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ABSTRACT: We present a predictive model for the dynamics of miscible polymer blends by assuming that
local composition variations determine segmental dynamics. We then properly incorporate the distributions of
intrachain (“self-concentration”) and interchain (“concentration fluctuations”) contributions to the compositions
surrounding a polymer segment. In a manner similar to our past work we then derive the distribution of
relaxation times for both components. These distributions depend explicitly on the size of the volume in which
fluctuations are sampled by the test segment. We find by fitting our model to an extensive body of data on
various miscible blends (PI/PVE, PBO/PVE, PVME/PS, and PVME/P2CIS) that an essentially composition-
independent value of the correlation volume reproduces all available segmental relaxation data at temperatures
above the glass transition of the Ioly-component. We have shown that the apparent temperature dependence
of the size of the correlation volume is very weak at all temperatures abovg tiehe low-T, component. The

size of the correlation volume is found to be comparable to the Kuhn segment length of the chains. While our
approach thus resembles the model of Lodge and McLeish, it is important to emphasize that we include the
distributions of compositions experienced by a test segment instead of invoking a mean field. The appropriate
choice of the size of the correlation volume and proper incorporation of concentration fluctuations are vital to
simultaneously model the peak segmental time and the width of the relaxation time spectra. By comparing
PI1/PVE with PBO/PVE and comparing PVME/PS with PVME/P2CIS, we show that the size of the correlation
volume is apparently a polymer-chain-specific property that does not depend on the blend composition and blend
partner.

1. Introduction increases® For larger dynamic asymmetrieATy > 100 K)

The viscoelastic properties of miscible polvmer blends have these trends become even more accentuated. However, as shown
Prop poly in NMR experiments by Kornfield and co-worket8,each

been the focus of extensive research in the past 15 years. This , . . o .
work is inspired by the fact that, although the blends are component’s segmental relaxation time distribution remains

thermodynamically miscible, and hence molecularly mixed, unimodal but is substantially broadened compared to the pure

. . components. The relaxation time of each component can be
often the component dynamics are heterogeneous. Dynamic

o apparently well fit by log-normal distributions with modified

heterogeneity is most apparent when the temperature dependenq&,u: parameters and glass transition temperatures
of each componenti:meansegmental relaxation time is different. . . L

S - S These results appear to be relatively insensitive to system
The e”.‘p'“ca' time-temperature superposition (TS) p”nc'ble thermodynamics imhat the dynamic beyhavior does not ci/}ange
Ehen f)a;lls (ljrzs\maﬂc?”y, ‘15 n trlle C;J‘ ?e of th(; pgfl;:q((je:hylene oxide) dramatically if o’ne approaches the critical point for phase
PEO)/poly(methyl methacrylate) (PMMA) blerdd? From an . o . .
applications standpoint, thermorheological complexity creates separation. This is understood because weakly interacting

particular difficulties since it becomes hard to formulate broadly sv(;lgrkninr;'xgﬂ:ijrzavdeeveerz dsemngg;‘regvﬁgergtlgs t(r):emz(rl:':rgo, W'tzf
based “mixing” rules to predict blend dynamics and hence P P 9 by

processability mixing being relat(_ad to the in_verse_of chain Ie_ngth. T_his
j ’ . ) makes concentration fluctuations in weakly interacting
Experimentally, thermorheological complexity has only been polymer blends persist hundreds of degrees from the
reported for miscible blends with weak interactions, where iiical point. However, thermodynamics is important when
the two components havg very different glass transition tempera-gne  considers strongly miscible systems where con-
tures>™*2 For systems withATy = |Tgy — Tgol < 20 K, TS centration fluctuations are suppres8atthile the consensus at

appears to _h0|é(§_715 For systems with 20 K< ATy < 70 K, this time is that local concentration variations, created by
the relaxation times have somewnhat different temperature concentration fluctuations (driven by the thermodynamics
dependences and the differences systematically incre@s&,as  of the blends) and by chain connectivity effects (i.e., that a
certain fraction of monomers in the correlation volume are
*To whom correspondence should be addressed. E-mail: sk2794@ intramolecular contacts) are responsible for these unusual
columbia.edu. experimental results, the relative importance of these

T Rensselaer Nanotechnology Center, Rensselaer Polytechnic Institute.eﬁcects and the relevant volumes over which these effects
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$The Pennsylvania State University. need to be considered, remain unresolved at this time. In
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1. Zetsche and FiscHéf8considered the role of concentration segmental dynamics, is composition-independent and very
fluctuations on segmental dynamics. By fitting their model to weakly temperature-dependent, even close td§fwé the blend.
data on the miscible poly(vinyl methyl ether)/polystyrene blend, Further, since the size scales of the correlation volume of a
they concluded that the correlation volume size was dependentcomponent do not depend on blend partner, we suggest that
on the mean blend composition and temperature. The temper-the previous results of Ediger, who had suggested that the mean-
ature dependence was assumed to be described by the Dontfield value of the self-concentration (obtained by fitting the
form 19 suggesting that the correlation volume is the cooperative Lodge—McLeish model) depended on the blend partner, must
volume, which diverges at the Vogel temperature of that blend be a consequence of the fact that these workers ignored
component. While this approach reproduces the broadening ofconcentration fluctuations. We thus stress that the inclusion of
the blend glass transition as a function of temperature, it fails concentration fluctuations and chain connectivity effects are both
to lead to the presence of two microenvironments with distinctly necessary for a quantitative understanding of all aspects of
different mobilities for the two components regardlessTgf miscible blend dynamics.

Further, the size of the correlation volume has a strong
temperature dependence and becomes much larger than th@. Model Description
Kuhn length ¢-10 nm atTy). We postulate that segmental dynamics are controlled by the

2. In an attempt to reproduce the breakdown of tTS, Kornfield local composition within a sphere of radil% centered at a
et al” included intramolecular connectivity effects, which skew given segment. Following Kornfield et dl.the effective
the mean composition experienced by a chosen A polymer concentration of A monomers in the vicinity of an A monomer
segment toward compositions richer in A. Composition fluctua- can be written in terms of the intramolecular, or self-concentra-
tions were incorporated using Bernoulli statistics, i.e., by tion (¢%,), and the intermolecular concentratigh as
assuming that segments are distributed at random. Thus, the
thermodynamlcs of these systems are not considered in the ¢§ﬁ = ¢:\e|f+ a- ¢§e,f)¢A Q)
Kornfield approach. These workers found that a temperature-
independent cooperative volume with lateral size-6fnmwas A similar equation can be written for the B species. Following
sufficient to simultaneously capture the mean values of the zetsche and Fischéf,we assume that the variation of local
relaxation times and the widths of the distributions of relaxation compositiongf is responsible for broadening of the relaxation
times in a qualitative fashion. spectra. To find the distribution of the relaxation times, we need

3. Lodge and McLeist used the same ideas as Kornfield (1) to find the distribution of effective concentration of A
but with two differences. First, they suggested that the lateral monomers in the vicinity of an A monomer and (2) to define
sizes of the cooperative volumes are small, equal to the Kuhnthe connection between local composition and local relaxation
length of the chains. Second, they did not consider concentrationtime.
fluctuation effects. These workers thus developed a model which 1. Distribution of Effective Compositions. For small cor-
only considered chain connectivity effects. Since concentration relation volumesR. < b, whereb is the Kuhn segment length),
fluctuations affect both the distributions and peak segmental the intramolecular concentratigierris constant, since the chain
times, especially close to the blefigi??23this model does not s inflexible at this scalé!
describe distributions and only qualitatively describes the
temperature dependence of peak segmental times far dgove A 3 Ua
This is reflected in the wide range of self-compositions required Psel = o F Re = by )
to understand blend dynamics with this simplest of models, as aRe
temperature and blend partner are vafted.

4. Kumar and co-workef&2% approximately accounted for
concentration fluctuations and intramolecular connectivity ef-
fects using the ideas of Zetsche and Fischer and Kornfield et
al., respectively. As in the work of Zetsche and FiscHenhis
model needed to utilize large length scales for the correlation A _ A _ A
volume to obtain agreement with experiments. However, both Pett = Dsent (1~ Pse) Pa (3)
the variation of the mean relaxation time of each species and
the widths of the distributions could be simultaneously repro-
duced.

5. Colby and Lipsoff used a lattice model to demonstrate

that with a small correlation volume (of order 1 nm) the  rpe gistribution of intermolecular concentration in an arbitrary
segmental dynamu:s of Pl and PVE could be mod.elled réason-chosen volume of a given size (i.e., not centered around a
ably for various temperatures and blend compositions, using ,onomer of a given type) assumes a standard Gaussian form

Bernoullian statistics and accounting for connectivity of all (for component A, with analogous expression for component
chains in the fixed correlation volume. An open question is B): ’

whether such ideas can still be used very closg,tand for all

where v is the volume occupied by a single A monomer.
Therefore, the mean effective volume fraction of A segments
in the correlation volume surrounding an A monomer can be
found from eq 1 as

where®, is the mean blend composition.

We now develop the probability distribution function (PDF)
for ¢% around the mean valug; by constructing the PDF for
intermolecular concentratiog.

compositions and blend partners. 1 (¢A —® )2
Here we improve our earlier thedAby explicitly incorporat- p(¢A) = - —2A (4)
ing a better understanding of both intermolecular and intramo- 4/2J[|__(§¢2D 20090

lecular concentration distributions. This improved model is then

fit in a detailed manner to all available dielectric data for four whered¢?0is the mean-squared concentration fluctuation. If
polymer blends with various compositions. We show that the the blend is incompressible, the paramédef?Cmust be equal
size of the correlation volume for segmental dynamics of each for both species (A or B). From egs 1 and 3, the PDFcﬁ@{
component, that quantitatively describes the distributions of will then take the form
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A ZAN2
1 ex;{ _ (¢eff d)eff) } (5)
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with the mean-squared concentration fluctuatfon

P(¢er) =

Do n”0= (1 — ¢plu)’106°0 (6)

Because the valid argument range for eq 545 < ¢ay
< 1, the PDF for ¢§ﬁ (eq 5) was renormalized within

these boundaries. In the presence of “cutoff” boundaries the

shape of equilibrium PDF can differ from eq 5; however, we
will use the Gaussian form as an approximation, strictly
valid for narrow distributions and nondilute compositions,
VBt U< Pt < 1 — 4/ [Depe’0]

Following the formalism implemented by Song and Foe
and by Zetsche and FischEnwe derive the expression for the

mean-squared concentration fluctuation in an incompressible

binary blend:

\ UalB

47_[2

[Dpa’C= By = D¢’ = [ S@lar@l*dg  (7)

wherewva and vg are the monomer volumes of species A and
B, Q) is the static structure factog, is the wavevector, and
F(qg) is the form factor of the correlation volume. Unlike the
formula given by Zetsche and FiscHéf?eq 7 predicts the same
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where Ry? = N6 is the radius of gyration of the chain
considered. Equation 7 then simplifies to

3Voars S0) . BA+RIIR -1
@qﬁzD:TE[l_?Rfm‘i‘ez& (12)

whereR. = R/&, and& is the correlation length for concentration
fluctuations:

_39)

5 (b /@, + b?/Dg]

3 (13)

The length& is of the order of 56-80 A for PI/PVE and 116
160 A for PVME/PS blends. For small correlation volumBs (
< 0.3) eq 12 can be further simplified to

b 2 -1
A

@,

b’
Dy

3\/valg
27R,

A few points need to be stressed here. First, note that, in
agreement with past simulatioffsthe mean-squared concentra-
tion fluctuation decreases with increasifg—the predicted
power law dependence is verified by the simulations in this
range ofR. values. Second, for the simplest case where the
monomers of the two chains are matched in size= vg, lpa
= lps, andba = bg) it follows that [d¢?0= 3|,OaPe/27R..
This result suggests that for most weakly interacting blends with
[d¢?[= 0.1 the correlation radius is controlled by the packing

¢’ 0= (14)

mean-squared concentration fluctuations for A and B compo- |ength, with 2, < R; < 2.5, for the composition range 30

nents in arbitrary chosen volumes of the same size, as it should70%. Thus, for most blends we expect that the size scale over

for an incompressible blend. which dynamics are averaged is small and not directly related
The form factor of the correlation volume having the shape to the Kuhn length of the chains in question. The Kuhn length

of a sphere with radiuR; is calculated as follow&?

3[sin@R,) — qR. cos@R)]
@R)?

For polymeric blends, the volumes andug occupied by single

F(a) = 8)

segments of species A and B can be found in terms of packing

lengthsl,a andlpg and Kuhn lengthda and bg:3?

va = loaba?  vg =1 gbg’ 9)

is typically 2—10 times the packing length, and hence numeri-
cally similar to R., but the packing length appears to play a
more relevant role in determining. In this context, we also
comment briefly on our earlier findings which had suggested
thatR; was large?>26 This erroneous conclusion stemmed from
our earlier ad-hoc approximationd¢?]= b350)/R3. Thus,

for large S0) (~1000), as may be expected for weakly
interacting blends of long chain length polymers, the only means
of reducing theld¢?Ito an acceptable value of 0.1 required
that theR; values used were-20b ~ 20 nm. The use of the
more appropriate form, eq 14, obviates this issue and reduces
the size of the averaging volume to a physically more acceptable

The random phase approximation (RPA) for a Gaussian coil is value. Third, and even more surprisingly, it is apparent that the

employed to calculat&(q):%?

1_ 1 1
Sq) (DANAQS(Q) (DBNBQEB)(Q)

— (1) (10)

whereNa andNg are the degrees of polymerization for species
A and B The Flory interaction parameter is temperature
dependent and can be approximateg@ = 7.42 x 1073 —
3.22IT for PI/PVE blend® andy(T) = 0.018— 7.741 for hhPP/
PIB blends** However, in all cases studied here this parameter
can be ignoredy(T) = 0) since it did not show any noticeable
effect on the calculated relaxation spectra for weakly interacting
blends. To facilitate the evaluation of eq 7, we use the following
approximation for the Debye functiogp, which is good to
within 15% for the whole range af:%®

2

—1PR2 1
() = q4Rg4[e T+ PR, — 1]

T 1+ RH2)

11)

value ofy does not appear in the final expression, eq 14. We
ask if this is inconsistent with the idea that strongly miscible
blends do not show a breakdown of tTS? The resolution to this
stems from the fact that eq 14 is only valid for small values of
the reduced sizéy. = R/&. In the case of strongly interacting
blends, we exped to become comparable &, and thus the
transition from eq 12 to eq 14 is no longer valid. Rather, we
need to go back to the full expression, eq 12, where blend
thermodynamics then play a critical role. Finally, eq 14, which
may be expected to be valid arbitrarily close to the critical point
for phase separation, also shows why weakly interacting blends
are not affected by system thermodynamics. In these limits the
size scale of the averaging volume is so small that all systems
show similar concentration fluctuations. While this result is in
excellent agreement with the intuitive arguments presented by
Lodge and McLeish, in contrast to this previous work, we argue
in the companion paper that concentration fluctuations are
critical to capturing even the location of the peak relaxation
times.
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Figure 1. Glass transition temperature of polymer blends plotted vs weight fraction offjovemponent: DSC data for PI/PVE blends (down
triangles)3® PBO/PVE blends (up triangle®) PVME/PS blends (square¥)and PVME/P2CIS blends (circle®)the results of Fox equation (17b)

(dashed lines), the results of DiMarzio equation (17a) v@tlas a fitting parameter (thin solid lines), and the predictions of self-concentration
model (eq 22) with nonadjustable parameters listed in Table 2 (thick solid lines).

Table 1. Monomer Length Scale Parameters, Best Fit WLF Parameters, and Havriliak Negami Parameterso. and y Used for Calculation of
Dielectric Loss Spectra

blend components b (A) Ih(A) Tg(K) log(rg) C: C2(K) a y refs

1 Pl 8.2 3.2 210 0.384 13.2 46.0 0.603 1.03 9, 26
PVE 14 2.8 273 —0.082 11.8 35.4 0.577 0.595

2 PBO 8.2 2.5 200 1.303 12.7 41.8 0.620 0.445 39
PVE-89 14 2.8 269 —0.082 11.8 35.4 0.577 0.595

3 PVME 13 2.7 249 0.144 12.9 50.3 0.806 0.417 26,43
PS 18 3.9 379 1.030 13.3 50.0

4 PVME 13 2.7 249 0.144 12.9 50.3 0.806 0.417 40
P2CIS 18 3.9 402 1.030 13.3 50.0 0.820 0.470

2. Composition Dependence of Relaxation Times and  whereTga andTgyg are the glass transition temperatures for pure
Their Distribution Functions. The probability distribution A and B components, respectively. F = Tga/Tgs, then eq
function (PDF) for the logarithmic segmental relaxation time 17a reduces to the well-known Fox equatfi®
is related to the PDF for the effective concentration by

| _ p(¢eﬁ) 1 ﬁ = ¢_fo + Lo ¢2ﬁ (17b)
PN ™) = Fin ideo, (15) To@e) T Tos

The mean logarithmic segmental relaxation time is computed If, on the other handQ were assigned as a fit parameter,
as Mt0= /"2p(n7) In 7 d Inz, and the width of the then eq 17a is nothing but the DiMarzio form. To be con-
distribution of relaxation times is determined by calculating the sistent with the preceding paper, we shall use the Fox

varianceo? = [2p(In 7)[In 7 — Oh 72 d In 7. equation for our calculations of local dynamics, although as we

To convert the distribution of compositions to the distribution shall discuss below, the DiMarzio form performs comparably
of relaxation times, we use the William&andekFerry (WLF) in the prediction of blend dynamics. The values of glass
equationt transition temperatures of pure components are listed in

A A A A Table 1. Figure 1 plots the composition dependenc&,dbr
() _ Ci(T = Ty (derr) (16) the four blends we consider in this paper. The dotted lines are
- A _ A the Fox equation (eq 17b), the thin solid lines are the fits of the
% Co(en) + T = Tg(6a DiMarzio equation (eq 17a witk as a fit parameter), and the
The composition dependence of glass transition temperature wad!ick solid lines are the outcome of our model, to be discussed

logy

modeled by the fori¢ elow.
We use the respective pure component value<icandrg
T o + T.o(l — ¢2)Q even in the mixtures, to emphasize that the local dynamics of
Tg(¢§ﬁ) — _gATet oe er) (17a) the materials (i.e., torsion angle flips) are probably unaffected

¢§ﬁ+ (1- ¢§ﬁ)Q by blending. TheC, parameter in the blend is assumed to
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Figure 2. (a) PDFs for local volume fraction of each component in a

25% P14+ 75% PVE blend aT = 259 K, calculated for volumes with

R. = 3.7 A, centered around Pl segments (the PI distribution is the
right solid curve and the PVE distribution is the left solid curve) and

for volumes withR, = 9.0 A, centered around PVE segments (the PVE

distribution is the right dashed curve and the PI distribution is the left
dashed curve). (b) Frequency dependence of dielectric |0ss8259

K, calculated from these distributions (thick line), obtained as the sum
of the separate contributions from Pl and PVE relaxations (thin lines)
and experimental data taken from ref 9 (points).

have a linear composition dependence:

A A A
©2 = Conletr + Coall ~ der) (18) 0.000 e e
10% 10" 10° 10' 10> 10° 10* 10°
where C,a and Cyg are parameter values for pure A and B f[Hz]

componen'ts. we ha_lve als_o usgd composition independent Value‘Isfigure 3. Frequency dependence of dielectric loss at various temper-
of G, buF find practlcallly identical results. . o atures for blends composed by weight percent of (a) 25% Fb%
Equations 1518 will convert the Gaussian distribution  pyve, (b) 50% PI+ 50% PVE, and (c) 75% PH 25% PVE.
function for ¢err (€q 5) to an asymmetric distribution function  Experimental data (points) are taken from ref 9. Solid lines show model
for log 7, with the maximum shifted from the value correspond- predictions with nonadjustable parameters summarized in Table 1;
ing to the mean compositioer.23 Therefore, the actual  Fe(Pl) andR(PVE) values are plotted in Figure 6a,b.
frequency of the dielectric loss peak is defined not only by the
mean compositiores but also by the width of the composition ~ process resulting from density fluctuations, the Debye function
distribution function(d¢es?C] was replaced with its empirical modificatietthe Havriliak—
The dielectric loss peak of each component can be calculatedNegami functior??
assuming some relaxation form of each individual process, such
as the Debye form, and the PDF for the segmental relaxation

~+00
times, pi(In 7) (eq 15): en(@) = 1,04 [ 7p,(IN 7)1+ (07)™ + 21"
o 2 _ sin(ra/2
en(w) = IACI)A_/‘_-;, p.(In T)w—r2 dint  (19) cos(”—a) siny tan * — (ra/2) dinz;
1+ (w7) 2 (wTyy) * + cosos2)
1
wherew = 2xaf is the frequency andly is the specific peak TN=T tar(L) ¢ (20)
magnitude, proportional to the polarizability of the component. 2(y +1)

However, relaxation peaks predicted from eq 19 are usually too
narrow?’ since no density fluctuations are included. To account The parameterst and y were calculated from the fits to the
for the additional broadening and asymmetry of each relaxation experimental relaxation data for pure components (Tabfé 1).
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Figure 4. Frequency dependence of dielectric loss at various temper-
atures for blends composed by weight percent of (a) 10% PBG%
PVE and (b) 25% PBO+ 75% PVE. Experimental data (points) are
taken from ref 39. Solid lines show model predictions with nonadjust-
able parameters summarized in TableRI(Pl) and R(PVE) values

are plotted in Figure 6a,b.

3. Comparing Model Predictions with Experiments

We analyzed dielectric relaxation data for four different
polymer blends: 1,4-polyisoprene/poly(vinylethylene) (PI/PVE),
poly(butylene oxide)/poly(vinylethylene) (PBO/PVE), polystyrene/
poly(vinyl methyl ether) (PS/PVME), and poly(2-chlorostyrene)/
poly(vinyl methyl ether) (P2CIS/PVME) with various compo-
sitions. The experimentally defined parameters used to generate
the predictions are summarized in Table 1. Dielectric relaxation

peaks were fitted individually for each component according Figure 5. Points: frequency dependence of dielectric losses at various

; ; temperatures for blends composed by weight percent of (a) 50% PVME
to o 5'|6’ 12, 13, 1(15’ dle'. 17b, 18, ar(‘jd 20 “.Sr']”ghcon!ugat?Jr 50% PS (ref 43), (b) 60% PVME- 40% PS (ref 44), and (c) 70%
gradient least-squared deviation procedure with the size of py\g + 309% PS (ref 45). Solid lines: model predictions for PVME

correlation volumeR: and normalizatiori as parameters. The  relaxation with parameters summarized in Table 1Rnehlues plotted
variation of correlation radiufk. simultaneously affects the in Figure 8a.
position, shape, and the width of the relaxation peak, while the
variation ofl only affects the magnitude of the dielectric loss. predictions compare quite favorably with the experimental
This allows us to extract both fitting parameters independently measurements.
from well-defined experimental relaxation peaks. Figures 3-5 present our results for fits to the dielectric loss
Figure 2a shows the PDFs for local composition in a 25% for three different blends, while Figures 6 and 8 report e
PI/75% PVE blend, calculated for spherical volumes with radius values used in each case. Figure-Bacompares the predicted
R. = 3.7 A, for Pl while it isR. = 9.0 A for PVE. (For sum dielectric loss distribution for PI/PVE blends (solid curves)
comparison, similar results were obtained for the DiMarzio at various temperatures with dielectric spectroscopy experimen-
model but usindR. = 5.90 A for Pl andR. = 5.35 A for PVE tal datd (points). The width of the concentration distribution
segments.) The abrupt cutoffs in the Gaussian distributions arefunction that ultimately leads to the solid lines in Figure 3 was
at ¢serr (~0.9 for Pl and 0.65 for PVE). The figure clearly calculated using eq 12. As temperature decreases, the peak
demonstrates that these composition distributions are differentposition in each case moves toward longer relaxation times and
depending on the volume positioning, but symmetric for two the distributions broaden. The theory captures all these features
components within the same volumes. Figure 2b compares theof the experimental data with fidelity. Furthermore, for the whole
predicted dielectric response of Pl, PVE, and their sum with studied temperature interval, the model predicts remarkably
experimental data on the same 25/75 blend at 259 K. The correct peak widths in both PVE-rich and PI-rich compositions
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Figure 6. (a, b) Temperature dependence of correlation raidsr dielectric relaxation of each component in PI/PVE and PBO/PVE blends with
compositions shown in the legend (relevant component is denoted in bold). (c, d) Corresponding plots of self-concentrations calculated using eq 2.
The lines are guides to the eye.

(a) In PVME/PS blends (Figure 5&), only the PVYME com-
g/ |2 ZLPITS%PVE v 80% PI+20% PVE ponent contributes to the dielectric relaxation, giving us a
1|0 50%PI+50% PVE & 10% PBO+90% PVE possibility to compare the shape of the relaxation peak with
A 75%PI+25% PVE 4 25% PBO+75% PVE o ! . _
— model predictions. The correlation radius for PVME relaxation
6+ R(PVME) is the only parameter which affects simultaneously

the position, width, and asymmetric shape of the peak. As can

< ¢
o 44 w--% -é.a - - Al be concluded from Figure 5, the model predictions are remark-
g i T :

ably accurate. The overall agreement with experiment is very
good for all temperatures and compositions, providing strong

2 evidence that local composition fluctuations are the key factor
for understanding the broadening of dielectric loss on blending.
910 5 0 5 10 15 20 25 30 The normalization parametefor PVME relaxation (numeri-
T-Tg [K] cally equal to the area of the calculated dielectric loss peak in
log(f) coordinates divided by volume fraction of PVME
(b) 29- component) is plotted in Figure 9. The area of the peaks
% % % PI+20% . . . .
18] s ggoz g::zg; EVE ¥ *13802 ﬁg%\m decreases with temperature in a usual fashion related to density
A 75% Pl+25% PVE 4 25% PBO+75% PVE change by the ClausiudVosotti equatiok! with specific
16+ polarizability 0.89 cri/g (solid curves).
—_ 147 The temperature dependences of the correlation rédifes
L 121 @ o all components in PI/PVE and PBO/PVE blends and for PVME
& 10+--I.. é 7 < relaxation in PVME/PS blends are plotted in Figures 6 and 8.
gl.9 ﬁ! @ - The error bars were calculated from both the standard deviation
~~~~~~ ({;_ of the parameterR. from the “best fit” value and the typical
61 %« accuracy of dielectric relaxation experiments. In contrast to the
44 . * e . results of our previous studi@the values o collapse onto
0 20 40 60 a single curve for various blend compositions, thus suggesting
T-Tg [K] no composition dependence of the correlation radius. (Figure 7

plots the data in Figure 6 againbt— Tgrather than against.
Clearly, this is an inferior representation than Figure 6.) We
attribute this change to the more accurate evaluation of
in the range 2575%. Two compositions of PBO/PVE bled@s  fluctuations utilized here for intramolecular distributions of
are treated similarly in Figure 4a,b, at various temperatures, with concentrations. The radius of the correlation volume is of the
similar conclusions. order d 4 A (Pl and PBO), 410 A (PVE), and 56 A

Figure 7. Data from Figure 6a,b plotted against— Ty, whereTy is
the glass transition temperature of the blend.
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(a) Table 2. Average Values of Correlation Radius and Respective
8- O 50% PVME + 50% PS < 80% PVME + 20% PS Values of Self-Concentration, Found from the Fits of Eq 20 to the
2 70 FVIVIE ° Sl L VIVE o H : .
O 60% PVME + 40% PS W 30% PVME + 70% P2CIS Dielectric Relaxation Date®
A 65%PVME + 35% PS ® 50% PVME + 50% P2CIS components R (A) Pself Tg(K)
74 v 70%PVME + 30% PS A 70% PVME + 30% P2CIS Pl 2 0.78 210
PVE 8 0.29 273
PBO 43 0.51 200
PVE-89 8 0.29 269
PVME 5.4 0.57 249
----- --- PS ~25 0.053 379
P2CIS 16 0.13 402
aValue for PS was found from best fit to the DSC data shown in Figure
1c. Last column shows thE, values of the components.

4 T T T T T 1
260 280 300 320 340 360 380 found. The respective self-concentrations, calculated using eq

T [K] 2, are plotted in Figures 6 and 7. The trends for PVE shown in
(b) Figure 6d resemble the results of our previous mé#leljth
1.2- o BO%PVME + 50% P5d_ B0% PV + 20% PS the essential difference that no composition depepdencg and only
O 0% PVME + 40% PS m  30% PVME + 70% P2CIS a weak temperature dependence were found in the improved
104 85%PVME +35% PSe 50%PVME + 50% P2CIS model.
Vv 70%PVME +30% PS A  70% PVME + 30% P2CIS The next question of interest is whethgf is a polymer-

specific property or a blend property that depends on blend
partner. The results for the PVE and PVME blended with two
different partners each are also presented in Figures 6 and 8. It
........... is clear that, within the uncertainties, the size of the correlation
volume is independent of the partner. This conclusion is
consistent with our previous statement that the correlation radius
is independent of blend composition and that the correlation
radius is small and comparable with the Kuhn length. Moreover,
o.24—mm—————— no signature of blend glass transition was found in the
260 280 300 320 340 360 380 temperature dependenceRf For example, th&, of PVME/
T [K] PS 50/50 blend is 280 K, and thH&(T) dependence for the

i i PVME component does not change abruptly in the vicinity of
Figure 8. (a) Temperature dependence of correlation radusor

dielectric relaxation of PVME in PVME/PS and PVME/P2CIS blends thls..temperature.' The averaged C.onStam values O.f Cor.relatlon
with compositions shown in the legend. (b) Corresponding plots of radii and respective self-concentrations are summarized in Table

self-concentrations derived using eq 2. The lines are the guides to the2. R increases smoothly witi,.

eye. . .
4. Discussion
2.0 We first focus on the fact that the Fox equation provides such
164 good fits to experimental data, even though it apparently only
- - provides a poor prediction of the DSC determirikdvalues
121 for the different blends (Figure 1). To resolve this apparent
discrepancy, we follow a procedure suggested by Lodge and
™~ 0.8 McLeish and assume that the Fox equation adequately describes
®  PVME in 50% PVME + 50% PS the glass transition in a volume 8% for each component. We
0.4{ ® PVMEinG0% PVME +40% PS now model the global (DSC) glass transition as a superposition
A PVME in 65% PVME + 35% PS . .
v PVME in 70% PVME + 30% PS of the relaxations of the two components:
%60 280 300 330 340 380 A .
T K] [T,0= Oy, + Oy[Pg (22)

Figure 9. Normalization parametdrused to fit dielectric relaxation
data for PVME/PS blends shown in Figure 5 (points) and the decreaseAssuminng‘D: Tg(lzjbéﬁ[j, the Fox equation (eq 17b) gives

of peak area predicted from density change using the ClauMosotti A A = _
equation with specific polarizabilith = 0.89 cn#/g (lines). [Ty 0= TgaTge/(Tga + ATgeeq), WhereATg = Tgs — Tga. Some
simplification then allows us to reduce eq 21 to

(PVME). [In contrast, the DiMarzio model yielded4 A (PI > A s B

and PBO), 57 A (PVE), and 810 A (PVME).] These 7 e JorToe [Toa®s + TgPa + AT, (Podser — Padsen] 22)
numbers do not exceed the Kuhn length of each polymer, thus ¢ [Toa + ATE@ AL — G2 Tys — AT, @5 (1 — 2]
validating the assumption made for calculation of the intramo-

lecular concentration distribution (eq 2) The values defined here Emp|oy|ng the self-concentration for the two Species then

for R(PVE) are close to the assumptions made by Lodge and permits the calculation represented in eq 22. (In the case of PS,
McLeish?! for their model and to values obtained in our earlier which is dielectrically inactive, we assum& = 25 A which

model?? Furthermore, Figure 6a shows only a moderate increasepest fit the DSC data.) The thick lines in Figure 1 which
of the size of the correlation volume for the PVE component represent the results from this approach satisfactorily model the
with decreasing temperature (solid points), while for PVME, experimental results, providing some basis for why the Fox
PI, and PBO components no temperature dependeriRends equation is adequate to model blend dynamics.
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A second issue we wish to reemphasize is the robustness ofdynamics, including the width and the position of the relaxation
our procedure to chosen forms for describing the composition time distributions, it is vital to include concentration fluctuations
dependence ofy, i.e., the Fox vs the DiMarzio forms. As we  effects.
have reported throughout, we can obtain adequate fits to
experimental data but witR. values which can be quite different Acknowledgment. We are grateful for the financial support
depending on which model is employed. Since no systematic from the National Science Foundation (DMR-0422079).
trend is found for these correlation radii, we suggest that, while
they appear to be small and independent of blend compositionReferences and Notes
and partner, their absolute numbers are too dependent on the 1) Ferry, J. D.Viscoelastic Properties of Polymersrd ed.; Wiley:
modeling procedure for these quantities to have any molecular NewYork, 1980.

significance. Without a reliable model for the glass transition, (2) fé‘é%sg?“@%é Guillermo, A.; Cohen-Addad, J.Nracromolecules
we are therefore forced to ugg merely as a fitting parameter (3) Waestlund, C.. Maurer, F. H. Macromolecule1997 30, 5870.

but with some relatively stringent constraints, i.e., that it be of (4) Ngai, K. L.; Roland, C. MMacromolecule2004 37, 2817.
order the Kuhn length and be independent of the blend partner (5) Prest, W. M.; Porter, R. Sl. Polym. Sci., Part A-2: Polym. Phys.

o 1972 10, 1639.
and composition. (6) Colby, R. H.Polymer1989 30, 1275.

. (7) Chung, G.-C.; Kornfield, J. A.; Smith, S. Dlacromoleculesl994
5. Summary and Conclusions 27, 964.

. . 8) Chung, G.-C.; Kornfield, J. A.; Smith, S. Dlacromolecules 994
We have developed a theoretical model to comprehensively ®) 27, 57929.

understand the dynamics of miscible, weakly interacting polymer (9) Alegria, A.; Colmenero, J.; Ngai, K. L.; Roland, C. Macromolecules
o : - etriby it ; 1994 27, 4486.

b:geﬂds' f;r his is achieved by modehr(;g the distribution function +(10) Alvarez, F.; Alegria, A; Colmenero, Macromoleculed.997 30, 597.

of the effective concentration around a test segment in terms of 1 1) pathak J.'A.; Colby, R. H.; Floudas, G.; JeromeMRcromolecules

intrachain and interchain contributions. The effective blend 1999 32, 2553.

composition distribution for each species is transformed into (12) TOT}“T(, D. W.; R|0|and, C-_MMaCffr)]m0|eCl_J|eSl992 25, 2994. |

the distribution function for the glass transition temperature and (*3) ,\'Zztcrﬁn'] gléﬁijlgs?gbgé g'ng’g'ggmat +S. Y., Kumar, S. K.; Stader, R.

then into the distribution function for segmental relaxation times (14) Alegria, A.; Elizetxea, C.. Cendoya, I.; Colmenerdylacromolecules

using standard methods. The only quantity that remains unspeci- 1995 28, 8819. _

fied in this approach is the size of the correlation volume over (13) Friedrich, C.; Schwarzwaelder, C.; Riemann, RPElymer1996 37

which fluctuations have to be sampled, and we determine this (1) pathak, J. A.; Colby, R. H.; Kumar, S. K.; Krishnamoorti, R.

quantity by fitting our model to a large body of data on miscible Proceedings of the Xllith International Congress on Rheology

PI/PVE, PBO/PVE, PVME/PS, and PVME/P2CIS blends, with Cambridge, 1-257, 2000.

the correlation radiu&. and the dielectric strength as the only 88 ﬁzt;%ge' é';_ FF'?SCSﬁé'r EEV‘AVC\;?_‘ Zogirllﬂ?% :t?étlfs\'/. Kremer. F

fitting parameters. Macromolecule€995 28, 2714.
In contrast to our past wok which had required this (19) Donth, E. JRelaxation and Thermodynamics in Polymekkademie

correlation volume to be a strong function of both temperature ;) \é%?:r%nf: ﬂgétlsdgizr; proof.
and blend composition, we find thatamposition-independent  (21) Lodge, T. P.; McLeish, T. C. Bacromolecule200Q 33, 5278.
correlation volume is sufficient to quantitatively model experi- (22) Kant, R.; Kumar, S. K.; Colby, R. Hlacromolecule2003 36, 10087.

mental data, independent of blend partner and with only a weak (23) Kumar, S. K.; Shenogin, S.; Colby, R. Macromolecule007, 40,

. . 5759.
t.emperature.dependence. The diameter of the spherical .corr.ela(24) Lutz, T. R.; He, Y.; Ediger, M. D.; Pitsikalis, M.; Hadjichristidis, N.
tion volume is comparable to the Kuhn length of the chains, in Macromolecule2004 37, 6440.

good agreement with Lodge and McLe®The weak temper-  (25) pKﬁﬂa{’ggé lii;)acgg% R. H.; Anastasiadis, S. H.; FytasJGChem.
ature dependence & might well be due to the assumptions 56y kamath, S.; Colby, R. H.; Kumar, S. K.; Karatasos, K.; Floudas, G.;

we make regarding the connection between composition and Fytas, G.; Roovers, J. E. L. Chem. Phys1999 111, 6121.

relaxation time or could reflect weak temperature dependence(27) Colby, R. H.; Lipson, J. E. Glacromolecule2005 38, 4919.

; ; (28) Song, H. H.; Roe, R. Macromolecules 987, 20, 2723.
of either the Kuhn or packing lengths. . (29) Salaniwal, S.; Kant, R.; Colby, R. H.; Kumar, S.Macromolecules
In the model introduced by Zetsche and FiscHelarger 2002 35, 9211.

correlation volumes were needed to describe the experimental(30) Higgins, J. S.; Benoit, H. ®olymers and Neutron Scatterin@xford

o . - . University Press: New York, 1994.
distribution width. This is because they essentially assumed (31) Fetters, L. J.. Lohse, D. J.: Graessley, W.J\Polym. Sci., Part B:

B¢200 S0)/R3, whereas we derivéde?00 S0)/(E°R) (see 1999 37, 1023.

eq 14). SinceZ > R, our new model gives the fluctuations (32) de Gennes, P.-GScaling Concepts in Polymer PhysicSornell
needed to describe data using a considerably smaller correlation,,, #g%ﬁ;s,ltg.wézo:;hn?aé.,\lr\\/(li\/lﬁzghmleculesmgz 25 2004,
volume. In our model, we carefully calculated a Gaussian (34) Krishnamoorti, R.: Graessley, W. W.; Fetters, L. J.; Garmer, R. T.;
approximation to the concentration distribution, with the as- Lohse, D. JMacromolecules 995 28, 1252.

sumption that local composition fluctuations dominate local (35) PRr‘éziS”,StﬁEW'\\’('grfoz'%&R- HPolymer PhysicsOxford University
density variations (incompressible blend approximation). In (36) piMarzio, E. A.Polymer199q 31, 2294.

reality, density fluctuations are expected to be important, and (37) Schneider, H. AJ. Res. Natl. Inst. Stand. Techn&b97, 102, 229.

incorporating those effects would allow the use of somewhat (38) Fox, T. G.Bull. Am. Phys. Soc1956 2, 123.
larger correlation volumes. (39) Hirose, Y.; Adachi, KMacromolecule00§ 39, 1779.

) ) ) (40) Urakawa, O.; Fuse, Y.; Hori, H.; Tran-Cong, Q.; Yano,Rolymer
Our model has shown that, with a correlation volume diameter 2001, 42, 765. _
comparable to the Kuhn length, the fluctuations of local (41) Hirose, Y.; Urakawa, O.; Adachi, Kacromolecule2003 36, 3699.

. . . . (42) Lorthioir, C.; Alegfa, A.; Colmenero, Phys. Re. E 2003 68, 03805.
composition reasonably predict the width of the relaxatllo.n (43) Leroy, E. Alegia, A Colmenero, Macromolecule@003 36, 7280.
spectra over broad ranges of temperature and blend compositiong4) zetsche, A.; Kremer, F.; Schulze, W. J.#blymer199q 31, 1883.
Furthermore, the position of the relaxation peak is strongly (45) Pathak, J. A. Miscible Polymer Blends Dynamics. Doctoral Disserta-
affected by the fluctuations of local compositi%ﬁ'particularly tion, The Pennsylvania State University, University Park, PA, 2001.

nearTgy. In order to quantitatively capture all aspects of blend MAOQ70503Q



