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Abstract

Linear polydimethylsiloxanes of relatively narrow molecular weight distribution (MWD) were synthesized by anionic polymerization and

characterized by different techniques. Binary blends were also prepared with some of the synthesized polymers. Linear viscoelastic

parameters, such as storag¥)(and loss G”) moduli, were obtained at different temperatures as functions of frequescyrtie time—
temperature superposition principle was applied in order to increase the frequency range measured. Zero-shear rate)y)isstestyy¢
state recoverable complianc®) and zero-shear rate first normal stress coefficignpY were calculated from the data corresponding to the

terminal relaxation zone. The molecular weight dependence of those parameters shows a good agreement with classical models and

previously reported results, althougf and 10 are strongly affected by polydispersity. Different polydispersity factors were applied in
order to fit the experimental values of the viscoelastic properties with the th@&900 Elsevier Science Ltd. All rights reserved.
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1. Introduction can be expressed as [2]:

— 9,210
Steady-state rheological properties of molten polymers W10 =2m0Je 2

are generally characterized by the zero-shear viscosity, Thus, for monodisperse linear polymers with, > M, the

the steady-state recoverable compliank®,and the zero- following relationship is expected [2]:
shear rate first normal stress coefficiedt, ;. When plotted

against the weight average molecular weight,, zero- Vo< Mﬁa 3
shear rate viscosity measurements for linear polymer
systems clearly show two regions [1,2]. They can be
represented as follows:

However, these steady-state properties are affected by the
molecular weight distribution, MWD. In particular the
steady-state recoverable compliance is strongly influenced
1m0 = KMJ Q) by polydispersity. Then, for polydisperse systems, a proper

way to present the viscoelastic properties must include a
whereK is a constant for each polymer and temperature; polydispersity factarin order to account for the changes
1=a= 25 below a certain molecular weight, namely the petween the values corresponding to mono and polydisperse

viscosity critical molecular weightM,, and a = 3.4-3.7 polymers with the sam#l,,. Thus, zero-shear rate viscosity
above Mc [2,3]. M; = 2M., where M, is the average and steady-state recoverable compliance for polydisperse
molecular weight between entanglements. molten polymers should be written as:

For monodisperse linear polymers the steady-state a
recoverable compliance increases linearly witid,, Mo = MomPrn = KMyP, (4
below its critical molecular weightM/ = 2 — 3M,, and
becomes independent ,, at molecular weights above J2 = J2yP; (5)

M’ [2,3].

0
The zero-shear rate first normal stress coefficiinto, wheremngy andJgy represent the steady-state values for the

analogous monodisperse polymers @hdand P; are the
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Table 1

Number and weight average molecular weight and polydispersity of the synthesized and commercial linear polydimethylsiloxanes obtained by SEC
Polymer M, X 10 * SEC M,, X 10* SEC M,/M, SEC M, X 10~* FTIR M, X 10" 4 MO M,, X 10 % LALLS
LM1 1.04 1.25 1.20 1.36 1.40
LM2 1.68 2.19 1.30 1.56 1.94
LM3 2.16 2.36 1.09 2.56

LM4?2 2.22 243 1.09 212 2.69
LM5 2.47 3.05 1.23 3.32

LM6? 4.38 4.70 1.07 4.63 5.24
LM7?8 4.86 5.55 1.14 4.70

LM8 8.81 9.23 1.05 9.75 10.00
LM9? 8.83 9.97 1.13 10.11
LM10? 8.96 11.11 1.24 9.66 12.87
LM11 13.63 16.83 1.24 15.50 18.30
LM12 17.26 25.29 1.47 17.30 25.00
LM13 22.47 26.94 1.20 20.20 29.50
LM14 27.39 31.43 1.15

LB1 1.17 1.47 1.26 1.07 1.37
LB2? 2.75 3.12 1.13 3.24 4.40
PD1 4.15 6.44 1.55

PD2 5.18 8.37 1.62

PD3 10.11 14.47 143

PD4 10.89 25.09 2.30

PD5 33.18 50.57 1.52

2 Villar et al. [12].

From Egs. (2)—(5), one can obtain the expression for the (Petrarch Systems, Inc.) was utilized as termination agent
zero-shear rate first normal stress coefficient for poly- to introduce one or two terminal functional groups in the
disperse linear polymers witkl,, > M, : linear PDMS chain.

Table 1 shows all the linear polymers obtained. The
nomenclature utilized was the following: polymers labeled
JS is strongly influenced by polydispersity amj values as LM are Iipear monofunctional PDMS'.thOS? .named asLB
may be large, even for polymers with relatively narrow are Ilnear_dlfunctlonal PDMS and those |denf[|f|ed as PD are
MWD. In contrast, viscosity is not seriously affected by commercial (Petrarch Systems, Inc.)_polydlsperse PDMS'
polydispersity anP, is always close to unity. Sinc&; o _Some of these polymers were synthe5|_zed and characterized
depends ofP,, it is also affected by polydispersity. ’ in a previous work [12]. Monofunctional PD.MS were

In this paper we report results on the rheological behavior obtained using q—hexane as_solvent and dlfu_ngt_lor)al
of relatively narrow MWD linear PDMS in the molten state, PDMS were obtained W|th THF as solvent for thle initiation
some of their binary blends and a series of commercial step and also for the regc_tlon [12]. Eoursets ofbmar;_/ blends
polymers. Then, we analyze the influence of MWD on the were prepared by. mixing the highedd, synthesized
viscoelastic properties, taking into account several poly- polymer (LM14) with polymers LM8, LM9, LM11 and

dispersity factors previously reported [1,4—11]. LM13 at concentrations ranging from 5 to 75 wt% of
polymer LM14.

All the polymers and blends were characterized using

V1o = 2nom Pn)ngM P oc MvzvaPE,PJ (6

2. Experimental Size Exclusion Chromatography (SEC) in a Waters Model
440 Liquid Chromatograph at room temperature. Toluene
2.1. Synthesis and molecular characterization was used as mobile phase at a flow rate of 1 ml/min. A set of

four w-Styragel columns (500, £p 10 and 16) was
Linear polydimethylsiloxanes (PDMS) with relatively employed. Number and weight average molecular weights
narrow molecular weight distribution were synthesized by (M, and M,,) of the linear polymers were obtained by
anionic polymerization. The monomer used was hexa- calibrating the SEC with narrow MWD polystyrene (PS)
methylcyclotrisiloxane (B) (Petrarch Systems, Inc.). The standards (Press Chem. Corp.). Benoit universal calibration
reactions were initiated bg-butyl lithium (Alfa Ventron, [13] was used and the Mark—Houwink constants for PDMS
2.1 M in hexane) and carried out in glass reactors underand PS in toluene at 20 were obtained from the literature
vacuum in order to avoid the presence of non-desirable [14]. The adopted values weike = 4.16 X 10 % anda =
moieties such as #, O, or CO,. Previously distilled and  0.788 for PS and& = 2.43% 10 % anda = 0.84 for PDMS.
dried n-hexane and tetrahydrofuran (THF) were used as The resulting molecular weights are shown in Table 1. The
solvent and solvating agent. Vinyldimethylchlorosilane elution chromatograms show that blends B1 and B2 present



J.A. Ressia et al. / Polymer 41 (2000) 6885—-6894 6887

1E+6 grrrmm—rrrmm—r T 2.2. Rheological measurements
1E+5 é— a) = The rheological characterization of the linear PDMS and
F ] the blends was carried out in a Rheometrics Dynamics
1E+4 & E Analyzer RDA-II at temperatures ranging from40 to
. ]E+3i_ . 15C°C. Shear flow was obtained by dynamic tests using
£ 3 25 mm diameter parallel plates. Strain-sweep tests were
Ny 5 performed for the different samples at predetermined
b& 2 ] temperatures, several frequencies, and various strains
R add o E in order to determine the operable strain range for achieving
1E+0 _ ? linear viscoelasticity. The storage (elastic) modul®s,and
E the loss (viscous) modulug”, were measured for frequen-
1E-1E . cies ranging from 0.05 to 500 & Master curves fo6’ and
F | | | | 3 G” were obtained using the time—temperature superposition
t-p sl sl e oot 20C as reference temperature. With this
ao N procedure the range of measured frequencies was increased
1 by almost two decades.
B ®) E 3. Results and discussion
1E+4 & -
E 3 The IRIS software [16] was used to obtain the master
= IEBE - curves at 28C for G' and G” for all the polymers and
& F ] blends. Fig. 1a and b shows the plots ®f and G” as
& E functions of the shear frequency for all the synthesized
< 1EL _ polymers. Fig. 2a and b shows the moduli for the five
commercial PDMS analyzed. Expected values of 2 and 1
1E+0 & - for the G’ andG” slopes at the terminal relaxation zone [2]
F 3 were obtained for all the polymers except for the PD5. In
1E-1 - E this case the slope of the elastic modulus at low frequencies
1E-2 C FRTTTT SR R RTTIT M RTTT ISR MR .....; was found to be 1.83.
1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 For the polymers LM1 to LM5, LB1 and LB2 we were

a,o s not able to measure the elastic modul@)(because the
low molecular weight polymers have low viscosity and
Fig. 1. (a) Elastic modulusX) and (b) loss modulus’) as functions of  elasticity. For the time—temperature superposition, two
frequency {) at 20C for the anionic synthesized PDMS. SymboBEl) ( shift factors were obtained: the frequency shift facear,
tm; ((g)) |_L||\\/|/I§;; E;))LyhjléA)(lgBhg4LISAiiL?A><5) (|_A|\)/|1L2A6(o(). )L,b:\g ((3 and the modulus shift factdo. .Ther) itis posiible to obtain
LM14. a single master curve by plottingG’ andb;G" versusarw
for each polymer. Two typical relationships often used to
explain the dependence dd; with temperature were
analyzed: an Arrhenius type dependency [2,17], and the
clear bimodal distribution curves, while B3 and B4 do not. Williams, Landel and Ferry equation (WLF) [17]. For the
In previous works [12,15] we used a different set of Mark— set of polymers analyzed, a value of 2050.5 K was found for
Houwink constants for SEC characterization of some of the AH./R, where AH, is the flow activation energy for the
synthesized polymers and blends. However, in this work we Arrhenius expression and the WLF equation constants
preferred the set shown above, which led to slightly lower were found to bec? = 2.31 andc) = 2238 K. Both the
(about 8%) PDMS molecular weights. activation energy and; andc constans are in good agree-
Number average molecular weights of most of the syn- ment with reported values for molten PDMS [2].
thesized PDMS were also obtained by Infrared Spectro- The zero-shear rate viscosityo, the zero-shear rate
scopy (FTIR) and Membrane Osmometry (MO). A first normal stress coefficient¥;,, and the steady-state
Low-angle Laser Light Scattering (LALLS) photometer recoverable compliancé?, can be calculated from linear
(Chromatrix KMX-6) was utilized to determine the viscoelastic properties [2].
weight average molecular weight of most of the polymers.  Zero-shear rate viscosity values as a function of weight
Experimental conditions can be found in previous work average molecular weight are shown in Fig. 3. The plot
[12]. Results for these measurements are also shown inpresents the two expected regions [2,3]: at low molecular
Table 1. weights (Newtonian viscosity or non-entangling region,
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Fig. 2. (a) Elastic modulus¥') and (b) loss modulusy”) as functions of
frequency {) at 20C for the commercial PDMS (Petrarch Systems, Inc.).
Symbols: @) PD1; ©) PD2; (x) PD3; () PD4; (+ ) PD5.

M,, = 23,000) 7, increases withMi’®, while at higher
molecular weights (molecular entanglement region,
M,, = 31,000) 1, increases witM>*4, in good agreement
with experimental results extracted from the literature [2—4].

An important feature is the effect of polydispersity on the
viscoelastic properties of the polymers. Polydispersity
affects considerably thdl values of the polymers, even
for materials with polydispersities as narrow Mdg/M,, =
1.1. The steady-state recoverable compliance of the poly-
disperse PDMS is evidently not constant in the region where
M,, > M, and the values obtained are higher than those
corresponding to a monodisperse polydimethylsiloxane
(Fig. 4) [2,4]. Polydispersity also affects significantly the
¥, o values.

In order to take into account the polydispersity effect,
several authors [4-11,18-28] have proposed the use of
polydispersity factor, which affects the predicted value of
the corresponding viscoelastic property. Thus, Egs. (4)—(6)

J.A. Ressia et al. / Polymer 41 (2000) 6885-6894

1E+5 T

LR T T T T T TTEF

1E+4

1E+3

1E+2

Mo (Pa.s)

1E+1

1E+0

1E-1

LRALULL BNEELL BN R ELLL IR LU LU L R

povnl verd vrond el v vl

Ll 1 1
1E+5
My,

§ I T

1E+6

1E-2 S
1E+4

Fig. 3. Zero-shear rate viscosity)) as a function of the weight average
molecular weightM,,) at 20°C for the synthesized and commercial PDMS.
Symbols: @) synthesized PDMS{{) commercial PDMS.

must be considered. The factd?s andP; are functions of
the MWD and they are generally defined in terms of the
moments of the MWD:

Q=> Mo (7)
i=1

HereQ represents the moment of ordesf the distribution

and w; is the weight fraction of the macromolecules with

molecular weightv;.

In order to test which of the polydispersity factors are
more suitable to correct the measured rheological properties
we analyzed some of the models proposed in the literature.
The experimental values ofy, JS and Y0, and the

1E"2 E T T T T 177 T T T T T T 1714
1E-3 =
- - a a -
<
& IE4E o =
S, E o e . d 3
™ C S . ]
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b J,
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Fig. 4. Steady-state recoverable compliati% as a function of the weight

aaverage molecular weightA,,) at 20C for the synthesized and commercial

PDMS. Symbols are the same as in Fig. 3. Solid lig; value for a
monodisperse linear PDMS at ZDaboveM’, [2,4].
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Table 2
Models for the viscosityR, >) and recoverable compliancE,} polydispersity factors

Model Equation Obtained from
Models for B,
Malkin et al. [5] b (&)15: Q L Binary blends of linear polybutadienes
K My e
Doi and Edwards [9,22] MM, \343 Qg \**? The theory of Doi and Edwards [9], adjusted to give the
Py = (—Mvzv ) = Q_f experimentally observed viscosity power [22]
Anderssen and Mead [11] P — (ﬂ)cz (Q,Q.,)° A theoretical derivation based on previously reported works
m Mﬂ -
Models for B
Mills [4] b M, 3-7_ Q, 87 Molten polydisperse PDMS, PS and PE and fractions of them
17 NTW - ag M,, > 70,000
Modified Rouse [1,2] P, = M;Mz+1 _ Qs A modification of the Rouse model [1,2]
ME Qf
Doi and Edwards [9] P, = Mz2Mz43Mzia _ Qs The theory of Doi and Edwards [9]
MWMZMZ+1 Q%
Montfort et al. [6,7,10,22,24] P, — Qua Binary blends of linear PS fractions, wity o< M3 [22]
QAIA
Agarwal [8] p.— MMziy | QQ-y Binary blend data of different PS systems from literature
T MM, 2
Zang et al. [24] P, = Qa Binary blends of narrow MWD PS, withy, oc Mg,
05

calculated values obtained from the models listed in Table 2 crude experimental values present higher deviations from
were compared in the region aboMg.. the straight line and give a high value of 3.63 for the slope.
The anionic PDMS with narrow MWD, their binary When the models of Malkin et al. and Doi and Edwards are
blends and the commercial PDMS were used in the experi- used to adjust the data, slopes of 3.33 and 3.21 are obtained
ments. The four sets of blends that were prepared containand the results also present a higher dispersion. Table 4
the same highM,, polymer (LM14) and a lowM,, polymer, presents the values &f anda obtained from the regression
either LM8, LM9, LM11 or LM13, at different concentra- of the experimental results when they are adjusted by the
tions: 5, 10, 17, 25, 50 and 75 wt% of LM14. Table 3 shows polydispersity factor agy/P,, for the different models.
P, and P, values for the prepared blends calculated from  From all the models analyzed, that proposed by
some of the models presented in Table 2. Anderssen and Mead [11] witb= 0.5 gives the best fit
Fig. 5 shows the experimental, values for the synthe-  for the viscosity values. This exponent was previously
sized and commercial polymers, as well as the preparedreported for polydisperse samples and fractions of high
blends, as functions of thkl,. Also, the values obtained density polyethylene [18]. So, the best representation for
by correcting the experimental data with the different all the samples analyzed can be expressed as:
models enumerated in Table 2 are shown. In order to 16 1341 _
appreciate better the individual fits to the various models, "0 (Pag = 451x 10 "M;*(QQ ) ®
1o values were arbitrarily shifted for each model by multi- The expression is valid for the regidh,, = 64, 000,
plying no by a factorA, as labeled in Fig. 5. Eq. (4) with Although not presented here, the molecular weights of
P, = (My/M,)° fits with a straight line of slope 3.41 and all the blends obtained from SEC were found to be in
gives a low dispersion of the experimental data. If no poly- good agreement with the typical expressions used to
dispersity factor is taken into consideration, Pg.= 1, the calculate the average molecular weights for blends of two
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Table 3
Polydispersity factors fon, (P,) andJ? (P,) of the prepared blends
Blends LowM,, component M /My 2 i’ (%) P,° P,
DE Montfort Eq. (16)
B1 LM8 341 0 1.02 1.80 1.53 1.42
5 1.09 12.21 13.07 8.95
10 1.09 11.65 12.62 8.70
175 1.14 12.41 19.09 12.75
25 1.18 12.23 19.91 13.29
50 1.25 7.22 10.89 7.90
75 121 4.50 5.30 4.20
B2 LM9 3.15 0 1.06 2.55 2.37 2.08
5 1.18 8.18 11.58 8.27
10 1.17 9.31 12.62 8.87
175 1.20 8.07 12.33 8.79
25 1.24 8.34 13.31 9.42
50 1.26 4.22 6.50 5.10
75 121 3.44 4.00 3.30
B3 LM11 1.87 0 1.11 4.59 4.62 3.69
5 1.14 5.01 5.55 4.34
10 1.13 4.75 5.10 4.03
175 1.15 5.40 5.93 4.59
25 1.16 5.43 5.87 4.55
50 1.16 4.20 451 3.63
75 1.13 341 3.24 2.72
B4 LM13 117 0 1.10 4.48 4.18 3.36
5 1.12 4.97 4.70 3.72
10 1.13 4381 4.58 3.64
17.5 1.13 5.92 5.35 4.14
25 1.14 6.05 5.40 4.18
50 1.13 5.37 4.50 3.56
75 1.10 4.39 3.54 2.89
LM14 1.07 3.51 2.80 2.37

& My, andM,,, are the weight average molecular weight of the higher (LM14) and lower molecular weight polymer in the blend, respectively, obtained by
SEC.

® wy is the weight fraction of polymer LM14 and,, = O corresponds to the pure low,, component.

¢ P, calculated from the Anderssen and Mead model with 0.5.

4 P, calculated from the Doi and Edwards (DE) and Montfort et al. models and from Eq. (16pwith.08.

monodisperse polymers [24], i.e. If polydispersity factors are taken into account, Eq. (11) is
1 © © rewritten as:

= -+ o= ©)

Mn,B Mn,H IVIn,L la Vay @
N oH Mol
=P — ] + — 12

and NoB n,B(wH(Pn’H) wL(Pn,L) ) (12
Mug = @yMyn + o My (10

) ) . ] whereP, ,; andP,, are the viscosity polydispersity factors
Here w; is the weight fraction of polymei and the  fqr the higher (H) and lower (L) molecular weight compo-
subscripts H and L represent the higher and lower molecular yant in the blend ang 5 is the polydispersity factor of the
weight polymers and B denotes the blend. This fact implies pjeng. "
that for blends made of polymers wit,/M, < 1.24 (as Fig. 6 shows the zero-shear rate viscosity of the four sets
the ones presented in this work), Egs. (9) and (10) accuratelyyf plends calculated by Eq. (12), with= 3.41, as functions
adjust the number and weight average molecular weights of ¢ the weight fraction of the higher molecular weight poly-
the blends. Then, from Egs. (1) and (10) a mixing rule for mer in the blend ). The fit with the experimental values
the viscosity can be obtained [22]: is good and adjusts very well the evolution of the blends. We
Va Ja\@ found that there is not substantial difference between the fits
Mo = (wHﬂo,H + wL”flo,L) 1D given by Egs. (11) and (12) for the polymers that we include
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Table 4
Constants for thé®, adjustments and regression analysis from the models
Model for P, no (Pag= KM&,PTI Statistics of power lafv

K x 10' a r? 42
ExperimentalP,, = 1) 0.375 3.62 0.983 0.046
Malkin et al. 13.85 3.33 0.989 0.024
Doi and Edwards 60.53 3.21 0.952 0.102
Anderssen and Mea@ = 0.5) 4.51 3.41 0.998 0.005

2 y2js the coefficient of determination amtf is the estimate of the variance.

in this study. But Eq. (12) seems to be a more adequate wayTable 5
to express the viscosity of a blend when its components areSteady-state recoverable compliance average values and average dispersion
not really monodisperse errors from the expected valg#, = 107° Pa %) for the analyzed models
In the case of the steady—s_tate recoverable compliance foryodel for p, X average value (P4  Average error (%)
M,, > M¢, Eq. (5) can be written as:

ExperimentalP; = 1)  6.45x% 10’2 480
‘]eO/PJ = ‘]g'\" = constant 13 mgljified Rouse 12392: 18’5 122
Doi and Edwards D7x10° 41
Therefore, if the proposed models fBy give an adequate  Montfort et al. 909x 10°° 38
correction of the experimental data, by plottin/P, Agarwal 185X 10:2 85
againstP;, a horizontal straight line should be obtained. Z2"9eta. bax10 " 25
Py = Qu08/Q1 10 16

The models of Doi and Edwards and Montfort et al. adjust
fairly well Eq. (13) for the polymers and blends analyzed. * Proposed from experimental observations for monodisperse linear
The other models foP; do not give a very good agreement PDMS at 20C [2,4].
with Eq. (13). TheirdY/P, values are higher than previously
reported data for PDM®JJ, = 10 ° Pa ') [2,4]. Table 5
shows the average deviations of e®gmodel from thelgy From theJ?y values obtained for the Doi and Edwards
expected value. and Montfort et al. models fa@,, J0 for M,, = 64,000 can

be expressed as:

1E+8 T T T T T T T T T3 1 QG
3 J0(Pa)=107x10"°= (14
1E+7 - Q3
1E+6 —; 1E+4 T T T T T T T — T 3
o~ 3 E ]
< 1E+5 = - 4
& : - ]
. 1E+4 - F . B4+ PSR
3 +++
< 143 ] 1E+3 =
+ = @ 3
3 v -
< E g ]
1E+2 = = ‘ ]
t 3 ) 4
P — =)
1E+1 g+ - =
3 1E+2 -
' ] 3
TE+0 s~ 35 4 5 67389 i ]
1E+5 1E+ F ]
M, L i
Fig. 5. Zero-shear rate viscosity{) multiplied by an arbitrary constaut 1E+10 o R
as a function of the weight average molecular weidgg)(at 20°C for the ’ 02 04 0.6 08 1.0
individual PDMS and blends. Symbols+) experimental values (i.e.: (OB}
P,=1), A=1 (A) Malkin et al. model A= 10. (O0) Doi and Edwards
theory,A = 100 (O) Anderssen and Mead model with= 0.5 (i.e.:P, = Fig. 6. Zero-shear rate viscosity{) as a function of the weight fraction of

(My/M,)%%), A= 100 Lines: fits for experimental values (slope 3.62), the highestM,, polymer in the blend &) for the four sets of blends
Malkin et al. model (slope 3.33), Doi and Edwards theory (slope 3.21) analyzed. Symbols: @) blends B1; [J) blends B2; ®) blends B3; (+)
and Anderssen and Mead model witk= 0.5 (slope 3.41). blends B4. Lines: fits for the mixing rule of the blends (Eq. (12)), as labeled.
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Fig. 7. Steady-state recoverable compliat% as a function of the weight
fraction of the highes¥,, polymer in the blendd) for: (a) blends B1 and

B3; (b) blends B2 and B4. Symbols are the same as in Fig. 6. Solid lines: fits
for Eg. (18), as labeled. Dashed lines: fits for the Doi and Edwards theory
(Eq. (14)), as labeled. Dotted lines: fits for the Montfort et al. model (Eq.
(15)), as labeled.

for the Doi and Edwards model, and

6 Q4.4

4.4
1

X Pal)y=909%x10" (15)

for the Montfort et al. model.
Theseddy values of 107x 107> and 909x 10 ® Pa*
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weight). With this choice of parameter the equation for
P; from Montfort et al. model presented in Table 2 is
achieved [22,24].

In view of the analogy of the expressions fyfrom the
modified Rouse, Montfort et al. and Zang et al. models
shown in Table 2, we decided to adjust our experimental
data using an expression similar to those models. Thus, we
proposed

= %

Q}
whereb is an adjustable parameter. Then, we calculatédthe
values for each linear PDMS and blend in order to assure:

5 Qo
Q&

since 10° Pa 'is theJ? expected value for a monodisperse
linear PDMS at 2€C [2,4]. ThingM value is shown as a
straight horizontal line in Fig. 4 in order to visualize the
enhancement of° with polydispersity.

The average value @fto fit the data from all the analyzed
polymers wad = 4.08, so the general expression for the fit
of the experimental? data is:

Qa8
Qioe

The obtained value lies between the values proposed by
Zang et al(b = a = 3.41) and by Montfort et al(b = 4.4).

It is also interesting to note that the anionic synthesized
polymers LM8 and LM14 with lower polydispersity
(M,,/M,, = 1.15) presented)? values that were closer to
the constant value expected for “monodisperse” polymers.

Fig. 7a and b shows the fits of Egs. (14), (15) and (18) to
the experimental values af for the four sets of blends
prepared. Blends with bimodal distribution (B1 and B2)
show a maximum on thd’ values at contents of high,,
polymer of approximately 15—20 wt%. The polydispersity
factors calculated by the analyzed models reach values as
large as 10 or 20 in some cases (Table 3), and considerably
affect theJ? values. Thus, a small fraction of a hid¥,
polymer can enhance th¥ value of a lowerM,, polymer
with narrow MWD in one order of magnitude, as can be
seen in Fig. 7a and b for blends B1 and B2. However, the
models overestimate the recoverable compliance for some
of the blends. This fact may be due to the high-order
moments considered by these models when MWD of the

P, (16)

X Paty=10 an

RPat)y=10"° (18

obtained from Egs. (14) and (15) are in good agreement with pjands are relatively narrogM,,/M,, < 1.35).

those previously reported for linear monodisperse PDMS at

20°C [2,4].
Itis suitable to remark that the expression of the Montfort

We are able now to obtain an expression for the zero-
shear rate first normal stress coefficiett; o, taking into
account the effect of polydispersity. From Eqgs. (6), (8),

et al. polydispersity factor presented here is obtained from a(14), (15) and (18)¥, ofor M,, = 64,000 can be expressed,

mixing rule similar to Eq. (11) [6,7,10]. In this case, the
mixing rule includes an adjustable paramate6truglinski
and Graessley [22] and Zang et al. [24] propoged 3.4
(the exponent of the viscosity power law with molecular

as:

Q4.08Q— 1

¥y, (Pas) = 4.07x 10*36M382W
1

19
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1E+4 g ; — different polydispersity factors studied®, = (M,/M;)*°
£ ] achieved the best fit to experimental values. This result
1B+ B E was previously observed in the literature [11,18].
o 1E+2:_ _ However, J¢ values are not independent of molecular
g £ weight for M,, greater tharM, if no polydispersity factor
— 1B+l g - is considered. Besides, this value may be considerably
~, F 3 higher than the expected ones for essentially monodisperse
S TE0E E polymers. The enhancement af is about one order of
& eab . magnitude for polymers witM,,/M, = 1.5.
= E We analyzed different models for the polydispersity
9:: B2 —é factor which affects the)] values. Those obtained from
£ 3 the Doi and Edwards theory [9] and the Montfort et al.
1E-3 E mixing rule [6,7,10] gave a constant value fif; in very
1E_4r 1 ) ) L7 good agreement with previous observations in the literature
5 6 7 8 9!E+5 2 3 4 5 [2,4]
M,, We also proposed a new expression Byrwhich arises

from the similitude amongst different models presented in
Fig. 8. Wl.o/(PWZPJ) as a function of the weight average molecular weight the literature. This expression is given by Eq. (16) with an

(M, for the individual PDMS and blends, whef§ = M,,/M, Symbols: adjustable parametds. The best fit for all the polymers
(x) proposed model (Eqg. (19))O) experimental values off'; (i.e.:

PgF’J = 1). Solid line: fit for Eqg. (19) (slope: 6.82). Dashed line: fit for analyzed was found using = 4.08, which lies between

b = 3) and the Montfort et al. modéb = 4.4) (see Table 2).
whenP; is given by Eq. (16) witth = 4.08, Similar results were obtained fo#, ,, which corrected
Q:0,0 values taking into account the MWD effect were one order
V1o (Pas) = 4.35x 10’36M%82% (20) of magnitude lower than the crude experimental ones.
3
for the Doi and Edwards model, and
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