Figure 3a) depicts the dielectric loss factoe() vs fre-
Information on the composition in the two phases will bequency for blend A over the temperature range where the
extracted from the segmental dynamics in the phase sepaure PMPS component exhibits similar segmental dynamics.
rated blends. Similar results were obtained with blends Al and A2 as well.
The inset of Fig. 8 shows the normalized dielectric loss
spectra(e”/ epn, VS f/fmay for blends A, A1, and A2, along
with the spectrum of the PMPS homopolym@t= 20, in

In order to facilitate the evaluation of the dynamic re- Table ) at T=253 K. It is apparent, that for these systems
sults, we summarize first the current view of the segmentathe observed dielectric loss corresponds to a PMPS-rich en-
dynamics in homogeneous blends. There is already strongronment, since both relaxation time and relaxation shape
experimental evidence of a two-step segmental relaxation iare quite similar to those of the pure PMPS; the spectra of
macroscopically disordere@ingle T,) multiconstituent sys- the blends are slightly broader. Since these spectra were re-
tems, e.g., blends and diblock copolymers with sufficientlyproducible over a period of a few weeks, we are justified to
large disparity in thd, values between the two components, assume that the composition field in the mobile phase is
A and B (dynamic asymmetiy>*®713A current theoretical ~ stable within this time. The proximity of the fast and the pure
account is based on the hypothesis that segmental dynamicBMPS relaxation times suggests that in this PMPS-rich
are determined by the effective local compositipmvithin a phase;ﬁ%l. This volume fraction of the mobile PMPS-rich
given ‘“cooperative” volumeV(¢). For a given average phase-1 can be estimated from the dielectric stredgtlof
compositiong, the latter is not a constant but depends¢on  the losse” () curves in the two phase regime. In general, in
i.e.,V(¢)=f (V;,¢) (i=A,B). The component cooperative the case of macrophase separated binary polymer blends, the

B. Segmental dynamics and local environment

volumeV; is given by strengthAe corresponding to théth phase (=1,2) can be
expressedEqg. (3)] b
(S T)=di T-To(o)) ’ iy_ Nap (BN
Ae=——FF _—
whereTo($)=Tg4(p) —C,, is the ideal glass transition tem- 3keT =iz m

perature,d; is a material characteristic lendttand c, (i) 2l

(=50 K) is the ideal WLF coefficient. = Napw (M])—d)J
According to the thermodynamics of mixtures, the prob- SkeT 512 m

ability P(¢) for the occurrence of concentration fluctuationswhere)! is the fraction of the totajth segmentsj(=1,2) in

is symmetric around the mead, with variance(|A¢|?)  theith phasew!" is the mass fraction of the mixture in the

7

]
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requency/tiz FIG. 4. Arrhenius temperature plot of the relaxation rates for the fast pro-
cess(O, A, O: A, Al and A2,V, [0: B1, B blend$ slow procesg®: A, B:
0.010
ey T T 0.0020 i i T ] B) and the single process in the constituent homopolyrfserid lines. The
v / / E dotted line represents computed relaxation rates for an hypothetically homo-
bo¥ 0.0015 ] geneous A blend. The data of the fast process were shifted to scale to the
'vx v / same PMPS, (as reference the blend A was ugeffirror bars in the rates
] :‘7\7 v g 0.0010- of the slow processes are also shown.
- vav \U—:
w ve 0.0005
vV .
vevw ] Ty, the experimentale between 248 and 258 K,} amounts to
0.0000 1
0.001 4 v 76 s -4102(1/5 T % 1 0.7 and 0.06 for A and A2 blends, respectively. For the
] v v v Yoy ] symmetric A blend, a variation ap} in the interval[0, 0.1]
v 1 .
MOUR I TSGR 254 vd corresponds to a nominal value ¢£=0.6 for the PS com-
. sut’? ¥ VY
v v oy . . .
v M \ 39 osition in the hard phase. As suggested by a visual inspec-
Vv §g‘v v . . . o
. . v, Ve ve $v, | tion of the phase diagram of Fig. 2, _the partitioning of the
(b) . v material at a temperature corresponding to Theof the PS-
S — rich phase deviates significantly from its average local equi-
10 100 10! 102 108 104 109 196 Jibrium value® the separation process appears to cease as
Frequency/Hz soon as the hard component’s rich phase vitrifiés,in the

FIG. 3. (a) Dielectric loss spectra for the main fast process in blend A. At CUrrent work approximately até% ¢, i.e., at lower compo-
248 K (W), 253 K(O), and 258 K(A). The solid lines indicate HN fitkEq.
(4)] and the inset shows normalized spectra of the(X}, A (OJ), and A2
(A) compared to that of bulk PMP&#). (b) €”’(w) for blend A at 298 K

(V¥), 303 K(#), and 308 K(V) along with the corresponding distribution

relaxation functions=(In 7) [Eqg. (5)] shown in the inset.

sition than that corresponding f6,. The fraction of this
phase (+w®) along with its concentration? in the di-
electrically active PMPS suggests that a second slower pro-
cess should be present in the experimestéd) of blend A.

In fact, a second&”(w) peak is observed for the symmetric
mixture A at high temperatures, as shown in Figh)3which

ith phase, andp; the composition of thgth component in s assigned to the PMPS segmental orientation in the PS-rich
the ith phase. In the mobile rich in PMPS phase, we carphase. The strength of this slow segmental relaxation, how-
ignore the contribution of PS in the expressionAefadmit-  ever, is about 20% less than expected, probably due to re-
ting an error of about 1% Further, according to the lever stricted orientational mobility of PMPS segments in the
rule w)=(p3— ¢)/(3— $3) and hencer () relatively to  glassy phase. For the asymmetric &=h in PS blend, the

the amplitud%e(lo) of the pure PMPS homopolymer can be lower fraction of the mobile phase is responsible for the

written as
AeMIA=NT=wP(1- ¢}).

8

weaker fast process compared to the A blend. Also the slow
segmental process is not clearly resolved,¢é90.8 [EqQ.
(8)] and hence the PMPS composition in the hard phase is

In Eq. (8) both ¢§ and d;% are, in principle, unknown. How- very small. An ultra slow process observed in the A and A2
ever, due to the proximity of the relaxation times in this (Fig. 7 below is assigned to a Maxwell-Wagner polariza-
mobile phase and bulk PMP$; should be less than 0.1, tion as will be discussed in Sec. Il F.

implying a quite pure mobile phasgig. 2) in agreement
with the 2D simulation resul® Then the value o3 and the

The Arrhenius plot of Fig. 4 shows the relaxation times
7 corresponding to the maximum of the distribution of relax-

T4(¢) curve can lead to a nominal temperature where thation timesF(In 7) [Eq. (5)]. While the fast segmental pro-
partitioning of the material into the two phases has takercess in A, Al, and A2 blends is almost as fast as pure PMPS,

place.

This procedure was applied to the blends A, andfé
which the phase diagram is experimentally avail&Blerom

the characteristic times of the slow segmental process deviate
sharply from either of the constituent homopolymésslid
lines in Fig. 4. Instead, the extracted slow relaxation times

Downloaded 27 Dec 2000 to 164.15.130.85. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



6002 J. Chem. Phys., Vol. 108, No. 14, 8 April 1998 Karatasos et al.

0.030 e LA B A ized plot of the inset in Fig. ®), (Ref. 25, also including
< (a) data for the B1 sample. The most striking feature of the data
0.025 %9 j . are the very broad shapes of the relaxation spectra extending
06l © %J ] over nearly 5 decades. Such an unexpected dynamic re-
0.020 o _ sponse strongly suggests an enhanced phase mixing, com-
031 % pared to a phase separated bléRid). 3, sec. Ill G. In addi-
0015 00— _'1,°""F’F1ma*) . ] ']Eion, the shap_et:_ ofs”_éw)t is trallsymmetric g_)wa:jqi I[;N:

o 2 - Yo vee R requencies as it is evident in the corresponding distribution
' e LA s ;::5539'3:%00 of relaxation timeginset of Fig. §b)]; a “shoulder” system-
00107 2se™  aB® o007 4% viyeo®v e Ty atically appears at long times. This notion is also corrobo-

L) -.-;:Vvvvvzzvn‘:wgo:ggio ., Yo, %oy rated by the fact that a satisfactory representation of the
0-005—i ggvz o':;:;wg;ggo ° AAAA e VVVW”? €"(w) spectra requires a double HN functipiqg. (4)] pro-
feadissetine o a AAAA:::Z_KZE cess, as clearly shown in Fig(lB.
0.000 ~—r—rrrrm—r—rrrm S The relaxation times of the two processes are plotted in

hRALALL BEAELALLLL B DARREEL MR
102 101 100 1I01 1I02 1I03 1I04 108 106

Frequency/Hz the transition map in Fig. 4. As illustrated in this plot, the

faster process is nearly two decades slower compared to the
0030 T respective PMPS homopolymer, whereas its adjacent slower
(b) 1 one, is faster than the prediction of the VFT equation corre-
sponding to the bulk averagé. Both processes are associ-
ated to the PMPS-rich phase and can be identified as the fast
and the slow segmental mode anticipated from a homoge-
neous environment of the same compositisee below. In
order to account for the content of the two components in
this phase, one should take into consideration the presence of
PS, which not only significantly modifies the local dynamics,
but also has a small contribution to the observed dielectric
spectrum, as inferred by the calculation of the associated
dielectric strength. An estimation dfe of both processes in
the temperature range 258—-268(Khere the entire orienta-
0.000TF T tion relaxation function resides inside the experimental fre-
102 101 100 107 102 103 10* 105 108 guency window presumes that more than 90% of the total
Frequency/Hz . ; . . . L
intensity arises from this phase. In this context, a similar
FIG. 5. (a) Dielectric loss spectra for blend B at 253(K), 258 K(W), 263  procedure as described in Sec. Il C for blend A can be fol-

K (V), 26(38)K (#), 273 K, g(nd)278 K(®@). Inset: normalizede”(w) for lowed for the estimation of the local compositions, employ-
blend B1(O) at 253 K, and B(¥) at 258 K compared to those of the three ; ; ;

PMPS homopolymers of Table(A, V, 4). (b) €’(w) of blend B at 263 K ing the lever rule in conjecture with
represented by singlglashed lingor double(solid lineg HN functions[Eq. 1 1 1
(4)], whereas the corresponding bimodal distribution relaxation function A€l ):Wl[ $o0 €pst (1~ ¢3) A€pupd], )
F(In 7) [Eq. (5)] is shown in the inset.

0.008

0.025]

0.0201

0.015]

0.010

which additionally accounts for the dielectric strength arising

from the PS segments, due to incomplete phase separation.
reside in the vicinity of a VFT temperature equation, In the case of blend B, the experimental phase diagram
log(r/79)=—B/(T—Tg), with composition-weighted average is not available, whereas thgy's of the respective phases
To(¢#) and activation parameter B, in accordance with theinvolve some ambiguity due to the broad transition, as

composition of the hard phase. shown in Fig. 1. Nevertheless, an estimation for the PS con-
tent in the PMPS-rich phase;&é), can be drawn, exploiting

D. Narrow temperature range of complete phase the argument that the dynamics of _the slow segmental que,

separation should follow the average composition of the corresponding

_ phase(Sec. Ill A). On this basisg; can be expresséds
For the blends B and B1 the separation temperature is

located much closer to the intersection of the phase diagram | B,[B1— x1(T—To)]

of Fig. 2 andTy(¢); the viscosity afT, is orders of mag- P2  BuUT—To)—BAT—ToD]’ (10
nitude higher in B than in A blend. The glass dynamics

should thereforéSec. 11l A) control spinodal decomposition, whereTy;, B; represent the VFT parameters of fittle com-
leading to an incomplete phase separation. The systems @Bnent,x;=log 7—log 7y is computed from the experimental
were heated at temperatures higher thigpsand allowed to  values of the segmental relaxation times in the region rich in
reach the phase boundary by decreasing gradually the tememponent I(here PMP$ and =10 *s. Equation(10)
perature; all measurements were reproducible within a timéeads to¢§:0.3, while substitution of this value in E¢Q)
scale of several weeks. Typical dielectric loss spectra foyields ¢>§:O.57. In consensus with the discussion for blend
blend B are depicted in Fig. 5, and a comparison with theA in the previous section, this result manifests the recess of
€"(w) of the PMPS homopolymer is shown in the normal- unmixing by virtue of the blend'§, intervention®® taking
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1000 nm

{ 1000 nm

FIG. 6. Transition electron microscopy images for two blends in two magnifications: bleridaaés A, B and blend B(cases C,  Dark and bright areas
represent the PS-rich and PMPS-rich regions, respectively.

place though in earlier stages, as evidenced by the proximityolume fraction of the glassy phase is less than 0.5, and
of the spinodal temperature to the glass transitfeig. 2(b)], = hence the mobile phase forms the percolating matrix allow-
as discussed befofé. ing the coarsening of the domain pattérin this composi-
Considering now the PS-rich environment, a simple caltion field [Fig. 6(@)] with large concentration contrast, the
culation (based on the computed local compositiom@s-  fast narrowe”(w) peak[Fig. 3a@)] is associated with space
sumes that about 55% of the mixture is partioning in the hargegions almost pure in PMPS due to the rather short sam-
phase Wlthd)l 0.43 in PMPS. In fact, an indication of a pling volume V(¢) [Eq. (6)]. The second well-separated
third slower relaxation is present in the experimer{dlo)  slow proces§Fig. 3(b)] characterizes regions rich in PS but
at high temperaturegot shown here Analogous dynamic far from the localthermodynamigequilibrium value, as im-
behavior was displayed by the B1 blend. The third slow proplied by the values of the relaxation rates; these are much
cess should not be confused with the ultra slow process mefaster than in almost pure PS-phase. Thus, the dBS
tioned in Sec. Il C for A blends(Fig. 7 below; its presence  regions in Fig. €) are not pure phases.
in blends B is probably obscured due to the high conductiv- ~ gjend B, on the other hand, displays significantly higher

ity contribution and/or weak amplitud&ec. Il B. degree of mixing, as depicted in the TEM images of Fig.
_ _ 6(b). This morphological picture is in accordance with the
E. Morphological evidence inhibited coarsening of the domain structure in B, compared

The striking difference in the two-phase state dynamict® A (Fig. 2), and hence the low concentration contrast be-
behavior of the blend&s classified earlighas been attrib- tween separated regions. Since phase decomposition in Fig.
uted to the local environments resulting from the separatio®(b) was obtained from local dynamics, with inherently
process. It is therefore necessary to confirm the dynamitarger magnificatioiof O(nm)] than the TEM image, these
findings with morphological studies. Figure 6 presents typi-results moreover suggest that the domain pattern is statisti-
cal TEM imaged(in successive magnificatipfior blends A1 cally self-similar. Based on the current picture of segmental
(cases A, Band B(cases C, D As is clearly seen, a two- relaxation in two component systeniSec. Il B), the ex-
phase structure characterized by well-separated regions t#nded mixing in B can rationalize the broad bimodal of
rich in either of the two polymers is formed in Al. In con- €”’(w) (Fig. 5 in the mobile phase, due to significant con-
trast, at the same magnification, blend B reveals a more difeentration fluctuations, whereas ttthird) slower process is
fused(mixed) interconnected pattern. associated with the hard phase probed by lakflep) [Eq.

The growth process is clearly much more advanced ir(6)]. However, while segmental dynamics, being sensitive to
Al, as reflected in the domain size. For this sample, thesmall-scale spatial-heterogeneities, can provide information
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a Debye-type relaxation with wedlf any) temperature de-
pendence of the maximum of the loss peak. The characteris-
tic frequency of such a process is giverfby

i (1-n)optnoi+ng(om—oy)
MW 2 reo[ (1—N)em+tne+N(em—€)]’

1D

wheree is the dielectric constantr the conductivity andp

the volume fraction of the minority phase. The subscripts
i,m stand for inclusion and matrix, respectively, whilés a
shape factor describing the geometry of the inclusions: for
spheresn=1/3, prolate spheroids1<1/3, and oblate sphe-

roids: 1/3sn<1.
The above equation which is valid for small (so that
the inclusion-matrix assumption is preseryedas been ex-
tensively applied with success in systems of this $/pEor
cases of highe#, special techniqueg.g., asymmetric inte-
gration have been developed to tackle this situation. In our
case, the matrix-inclusion type of dispersion is consistent
with the anticipated morphology of the two equilibrium
phase-separatgdccording to their spectra, as discussed be-
on the local composition and volume fraction of each phas¢ore) asymmetric blends A1l and A2. Based on the above
already at early stages of decomposition, the domain siziéaformation, we can compare the predictions of this model
cannot be inferred from these data; the coarsening of th@ith our measurements for the blend A2. Although the di-
domain morphology is probably manifested in the ultra slowelectric constants of PS and PMPS homopolymers are very
process’ The different domain sizes in Fig. 6 might relate to close, conductivity measurements in these systems resulted
the volume fraction of the hard phase in the two samples. lin a difference of nearly two orders of magnitude, namely
blend B, the latter forms the percolating matrix which cangpg;g05=1.9x107% (Q cm)™* and opypsp7os-4.4X 10713
affect the coarsening mechanism. A detailed morphologica{Q) cm)~* at a frequency of 1 Hz. Application of Eql1),
study using different volume fractions of the hard componentissuming spherical inclusions with volume fractions ¢of
(PS and comparison with the pertinent predictions of Ref.=0.1 and¢=0.2, predicts for the characteristic frequency of
10 is in progress. the Maxwell-Wagner proces$yy=7.5<10"2 Hz, and
fuw=6.5x10"2 Hz, respectively. Furthermore, a variation
of the shape factoffor instance for¢p=0.2) from 0.1 to 0.9
(and thus including the case of asymmetric inclusions as sug-
In the context of the detailed dynamic description of thegested from the TEM images of blend Atesults in a
two-phase region with DS, valuable information relating tochange of the predicted frequency between1® 2 Hz and
the morphology of the mixture in this regime can be ex-2.5x 107! Hz, in relatively good agreement with experimen-
tracted by analyzing the slower process, shown for exampleal observations.
in Fig. 7 for the A2 blend. As evidenced from this figure, the
slower process possesses significantly higher intensity, com-
pared to either of the other modes, or even more to a nomi-
nally PS-rich phase. Further, it exhibits a very weak tempera-
ture dependence(Fig. 70 and loses intensity(more |V. CONCLUSIONS
prominently in blend A2, since in blends A and Bl it inter-
feres with conductivity as the system approaches the homo-  In this study we have presented a systematic dynamic
geneous phase. This dielectric loss is identified with acharacterization of the phase separated regime, in a series of
Maxwell-Wagner polarization proce¥;” usually observed  binary polymer blends, PS/PMPS with lar§ig contrast be-
in mixtures of materials with a high dielectric permittivity or tween the components, by examining the dynamic behavior
conductivity contrast. The dielectric strength associated wittof the two phases on a segmental level by dielectric spectros-
such a process can acquire extremely high values, dependicgpy. The cessation of unmixing, due to the intervention of
on the difference of the dielectric quantities of the constitu-the glass transition temperature, as suggested in an earlier
ent materials, as well as on the shape and extend of spatisfudy*® and recent simulation$,was clearly demonstrated,
heterogeneities of the systéthSeveral observations of the while the existence of distinct local environments, depending
Maxwell-Wagner process have already been reported in then the distance between mixture’'s separation temperature
two-phase region of polymer blen&sconforming to the and the hard phase¥);, was verified by TEM morphologi-
large scale of local heterogeneities in such systems. In theal studies. Moreover, a quantitative description in terms of
case of a binary mixture consisting of a continuous matrixocal composition in each phase was possible, rendering thus
and a homogeneously dispersed phase, with frequencydS a useful tool for mapping the dynamic phase state of such
independent permittivity and conductivity, it is observable assystems.

10t 100 101 102 108 104 105 108
Frequency/Hz

FIG. 7. Dielectric loss spectra of A2 blend at 323 M), 334 K(4), 343K
(0), 358 K (O), and 363 K(¢ ) along with the corresponding distribution
relaxation functiongEg. (5)], shown in the inset.

F. The ultra slow relaxation process
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