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ABSTRACT: In this study, we predict the component segmental dynamics of polyisoprene/ poly(vinylethylene)
(PI/PVE) blend employing a model, recently presented by Cangialosi €k &hem. Phys2005 123 144908],

which combines the concept of self-concentration with the Ad&itbs (AG) theory of the glass transition. As

the model requires the fitting of one unknown parameter connecting the characteristic length scale for segmental
relaxation with the configurational entropy, Pl and PVE dynamics in toluene have been investigated to extract
indirectly this parameter for each of the two polymers. The employment of a mixing rule through the effective
concentration to evaluate this parameter for each polymer in the blend allows the prediction of the time scale for
segmental relaxation of Pl and PVE in the blend. Thus, the model turns to be fully predictive. Therefore, it can
be used also for those blends for which the dynamic response of the two polymers is highly overlapped as is the
case of the PI/PVE blend. The characteristic length scale for segmental relaxation predicted by the model was
between 1.3 and 1.8 nm for both polymers in the blend depending on the temperature.

Introduction In an attempt to apply these ideas, polyisoprene/poly-
s A - : _ (vinylethylene) (PI/PVE) system, a typical miscible polymer
Mixing of polymers with different characteristics has increas blend known to possess a slightly negative goins

ingly become an attractive route to obtain materials with improved interaction parameterY. has been th biect of intense r rch
properties. For this reason, predicting the properties of polymer . eraction parameteg], has been the subject of intense researc

,5-12,17-25 i 1
blends is a subject of great interest. In this framework, a wide n th?.paSt decade? To predict 'ghe effective glass
body of studies has long been performed on the segmental dy-tranSItlon temperaztijrél'g) both P! a_lnd PVE in the blend, Lodge
namics of miscible polymer blends. Despite the great effort and co-wc_)rkerg_’v have explone_d the concept of self-
made, the underlying dynamic behavior of miscible polymer concentration with a temperature independent length scale of

blends is still a matter of open debate. In particular, the scientific the order of the Kuhn segment, which is the base of the Ledge

debate has been focused on the explanation of two main signa-MCLe'Sh model. The model turned out to be rather successful

tures of the segmental dynamics, namely the failure of the-time Itn descrltbmg the”segmentalhdynamlltcs of boih Eomponenrt]s tat
temperature superpositiband the presence of two distinct temperatures well a OV-E%’ whereas It seems 1o be somewna
segmental dynamics® The former experimental evidence can inaccurate when attempting to predl(_:t t_he dynamics at temper-
be explained advocating the role of thermodynamically driven aturefs{hclot\s/\(lar td'gr,n(seﬁ, Etlg.i,ntrll;ia prredslctlforn ]?;(t)hen((ajfflzeictﬂi@ 7 of
concentration fluctuation’s:® These create a distribution of en- (s) of the two components gure 5 ofre a guré 70

vironments that induces a general broadening of the dynamicrer 21).t0r; thelfother hatndt,' Kant Zt #ta.alsf? e:nploylﬂg tEle d
response. On the other hand, nowadays the scientific communitygoncep. Ob ?e”-co_ncen :a lon a? s € t_ec ofnth € | ent
has widely agreed that the presence of two distinct segmental yhamics but aflowing a lemperaiure variation ot the refevan

dynamics can be mainly attributed to the effect of self-concen- length §cale, successfully fitted dynamics datg. However,
tration?~11 giving rise to an effective concentration in the unphysically large length scales, corresponding to self-

volume relevant for segmental relaxation different from the concentration approaching zero, had to be employed to fit PVE

macroscopic one. Beyond the recognition of the crucial role of dylnarﬂ_lcs da't(a in the blend. ide ad - f PI/PVE
self-concentration, Lodge and McLei8thave formulated an q n this Wco)lr ,webatt_emé)ttr? prO\r’]' g.al escription o b
additional hypothesis assuming that the characteristic length ynamics data obtained through dielectric spectroscopy by

scale for segmental relaxation is temperature independent andn€ans of a model, recently presented pyl%i.he model
of the order of the Kuhn segment, i.e., on the order of combines the self-concentration concept with the AG théary,

nanometers. More recently, Kant et Blwithout making any a relating the relaxation time and the characteristic length scale

priori hypothesis on the relevant length scale, and Cangialosi for structural relaxation to the configurational entropy. The

et al.1314in the framework of the AdamGibbs (AG) theoryt? model _relie_s on the fitting Of.jUSt one parameter, .e., the
have suggested that an increasing length scale with decreasin roportionality constant connecting the characteristic length scale

temperature is compatible with the description of dynamics and, 0 the configurational entropy. This constant, as dlscussgd ina
in some cases, even allows a more accurate fitting of ‘ddfa. very recent papet; can be indirectly derived from the applica-
tion of the model to concentrated solutions of the pure polymer

in a solvent, making the model free of any fitting parameter,

T Donostia International Physics Center. ; i ~ti
; - L ) rt from th f th r mponents, i.e., fully predictive.
* Departamento de’Fica de Materiales, Facultad de @ica, Univer- apart from those of the pure components, i.e., fully predictive

sidad del P Vasco (UPV/EHU) y Unidad de §ica de Materiales Centro 1N this study, we have i”VGStigated Pl and PVE solutions in
Mixto (CSIC—UPV/EHU). toluene together with the dynamics of PI/PVE blends. Moreover,
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we have refined the model assumptions compared to its original To apply the model, the parameters of eq 1 have to be
versiori® to make it more general, as will be discussed in the expressed as a function of the effective concentration. In the

next section of the paper. original version of the modée the preexponential factor was
) kept constant and equal to that of the polymer for which the
Model Refinement segmental dynamics is examined. On the other hand, the

To apply the AG theory in combination with the self- configprational er!tropﬁ and the paramete® were evaluated
concentration concept to the dynamics of miscible blends, two as a linear combination d& and C of the pure components
main conjectures of the AG theory are exploited: (i) the through the effective concentration. However, we notice that a
relationship between structural relaxation time and configura- constant preexponential factor would induce inconsistent results
tional entropy; (i) the growing length scale for structural for tho.se.systems \{vhere the effective concentrgtion approaches
relaxation with decreasing temperature as a consequence of th@ero (infinite dilution and large characteristic volume for
reduction of the configurational entropy. relaxation). In this case, the dynamics should be that of the other

The connection between the structural relaxation time and component of the blend, being this largely in excess in the
the configurational entropy for the component dynamics of characteristic volume for relaxation, and, therefore, according

polymer blends is expressed by the following relafién: to eq 1 the preexponential factor should be that of the other
component of the blend. For this reason, a mixing rule to
;{ Clderr) ] evaluate the preexponential factor should be more appropriate
T = To(Petr) EXP =~ (1) and, therefore, has been employed in this work.
TS(¢er) Moreover, in the original version of the model, the excess

entropy was used instead of the configurational entropy,
HereT is the temperature& is the configurational entropyC experimentally inaccessible, exploiting the proportionality be-
is a material specific parameter, ands the relaxation time at  tween the two quantitie¥37 Furthermore, it was assumed that
infinite temperature. All these parameters need to be estimatedthe excess vibrational entropy, which together with the con-
in the volume involved in the structural relaxation and, in figurational entropy composes the total excess entropy, con-
general, will be function of the effective concentration in that tributes in a similar way for both polymers of the blend. This
volume. The effective concentration is related to the self- means that the linear combination between the excess entropies
concentration through ¢er = ¢ + (1 — ¢9)¢. The self- of the pure components through the effective concentration could
concentrationps is defined as the volume fraction occupied by be employed also to calculate the configurational entropy of
the chain of a polymer within a sphere of radiysentered in ~ each component in the blend. However, it seems that the
a monomer of such a chain. The dependence of the configura-hypothesis of similar vibrational contribution to the excess
tional entropy on the effective concentration rationalizes the entropy is not a good approximation for Pl and PVE. According
effect on the dynamics of one component induced by the to the theoretical approach of DiMarzio and Dowéllthe
presence of the other component and has been recentlyconfigurational entropy accounts for 91% of the total excess
demonstrated at a molecular scale by solid-state NKR. entropy for Pl, whereas it only accounts for 72% for PVE.

The relevant volume for structural relaxation is related to the Therefore, the configurational entropy of component A in the

decrease of the configurational entropy of the glass-fofther: plend on the volume relevant for structural relaxation can be

obtained starting from the excess entropies of the pure com-

\Vin! 5(1 (2) ponents as

This volume can be related to the characteristic length scale M= 9oy S+ (1= b)) = berMSBy+ (1~ PeINS,
for structural relaxationt. through: rc = V", wheren is the 4)
fractal dimension for the growth of the relevant volume.
Simulation studies well abovéy in the framework of the
dynamic heterogeneity suggest timat= 2, with a tendency to

wherem andn are the ratio of the configurational to the excess
entropy of respectively component A and B. A similar expres-

. - . 1 sion can be written for the configurational entropy of B in the
increase with decreasing temperaftiré: However, the random blend. It is worth noticing that eq 4 is compatible with the

first-order transition by Wolynes and co-work&rpredicts an Flory—Huggins approximation of polymer solutions thermo-

evolution to a more compact shape when the laboréaigng - / . L
. . ; dynamics. According to this theory, the entropy of mixing:
approached from above, and very recent simulation studies also

suggest a three-dimensional shape of the relevant voldime. ASnix = S = [¢aSy + (1 = #a)Ss], is composed by a

this study, we have found a good agreement with experimental combinatorial termA.S“’mb. and an interaction parametge. .
- S S However, the combinatorial term does not affect the dynamics
data forn = 3 (relevant volume growing in three directions).

According to the previous considerations, the radius of the and, therefore, the configurational entropy of the AG equation

. . must be depurated of this term, and for PI/PVE blend the
characteristic length scale for structural relaxation can be . . : L .
expressed as interaction term is negligible; namely, the blend is almost

athermaP® Therefore ASyix approximately equals zero and eq
_13 4 is obtained.

F(Per) = O [S(Perr)] 3) Finally, in the initial application of the modé}14a single

parameten, relating the characteristic length scale for structural
wherea. is a material specific parameter which, as will be shown relaxation to the configurational entropy, was found for each
later in the paper, can be evaluated from the fitting of dynamics polymer, independently of the other polymer in the blend and
data or, once it is known indirectly, introduced in the model to its concentration. This result suggested thatust be a material
make it fully predictive®® r. can be related to the self- specific constant. However, it was anticipated that the model
concentration (and therefore to the effective concentration) could be refined including a mixing rule also for the
through simple geometric considerations involving the packing parameter, which would be significant only for those binary
and the Kuhn length (respectivelyandly).1?13 systems with components displaying rather different intrirEBV
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values ofa. In this case, the presence of the other component 2 T ' T ' T
in the characteristic volume for structural relaxation affects the
effective value ofoa. As will be shown in the result section, a ol
mixing rule for thea(s) of the pure polymers through the
effective concentration is more appropriate to describe the
component segmental dynamics of PI/PVE blend, since the two
components of the blend display rather different values..of

In other words, each polymer contributes to then the blend
with its owna and with a weight which depends on its effective
concentration in the blend.

To summarize, the application of the model is based on the
knowledge of the following parameters of the pure compo-
nents: (i) dynamic parameters, i€, 70 andTk (the temperature '8200 20 40 260 220 200 20
where the relaxation time would diverge) of the AG equation;

(ii) thermodynamic properties, i.e., the configurational entropy T (K
obtained from the excess entropy from calorimetric measure- Figure 1. Logarithm of the relaxation time vs temperature for pure Pl
ments and the knowledge of the contribution of the former (filled circles) and pure PVE wittr85% 1,2-dyads (empty circles).

. " . The solid points show the fitting through the AG equation to
quantity to the latterro andn). In addition, the model is based experimental data.
on the hypothesis of ideal mixing of the two components that,

n th? framewprk of .the FloryHuggins t.heory. of polymer. from dielectric relaxation spectra as the reciprocal of the angular
solutions, implies a mixing rule of the configurational entropies frequency at the maximum of the permittivity loss. Structural
of the pure components through the effective concentration to relaxation data for toluene were taken from ref 41.

obtain the configurational entropy of each component in the  Calorimetric measurements were carried out on pure Pl and PVE
blend. A similar mixing rule is also imposed f@ and z, of by means of the differential scanning calorimeter (DSC-Q1000)
the AG equation, though in this case the assumption is empirical. from TA-Instruments. Samples were annealed ab®ydefore

This assumption is less critical the more the parameters of themeasurements to remove the previous thermomechanical history.
pure components are similar. Finally the fractal dimension for Measurements were performed in temperature mod_ulated mode with
the growth of the characteristic length scale for segmental @0 average heating rate of 0.1 K/min and amplitude of 0.3 K.
relaxation is also assumed a priori. This means that, once a”lefe.rent osulllgatwn frequencies were investigated and the So-
the needed parameters of the pure components of the blend obtained specific heats were extrapolated to zero frequency in order

K bini 1 d4a : %o obtain quasi-static values of the specific heat itself. The
are known, combining egs 1, 3, and 4, parameteonnecting g, _gptained PI specific heat is in agreement with that obtained by

the characteristic length scale to the configurational entropy is means of adiabatic calorimetry by Sakaguchi eBalhereas PVE
the only free parameter that must be fitted to experimental data. specific heat is not directly comparable being in our case composed
of about 85% 1,2-dyads rather than being pure PVE as in ref 23.
Experimental Section Specific heat of toluene was taken from ref 32. The knowledge of
1,4-Polyisoprene (Pl) and 1,2-polybutadiene (1,2PB or PVE) tk;eﬂ?peuflc heﬁt f?r Pl, P.\,[/E an:jl t°'“e“? alltov;ekc)i t?ﬁ e(;/_?ftluatlon
were purchased from Polymer Source Inc. The molecular weightsg € excess heat capacity, well approximated by Ine difference
wereM, = 3 x 10* (Mu/M, = 1.04) for 1,4P1 andl, = 1.7 x 10% etween the specific heat in the liquid and the glassy state (the last

(Mw/M,, = 1.04) for PVE. It is worth noticing that PVE possesses one extrapolated above;). From the knowledge of the excess

>85% of 1,2PB dyads, the rest being 1,4 ones. The presence ofs'oeCiﬁc heat, the excess entropy was calculated RgT) =

T 4 q T
1,4PB dyads results in a slight speed-up of the segmental dynamics/T, ACT) / T dT'. The Kauzmann temperatuiig was assumed
compared to PVE with more than 98% 1,2-dy&8i3oluene was to'be equal to the temperature where the structural relaxation time

purchased from Aldrich and distilled before use to reach a purity t€nds to diverge. This implies that only the contribution to the excess
>09%. entropy originating from the motion involved in the structural

g relaxation is calculated in such a wé&/* To obtainTy relaxation

time data for pure PI, PVE and toluene were fitted through the AG
equation, havindgC, 7o, and Tx as unknown parameters. Finally,
nthe configurational part of the excess entropy was extracted using
the approach of DiMarzio and Dowell for Pl and P¥&yhereas

a recent study on the contribution to the excess entropy of several
glass forming liquids suggests that it accounts for about 65% of
the excess entropy in liquid toluefie.

2

log 7(s)

4

6}

Homogeneous blends were prepared by dissolving Pl and PV
in toluene in the required proportions. The solution was then poured
on the bottom electrode of the sample cell used for dielectric
measurements and left at atmospheric pressure for 1 day. The
toluene was completely removed in a vacuum at°@0 Blends
with the following PI/PVE weight proportions were prepared: 75/
25, 50/50, and 25/75.

Homogeneous polymettoluene solutions were prepared by
dissolving the polymer (either Pl or PVE) in excess toluene. Both
Pl and PVE were soluble in toluene at all concentrations. The
homogeneous solution was subsequently poured on the bottom 1. Dynamics of Pure PI, PVE, and TolueneFigure 1 shows
electrode of a liquid sample cell and the desired concentration the experimental dielectric relaxation times vs temperature for
obtained via toluene evaporation.The fO"OWing polymeolvent pure PI (f|||ed Circ|es) and PVE (empty circles and filled
solutions were investigated: Pl/toluene 80/20, 90/10, and 95/5 w/w; triangles). These data, together with toluene dynamics“ata,
PVE/toluene 70/30, 80/20, 90/10, and 95/5 wiw. were fitted through the AG equation: lag= log 7o + C/(TS)

Dielectric measurements were carried out on PI/PVE blends aStg obtain the preexponential factor log the paramete€, and
well as on all polymersolvent systems and on pure Pl and PVE the Kauzmann temperatufix. The AG equation prO\;ides a

using a high precision dielectric analyzer (ALPHA, Novocontrol " ) I .
GmbH) and a Novocontrol Quatro cryosystem for temperature good fitting of experimental data as shown by the solid lines in

control with a precision 0f:0.1 K. Measurements were performed  Figure 1. Asinrefs 13 and 14, a linear expression for the excess
over a wide frequency (18—10° Hz) and temperature range in  SPecific heat was employed to obtain the configurational entropy.
isothermal steps starting from the highest temperature. As a generall he resulting expression for the latter magnitudeSgT) = a

rule, the relevant relaxation time at any temperature was obtainedIn(T/Tk) + b(T — Tk). As from calorimetric experiments OnlééDV

Results
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Table 1. Relevant Parameters for All Components of All Mixturest

Ty (K) a(@molK) b (I/molK) T« (K) log 7o (s) C(kImolK)  SYSx  Ik(A) Ip (R)
PI 213 60.2 —0.14 167+ 2.5 —~13+0.8 20.4+ 4.8 0.91 8.2 3.2
1,2PVE (85%) 263 28.3 -0.02 228+0.9  —10.6+0.2 6.4+ 1.4 0.72 14 2.8
toluene 117 105 -0.31 96+0.9  —14.7+05 37.9+ 4.6 0.65

a Data for theC parameter of the AG relation and for the paramegeasidb of the specific heat are referred to a per mole of monomer basis for Pl and
PVE and to a per mole of toluene basis for toluene.
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Figure 2. Permittivity loss vs logarithm of the frequency for Pl/toluene  Figure 3. Logarithm of the relaxation time vs temperature for pure Pl
system with 80 wt % Pl at various temperatures. (filled circles) and for Pl segmental dynamics in Pl/toluene systems

with the following Pl weight percentages: 80% (empty circles), 90%
the excess entropy can be calculated, the configurational entropyffilled triangles), and 95% (empty triangles). The solid lines are the

. ) . fitting of the model to Pl segmental dynamics in toluene solutions and
was determined from the knowledge of the configurational the dashed line is the fitting through the AG equation to pure PI

entropy portion of the excess entropy. The ratio of the gynamics data. The inset of the figure represents the variation of the
configurational to the excess entropy and all the parameters fromparameter with the average effective concentration (filled circles). The

the fitting of the AG equation are summarized in Table 1. The solid line is a linear fitting of experimental data, which, extrapolating
Kauzmann temperatuf, namely the temperature where the to pure PI, allows the evaluation of tleparameter for pure PI.
configurational entropy associated with the structural relaxation expected, the presence of toluene induces a speed-up of PI
drops to zero, and the glass transition temperafyrare also segmental dynamics. The solid lines are the fitting of the model
shown for PI, PVE, and toluene. In addition, the packing and to experimental data obtained usingas the single fitting
the Kuhn lengths of Pl and PVE are presented in Table 1.  parameter. The fitting is carried out solving eq 3 as a function
When applying the AG equation to pure components, we have of the effective concentration for each valueoofThe selected
left free to vary the preexponential factor log the parameter  value ofa is that providing an effective concentration that, once
C, and the Kauzmann temperatdie However, it is noteworthy introduced in eq 1, is able to best reproduce the experimental
that if PVE preexponential factor is constrained at a more relaxation times. As is possible to observe, a good agreement
physical value such as logy = —13 an acceptable fitting of  is found between the fitting of the model and experimental data.
data is obtained. This obviously implies a change in b@Gth  In the inset of Figure 3, the parameteused to fit data is plotted
and Tx. However, this does not change the outcome of the as a function of the average value of the effective concentration
application of the model to polymer blends in the prediction of in the volume relevant for structural relaxatifiThe parameter
the relevant time and length scale for segmental relaxation. «a is approximately independent of the effective concentration,
2. Pl Dynamics in Toluene.Pl/toluene permittivity loss vs  thus suggesting that toluene does not substantially affect the
frequency curves at several selected temperatures are displayedalue ofa of the mixtures. The weak influence, if any, of toluene
in Figure 2 for 80 wt % PI as an example. Similar plots were on the value ofa, unlike other systems like PVME/toluene
obtained for 90 and 95% PI in toluene. Two main peaks can be recently investigate®, leads to a value ofa essentially
observed in the figure for higiiy data, which can be both  concentration independent and equal tos = 17.5+ 0.5 A
attributed to Pl dynamics. Toluene related dynamics is not JY3 mol-¥3 K13, This value is referred to moles of isoprene
visible in the temperaturefrequency conditions for which data ~ monomer.
are shown being this much faster than PI dynamics. The low- 3. PVE Dynamics in Toluene. Figure 4 displays the
frequency peak can be attributed to Pl normal mode and will permittivity loss in a wide frequency and temperature range for
not be subject of further attention in the rest of the paper except PVE/toluene solutions with 90% PVE. Similar plots were
because it is present in all systems containing PI. On the otherobtained for 70, 80, and 95% PVE in toluene. In the frequency
hand, the high-frequency peak can be attributed to PI structuraltemperature window shown in the figure, only PVE related
relaxation. A broadening of the dielectric response with decreas-dynamics is visible, whereas toluene related dynamics only
ing temperature can be observed indicating the failure oftime  shows up at much lower temperatures and/or higher frequencies.
temperature superposition. This feature is commonly found in Similarly to Pl/toluene solutions, a clear failure of the time
polymer blendsas well as in binary mixtures of low molecular temperature superposition occurs with a progressive broadening
weight glass-formeré Similar results in Pl/toluene mixtures of the dielectric response with decreasing temperature. The
were obtained in the past by Adachi ef&l he relaxation times relaxation times corresponding to the maximum of the permit-
corresponding to the structural relaxation are displayed in Figure tivity loss-frequency curves are plotted vs temperature in Figure
3 for 80, 90, and 95 wt % PI in toluene and for pure Pl. As 5. The solid lines are the fitting of the model to the experime&tsk/
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PVE (filled circles) and for PVE segmental dynamics in PVE/toluene

systems with the following PVE weight percentages: 70% (filled Figure 7. Permittivity loss vs logarithm of the frequency for PI/PVE
squares), 80% (open triangles), 90% (filled triangles), and 95% (open System with 50 wt % PI at various temperatures. The arrows indicate
squares). The solid lines are the fitting of the model to PVE segmental the position of the average relaxation time of both Pl and PVE in the
dynamics in toluene solutions and the dashed line is the fitting through blend as predicted by the model.

the AG equation to pure PVE dynamics data. The inset of the figure

represents the variation of theparameter with the average effective 0.030 ' ' ' ' ' '
concentration (filled circles). The solid line is a linear fitting of e §§§§
experimental data, which, extrapolating to pure PVE, allows the 0025 1 v 278K ]
evaluation of thex parameter for pure PVE. v 268K
[ ]
. . . . [e]
data. From inspection of the figure, it can be concluded that 0.020 ¢

the model allows a good description of the experimental data. _
Similarly to PI in toluene, ther parameter needed to describe  w 0015
experimental data does not present any dependence with the
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effective concentration. Therefore, the valuexdbr pure PVE 0.010 1

is: apve =114+ 0.5 A M3 mol-13K~13 In this case, the value

of a is referred to moles of vinyl ethylene monomer. 0.005 | ]
4. PI/PVE Blends. Figures 6-8 show the permittivity loss

vs frequency at various temperatures for PI/PVE with 75, 50, 0.000 ' ' ' . . . ' '

and 25 wt % PI. Apart from PI normal mode, visible at relatively 2 -1 0 1 2 3 4 5 6 7

low frequencies and high temperatures, two dynamics are log freq. (Hz)

observable, in agreement with previous observatidiihe one Figure 8. Permittivity loss vs logarithm of the frequency for PI/PVE
emerging at lower frequencies can be assigned to PVE relatedsystem with 25 wt % Pl at various temperatures. The arrows indicate
segmental relaxation in the blend, whereas at higher frequencythe position of the average relaxation time of both Pl and PVE in the
Pl related segmental relaxation shows up. Because of theblend as predicted by the model.

presence of some 1,4-dyads in PVE that speed up the dynamicproposed model is capable to fully predict the dynamics of both
of this polymer, the separation between PVE and PI related polymers in the blend, since, the only fitting parameter
dynamics is weakened in comparison to previous data on therequired by the model, can be derived from the knowledge of
same blend:3 The overlapping of the signals from the com- the parametero. of the pure polymers, which has been
ponents of the blend prevents the unambiguous determinationdetermined applying the model to the dynamics of Pl and PVE
of the mean relaxation times for the two polymers in the blend in toluene. Figures 9a and 10a show the model prediction of,
from the permittivity loss-frequency curves. Nevertheless the respectively, PVE and PI related dynamics in the blend. a?)ev
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aforementioned mixing rule was used to obtain that the is known, in principle it is possible to predict the structural
average effective concentration of each component in eachdynamics of any polymer blend. In addition, we have shown
blend. that oo can be easily obtained applying the model to concen-

To test whether the prediction of the model is in agreement trated solutions of the polymer under investigation with a good
with experimental data, in Figures-8 we have indicated with ~ solvent like toluene. All these considerations suggestdhiat
arrows the position of the average relaxation time as predicted a material specific parameter that can be empirically determined.
by the model for PVE and Pl related dynamics in all the blends However, it is noteworthy that in our approach we do not
studied. Two arrows are drawn for each spectrum, the one atattempt to provide a microscopic interpretation of this magni-
higher frequency corresponding to Pl dynamics and the other tude. On the other hand, the AG theBrprovides a theoretical
one to PVE dynamics. As can be observed, the model is ableestimation of the coefficient of proportionality between the
to give a reasonable prediction of the location of the average humber of particles participating to the cooperative rearrange-
relaxation time of both PI and PVE dynamics in the blend ment and the configurational entropy. According to the AG
despite the two dynamics are highly overlapped due to the approach this proportionality constant would be equaliAsy,
broadening of the dielectric response and the similarity in the whereN, is the Avogadro number arglis the configurational
dynamics. This means that the model is also suitable to predictentropy associated with the rearrangement of one basic coopera-
the component dynamics in those systems posse$gantrast tive unit. However, several theoretical approaches have evi-
even smaller than for PI/PVE system. In this case, due to the denced the inaccuracy of the AG approach to provide an
broadening of the response, the average relaxation time can bestimation of the size of the relevant volume for structural
effectively identified through the model, once theparameter relaxation?®°0 On the other hand, several recent simulations
is known indirectly from the study of other systems. It is suggest that the proportionality between the number of particles
noteworthy that the employment of a mixing rule to determine participating to the cooperative rearrangement and the inverse
the o parameter provides a quantitatively accurate description of the configurational entropy actually works51Our approach
of the dynamics of both components as evidenced by the arrowsoffers the possibility of extracting experimentally the propor-
in Figures 6-8. On the other hand, the employment of the  tionality constant ¢) through the study of the structural
parameter of the pure components to describe the segmentatlynamics of bicomponent systems, exploiting the role of self-
dynamics of the each of the component in the blend would result concentration.
in a less accurate prediction. Regarding the length scale for segmental relaxation obtained

Figures 9b and 10b show the diameter =€ 2r.) of the for PI and PVE, it is noteworthy that the increase of the
relevant volume for segmental dynamics respectively for PVE characteristic diameter with decreasing temperature imposed by
and Pl in the blends. In both cases the relevant diameter forthe AG theory results in an accurate description of experimental
segmental relaxation is in the range between 1 and 2 nmdata. This result is at odds with the hypothesis of a temperature
depending on the polymer, its concentration in the blend and independent length scale postulated by Lodge and co-work-
the temperature. As a general rule, a tendency of the lengthers101! |n addition, while the length scale for segmental
scale to increase with the concentration of the rigid component relaxation of PVE is of the order of the Kuhn segment (between
(PVE) is observed, in agreement with previous observations in 1.3 and 1.7 nm compared to a Kuhn lengttl.4 nm), the one

other miscible polymer blends. of Pl is between 1.35 and 1.8 nm and, therefore is about twice
larger than the PI Kuhn length (0.82 nm). This difference in
Discussion the characteristic length scale could in principle explain the

inaccuracy of the Lodge and McLeish approach to provide a
precise determination of the effectivg(s) of Pl and PVE in
the blend®?1 However, the incongruence between the length
scale obtained by us and that derived from the LeeideLeish
model may originate from the different way in which the two
approaches extract relevant temperatures of the blend such as
the Ty or the temperature where the relaxation time would
diverge to infinite, namely the Kauzmann temperature) (n

the AG framework or its phenomenological equivalent, the
Vogel temperature. The LodgécLeish model makes use of
the Fox equation that for th§, reads as follows:

The results presented in the previous section have highlighted
three main crucial points: (i) the model based on the combina-
tion of the self-concentration concept and the AG theory in its
refined version compared to that presented origifayccess-
fully describes experimental data for both polymer/solvent
systems and PI/PVE blends; (ii) the application of the model
to polymer/toluene solutions allows determining the only
unknown parameter needed by the model, apart from those of
the pure components, thus making it fully predictive when
describing blends dynamics data; (iii) the model provides a
satisfactory prediction of PI/PVE dynamics data with a relevant
length scale for structural relaxation dependent on temperature — —
anc? of the order of 2 nm. P P Waney = PelTo (1~ Pen) Toge ®)

The first point has been already commented in the second An analogous equation can be written for the other component
section of the paper. The preexponential factor of the AG of the blend. Despite its theoretical appeal, this equation was
equation was derived more consistently through a mixing rule criticized by Leroy et al52 who highlighted its inadequacy in
of the preexponential factors of the pure components of the predicting theT, of some polymer blends. The Kauzmann (or
blend, and the configurational entropy instead of the excessthe Vogel) temperature of component A in the bleTig{/as))
entropy was employed using the approach of DiMarzio and can be derived from th&, through the following®
Dowell?8 to calculate the former quantity.

A crucial modification of the model consisted on the Tramne) = Tray T (Tgmne) — Tom) (6)
introduction of a mixing rule to determine tlheparameter of
the model. The employment of the mixing rule is justified Combining eqs 5 and 6, the concentration dependenck of
by the fact that each component of the blend contributes to can be derived for both components of the blends. On the other
the oo parameter with its owrwe in the volume relevant for hand, Tk can be obtained from our model considering that at
segmental relaxation. This implies that once th@arameter this temperature the configurational entropy of the bl%ﬂg\/
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Figure 9. (a) Logarithm of the relaxation time vs temperature pure T (K)
PVE (filled circles) and for PVE segmental dynamics in PI/PVE blends  gigyre 10. (a) logarithm of the relaxation time vs temperature pure
predicted by the model through a linear combination of i{e) PI (filled circles) and for PI segmental dynamics in PI/PVE blends

parameters of the pure polymers through the effective concentration ; ; hati

(solid lines). The dashed line is the fitting through the AG equation to B;?ca“r(r:wteetgrg );ftrt]ﬁe T,S?: ng?;?rl]Jgrt; tahrl(l)raz?]r tﬁgn;kf)flg;til\?g c%fngéﬁ)tration

pure PVE dynamics data. (b) Diameter of the relevant volume for (sqjiq lines). The dashed line is the fitting through the AG equation to

segmental relaxation vs temperature calculated through the model forpure PVE dynamics data. (b) Diameter of the relevant volume for

PVE in blends with PI. Percentages refer to PVE. segmental relaxation vs temperature calculated through the model for
Pl in blends with PVE. Percentages refer to PI.

vanishes to zero. Therefore, the concentration dependence of

Tk can be extracted equating to zero the left-hand side of eq 4:

240 T T T

230

S (Tprenay Tkew) + @ = A (Teprenay Tk) =0 (7) 0
It is noteworthy that in our approach only ofig exists, since 210
according to the AG theory, the size of the relevant region for
structural relaxation tends to diverge to infinity, thus making
self-concentration effects irrelevant.
In Figure 11, we plot the concentration dependence of the 180
Kauzmann temperature obtained from the Fox equation together
with that arising from the application of our model. Clearly a

200

Ty (K)

190

170

notable discrepancy exists between the two approaches, overall 160 : ; : :
in the dilute regime. However, the Kauzmann temperature for 0.0 02 0.4 0.6 038 L0
Pl in the blend obtained through the Fox equation almost Mol % PI

coincides with that obtained through the AG approach at Figure 11. Concentration dependence of the Kauzmann temperature
concentration above 40%. This could explain the ability of the according to the Fox equation and the AG approach.
Lodge—McLeish model combined with the Fox equation to
provide an accurate prediction for Pl effectiVg in contrast

to the inaccuracy of the prediction for PVE one (see Figure 7
of ref 21).

A complementary check to highlight the differences between
our approach and that employed by Lodge and McLeish can
be performed deriving the bleri, from the Ty(s) of the pure
component. Defining th@y as the temperature at which the
relaxation time is 100s and combining the AG relation (eq 1)
with eq 4, the following relation between the blefigland the
Ty(s) of the pure component is obtained:

This expression is equivalent to the Fox equation only when
the preexponential factor and the parameferof the AG
equation are equal for the two component of the blend. This is
not the case for Pl and PVE that present notable differences in
both the preexponential factor and the paramé€tésee Table

1). Equation 8, which is based on the AG theory, represents a
more fundamental alternative route to the Fox equation to
evaluate theTy of miscible polymer blends starting from the
knowledge of the dynamics and thermodynamics of the pure
components of the blend. A similar approach to evaluatdghe

of polymer blends based on thermodynamic grounds has been
recently proposed by Kim et &t.

Chiena = Apart from the comparison with the length scales arising from
To"log (100k5°") the Lodge-McLeish model, our results can also be compared
Ca Cs with those of Hirose et & They found that a length scale equal

(8) to the Kuhn segment was not appropriate to fit Pl effecliye

A=) 5=
Telog (10043) and a value between 0.9 and 1.2 nm had to be employed, %C\I)

—+
? T, log (100k)
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is larger than the Kuhn segment but smaller than the one found(14) Cangialosi, D.; Aleda, A.; Colmenero, Macromolecule006 39,

; ; 448-450.
by us at this concentration anc_;l temperature (about 1.5 nm). On(15) Adam. G.: Gibbs, J. HI. Chem. Phys1965 43, 139-146.
the other hand, PVE characteristic length was found of the order(lﬁ) Krygier, E.; Lin, G.; Mendes, J.; Mukandela, G.; Azar, D.; Jones, A.

of the Kuhn segment in agreement with our results. A.; Pathak, J. A.; Colby, R. H.; Kumar, S. K.; Floudas, G.;

It is interesting to note that PI, despite its rather high Krishnamoorti, R.; Faust, RMacromolecule005 38, 7721-7729.
flexibility, displays a length scale up to 1.8 nm. In light of this @7 le,\é"irg& Fi Alega, A.; Colmenero, JMacromoleculesl997 30
relatively large length scale, the idea that the Kuhn segment (18) Arbe, A.; Alegfa, A.; Colmenero, J.; Hoffmann, S.; Willner, L.;
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; ; ; (19) Doxastakis, M.; Kitsiou, M.; Fytas, G.; Theodorou, D. N.; Hadjichris-
questioned. On the other hand, while this concept has been tidis, N.: Meier, G.: Frick, BJ. Chem. Phy<200Q 112, 8687-8694.

proposed to relate the characteristic length scale for structural(20y min, B. C.; Qiu, X. H.; Ediger, M. D.; Pitsikalis, M.; Hadjichristidis,
relaxation of glass-forming polymers to their flexibility, it seems N. Macromolecule00Q 34, 4466-4475.

smitati ; Wi ; (21) Haley, J. C.; Lodge, T. P.; He, Y. Y.; Ediger, M. D.; von Meerwall,
too limitative as structural relaxation, giving rise to the glass E. D Mijovic, J. Macromelecule003 36, 6142- 6151,

transition, is a universal phenomenon involving also 10w (2 Hirose, Y.; Urakawa, O.; Adachi, acromolecule@003 36, 3699
molecular weight glass-formers. The results obtained in this 3708.

work and in refs 13 and 14 suggest that the characteristic length(23) Saﬁaggggg £8 Zggi_grzcgi, N.; Urakawa, O.; Adachi,Macromol-

. ; . ecules, y .
scale for structural relax_atlon |_S_L_m|versally found between_ 1 (24) Kamath, S.; Colby, R. H.: Kumar, S. K.; Karatasos, K.: Floudas, G.:
and 3 nm. Although chain flexibility seems to plays a role in Fytas, G.; Roovers, J. E. lJ. Chem. Phys1999 111, 6121-6128.
affecting the value of this length scale for glass-forming (25) Kanetakis, J.; Fytas, G.; Kremer, F.; Pakula\acromoleculed.992

. . e 25, 3484-3491.
polymers, a precise correlation between the characteristic Iength(%) Schwartz, G. A.: Cangialosi, D.: AlégnA.: Colmenero, 1J. Chem.

scale and the chain structure has still to be determined. Phys.2006 124, 154904
(27) Wolak, J. E.; Jia, X.; White, J. J. Am. Chem. So2003 125 13660~
) 13661.
Conclusions (28) Wolak, J.; Jia, X.; Gracz, H.; Stejskal, E. O.; White, J. L.; Wachowicz,
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