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ABSTRACT: The tracer diffusion coefficients (D*) of deuterated tetramethylbisphenol A polycarbonate 
(d-TMPC) and deuterated polystyrene (d-PS) into protonated blends of TMPCPS were measured in an 
effort to gain insight into the factors which determine the monomer friction coefficient of the individual 
components of a miscible polymer blend. Forward recoil spectrometry (FRES) was used to  obtain the 
depth profile of deuterium after diffusion well above the glass transition temperature (T,J The 
temperature dependence of the D*’s was measured for matrices with PS weight fraction w of 0,0.5, and 
1; in all cases the D* of TMPC was more strongly temperature dependent than that of PS, which is in 
contrast with the results in blends of PS/poly(xylenyl ether)(PXE) and in disagreement with the simple 
free volume model of the dynamics of polymer melts. At high molecular weights of the protonated matrix, 
diffusion of the deuterated tracer molecules was independent of the molecular weight of the matrix and 
scaled as M+, where M is the molecular weight of the tracer polymer, strongly suggesting that reptation 
is the diffusion mechanism in this regime. The reptation model was used to extract monomer friction 
coefficients for the PS (c,,pg) and TMPC (~,,TM~C) from their respective D*’s measured as a function of w 
at T = T g  + 45 “C. The monomer friction coefficient of TMPC was larger than that for PS by more than 
100 times. The 5, of each species depended strongly on composition at either constant T - Tg or constant 
fractional free volume. However, cO,p5/<,,,~pc varied only moderately (by about a factor of 3) as a function 
of w ,  again in marked contrast with the results in blends of PS:PXE where it varied by about a factor of . -  

103. 

1. Introduction 

Extensive explorations to understand the relaxation 
processes in polymeric systems have been performed in 
the last few decades. These processes take place over 
an extraordinarily broad range of time scales, and 
predicting their behavior will require a very detailed 
understanding of the interactions on a molecular level. 
The dynamics in chemically dissimilar miscible polymer 
blends provide information about both intermolecular 
interactions (the influence of interactions with neigh- 
boring molecules) and intramolecular constraints (the 
energy barrier for the conformational transition), which 
together essentially determine the phenomenological 
friction experienced by a moving molecule. This infor- 
mation can be obtained by investigating how the 
individual mobility of each separate chain would be 
modified by such conditions as composition and tem- 
perature. However, only a limited number of systems 
have been studied so far and more efforts are still 
needed for the overall picture to be drawn. Recently, a 
significant amount of experimental work in blends has 
been accumulated by measuring tracer diff~sion, l -~ by 
analyzing the frequency dependence of loss 
by studying local dynamics by dielectric relaxation 
rneasurements8-l1 and by nuclear magnetic resonance 
(NMR),12-15 and by investigating the orientation of 
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Merent  species when subjected to a uniaxial strain.16-18 
The studies of tracer diffusion have been carried out on 
blends of PS/poly(xylenyl ether)(PXE),lV2 PS/poly(vinyl 
methyl ether),3 and PS/poly(methylstyrene),4 where the 
influence of excess free energy of mixing (as represented 
by the Flory segment-segment interaction parameter 
x) is negligible and only the combinatorial entropy of 
mixing drives the diffusion. 

In a high molecular weight homopolymer matrix 
where the matrix chains are sufkiently entangled, the 
relaxation and diffusion of labeled tracer chains are well 
described by the reptation model which was proposed 
by de Genneslg and later quantified by Doi and Ed- 
wards.20 The essential aspect of the model is that the 
entanglements in the matrix provide a “tube like” 
contour through which the tracer chain makes a curvi- 
linear motion. A chain is composed of segments which 
are connected by hypothetical springs and the mobility 
arises from random forces due to thermal noise. The 
reptation model has been shown to agree well with 
experiments for various polymer melts, although the 
model still lacks microscopic theoretical justification. 
The pros and cons of reptation are summarized in depth 
in the recent review paper by Lodge et a1.21 From the 
reptation model, Graessley derived the following ex- 
pression for the tracer diffusion 

(1) 

where Drep is the reptation tracer diffusion coefficient, 
Me is the entanglement molecular weight of the matrix 
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chain, M is the molecular weight of the diffusing chain, 
M, is the molecular weight of the monomer unit, kg is 
Boltzmann's constant, and T is the absolute tempera- 
ture. The monomer friction coefficient, go, is a measure 
of the local resistance arising from the dragging force 
exerted during the relaxation process. The value of the 
well-defined monomer friction coefficient determined 
from D* measurements has been shown to  be in good 
agreement with that determined from zero shear rate 
v i s ~ o s i t y . ~ ~ - ~ ~  From eq 1 diffusion can be nicely viewed 
in terms of only one parameter, i.e. 5,. In blends the 
monomer friction coefficients of both species, <,,ps and 
S0,mpc, can be extracted as  follows (with i indexing the 
species), by assuming that the blend system is charac- 
terized by a single entanglement molecular weight 
which can be obtained from one value of the plateau 
modulus (Gi):  

In eq 2 we assume that the motion of both types of 
chains (PS and TMPC) occurs in a common tube whose 
diameter is characteristic of the blend as a whole and 
thus we use a single Me to represent the blend of a given 
composition. This assumption, which has been justified 
previously,2 is consistent with the phenomenological 
theory of Me due to Graessley and E d ~ a r d s . ~ '  

In this paper, we examine tracer diffusion in high 
molecular weight PSDNPC blends where reptation is 
the dominant mechanism in order to address the fol- 
lowing questions: How would the friction factor vary 
as a function of temperature for each chain? Also, how 
does it change as a function of blend composition? The 
aclivation barrier for the tracer diffusion can be moni- 
tored from the temperature dependence. Composition 
dependence of the tracer diffusion coefficients can be 
thought to come from the influence of the intermolecular 
interaction, if the intramolecular constraints are kept 
constant. We attempted to approach this condition by 
monitoring the composition dependence of D* both a t  a 
constant temperature interval above Tg, i.e. at  a con- 
stant T - Tg, and a t  a temperature corresponding to 
constant free volume. 

2. Free Volume Theory 
Free volume theory has been shown to be a simple 

but useful tool for explaining the processes occurring 
in glass-forming materials at  temperatures not far 
above the glass transition temperature.28 The free 
volume is assumed to expand linearly with temperature 
T above Tg, 

f =  Aa(T  - T J  = fg + Aa(T  - Tg)  T > Tg (3) 

where f is fractional free volume, Aa is the expansion 
coefficient of the free volume, T,  is the "Vogel" temper- 
ature a t  which the free volume vanishes, and fg is f at 
Tg. We first assume for the sake of simplicity that each 
chain in a given miscible blend will have the same T,, 
corresponding to the single glass transition temperature 
of the blend. In section 5.2, we will also consider the 
alternative assumption that each chain has its own Tg 
which is different from that of the pure polymer. The 
Vogel-Fulcher equations for the tracer diffusion coef- 
ficient and the monomer friction coefficient can be 
derived:29 

D* B & - - = A  - - T T - T, (4) 

with 

B = v*lAa (6) 

where A and A' are constants for a given polymer and 
u* is the critical void size to allow a jump. 

The WLF equation is also obtained, 

(7) 

with 

c1 = Blc, (8) 

~2 = Tref- Tm (9) 

Nearly universal coefficients of the WLF equation were 
found foT various materials when Tg was taken as Tref, 
and this finding has been interpreted as signifying that 
the free volume expansion governs molecular motion in 
a variety of materials ranging from low molecular 
weight organic liquids to polymers in such a way that 
the detailed chemical structure may not be very impor- 
tant except in that it determines Tg.28 

The above simple free volume theory states that as 
the temperature is increased from T,, D* is accordingly 
increased solely by the expansion of the free volume 
with a rate, B, which is proportional to the critical void 
size to allow the tracer chain to jump and inversely 
proportional to  the expansion coeflicient of free volume 
of the matrix molecules. When two chemically different 
chains are microscopically in contact, as in the PS/ 
TMPC blend,30,31 and the blend system has a single 
glass transition temperature, the most simple interpre- 
tation of free volume theory is that there is only one u* 
associated with the long range cooperative motions near 
the glass transition temperature. Therefore if we 
simply assume that u* is the same for each chain, the 
slope, B, in the plot of log(D*/T) vs 1/(T - T,) is also 
predicted to be same. When Composto et al. examined 
the tracer diffusion of d-PS and d-PXE into a PS/pxF: 
blend (55 vol % PS) at a temperature well above Tg, they 
found nearly the same value of B for both components, 
in agreement with this prediction.32 For polymer blends, 
however, the major modes of local motion for each 
component-which are responsible for the mobility of the 
polymer liquid-do not, in general, have the same 
relaxation rate. The internal barrier for rotational 
isomerization about main-chain bonds and the unit size 
for that motion, as  well as the intermolecular inter- 
action, combine to determine the value of B .  Thus in 
miscible polymer blends, different critical void sizes can 
be expected for each polymer species, and such blends 
may manifest complex thermorheological behavior even 
if the assumption of a single Tg were correct. These 
arguments lead one to question the simplicity of the 
conventional free volume model and the generality of 
the result of Composto et al. 

On the other hand, at  temperatures well above Tg, 
the temperature dependence of the relaxation of poly- 
meric molecules becomes nearly Arrhenius and a single 



Macromolecules, VoE. 28, No. 6, 1995 PS and Tetramethylbisphenol A Polycarbonate Blends 1981 

Table 1. Weight-Average Molecular Weight and 
Polydispersity Indices of Deuterated Polymers 

Table 2. Weight-Average Molecular Weight and 
Polydispersity Indices of Protonated Polymers 

M w  MwlMn 
d-PS 9.0 x 104 1.02 
d-PS 1.1 x 105 1.1 
d-PS 1.23 x 105 1.05 
d-PS 1.96 x io5 1.03 
d-PS 3.03 x 105 1.05 

d3-PS 1.1~ 105 1.04 
d5-PS 9.a9 x 104 1.05 
d-TMPC 1.65 x lo4 2.35 
d-TMPC 2.28 x 104 2.50 

d-PS 4.a9 105 1.1 

activation enthalpy describes the motion.28 In this 
range of temperature free volume no longer determines 
the rate of diffusion. For the range of temperature 
where free volume is thought to play a major role, 
however, the activation enthalpy can be approximated 
as follows:28 

Ea = 2 . 3 0 3 R B ( m )  T 2  (10) 

As T increases, the apparent activation enthalpy, Ea, 
decreases, asymptotically approaching 2.303RB, and a 
constant activation energy is not achieved until a high 
enough temperature is reached. In this temperature 
range, the above equation says that there are two 
factors which determine the apparent activation en- 
ergy: the value of B and the distance from T,. It was 
recently reported by L ~ m e l l i n i ~ ~  that the temperature 
dependence of the melt viscosity of PS and PC obeyed 
the free volume model well over a range of temperatures 
which was much wider than the one studied in this 
report. We have estimated Ea for both species from our 
data as a function of both temperature and composition. 

3. Experimental Section 
The samples for the tracer diffusion measurement were 

prepared as follows. The mixtures of PS and TMPC were 
dissolved using anisole (methowbenzene) as a common solvent 
and the solutions were spun cast onto a silicon wafer to prepare 
the base films. The deuterated tracer polymers were spun onto 
a glass slide, floated onto deionized water, and then picked 
up on the base layer. After drying, the samples were annealed 
at a temperature above Tg for a time t ,  sufficient for (4.D*t)m 
to reach about 200-300 nm. The blend under consideration 
is known to show lower critical solution temperature (LCST) 
behavior with a critical temperature of about 240 0C;31,34935 all 
our diffusion measurements were performed in the one phase 
region. After the samples were annealed, they were then 
quenched to room temperature to stop the diffusion. The 
tracer layer was rapidly diluted during the diffusion process 
so that the volume fraction of the deuterated polymer becomes 
less than 10%. Nearly the same value of the diffision 
coefficient was observed for any tracer layer thickness below 
about 20 nm. The weight-average molecular weight M ,  and 
polydispersity index of each of the polymers used in this study 
are shown in Tables 1 and 2. Three different deuterium- 
labeled Ps's were used: fully deuterated PS (d-PS), which is 
the one used throughout these studies; one with only the 
phenyl ring deuterated, thus having 5 deuterium atoms on the 
monomer unit (d5-PS); and one with only the backbone 
deuterated, thus having 3 deuterium atoms on the monomer 
unit (d3-PS). On a repeating unit of d-TMPC, hydrogen atoms 
on the isopropylidene portion were replaced by deuterium, 
therefore only 6 out of 22 hydrogens were replaced. Forward 
recoil spectrometry was used to establish the concentration 
vs depth profiles. D*'s were extracted by matching the data 
and a simulated depth profile which is a solution to  Fick's 
second law. The details of this procedure were described 
e l s e ~ h e r e . ~ ~ ~ ~ ~ ~ ~ '  For the polydisperse d-TMPC, D* for the 

Mw M J M n  
PS 
PS 
PS 
PS 
TMPC 
TMPC 
TMPC 
TMPC 

2.53 x 10' ,. 

3.9 105 
6.7 105 
1.86 x 106 
1.8 x 104 
2.34 104 
4.22 104 
7.6 x 104 

-2 
1.06 
1.07 
1.12 
2.33 
2.59 
2.88 
5.88 

weight-average molecular weight could be obtained.38 For 
d-PS diffusion measurements a profile slightly different from 
the Fickian one was observed in the immediate vicinity of the 
surface, which is thought to be due to the lower surface energy 
of d-PS.3g This portion of the spectrum was disregarded for 
measuring D*. The problem could be overcome by preparing 
a trilayered film so that the tracer layer is sandwiched by two 
matrix layers, which results in the same D* as the above 
procedure. 

The glass transition temperature, TADSC), was measured 
by differential scanning calorimetry (DSC-2, Perkin-Elmer). 
For reproducible results, a similar thermal history was given 
to each blend. First the blend was heated to about 20 "C above 
Tg and then allowed to equilibrate for 10 min. It was then 
cooled to about 70 "C below Tg at the rate of 5 "C/min. Lastly, 
the heat absorbed was monitored as it was reheated to above 
Tg at the rate of 20 "C/min. The transition was determined 
from the inflection point. One Tg was observed at each 
composition of the blend with the transition becoming broader 
for the mixture than for the pure components (the transition 
breadth of pure components was 12-13 "C and that of the 
blend was 20-31 "C). A broadening of the transition similar 
to what we observe was also reported by Illers et a L 4 0  The 
values of Tg as a function of composition were in good 
agreement with the ones measured by Illers et a l . , 4 O  which lie 
between the measurements by Wisniewsky et al.41 and the 
ones by Kim and Paul3' (Figure 1). The scatter probably 
results from different methods of determining Tg (i.e. from the 
inflection point or the onset of the transition), the different 
rates of heating, the different thermal histories, and the 
different molecular weights of the components. The Tis from 
DSC were about 10 "C higher than the ones determined by 
PVT measurements on the same polymers, a difference that 
can be attributed to the very different rates of the two sets of 
measurements. The entanglement molecular weight (Me) of 
the blend was calculated (Me = QRTIG;) from the plateau 
modulus data of the two homopolymers and seven blends 
measured by Wisniewsky et aL41 and then fitted to  the 
polynomial equation: log Me = 3.57 + 0.0151~ + 0 . 4 9 9 ~ ~  + 
0 . 1 3 5 ~ ~ .  

The pressure-volume-temperature (PVT) relation was 
measured for the hydrogenated blends of PS with M, = 2.53 
x lo5 and TMPC with Mw = 4.2 x lo4 at w = 0, '13,  '13, and 1. 
The details of measurement were discussed el~ewhere.~~ The 
above PS is of sufficiently high molecular weight that the PVT 
properties will not be molecular weight dependent and will 
not be affected by polydispersity (it was seen that very little 
effect of molecular weight is present above M ,  = 10 OO04'). A 
linear dependence of the logarithm of the specific volume (u,) 
on Tat  atmospheric pressure was found both below and above 
Tg (Figure 2). The corresponding expansion coefficients (a = 
d log uJdT) in the glassy and melt states (a, and al, respec- 
tively) were determined (Figure 3). Interestingly, a1 and a, 
changed in opposite ways as a function of composition. The 
expansion coefficient of the free volume, Aa, was calculated 
from the difference between a1 and Q, which, strictly speaking, 
ignores the expansion of free volume in the glassy state. To 
estimate Aa for compositions other than those in Figure 3, 
the data in this figure were interpolated. 

4. Results 
4.1. Molecular Weight Dependence. The diffu- 

sion was examined to see whether it satisfied the 
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Figure 1. Glass transition temperature versus weight fraction 
w of PS. 0 are the results from DSC work, TADSC), as 
described in the text when the weight-average molecular 
weights of the PS and TMPC were 6.7 x lo5 and 4.22 x lo4, 
respectively; are the results from PVT work when the 
weight-average molecular weights of the PS and TMPC were 
2.52 x lo5 and 4.22 x lo4, respectively; 0 are the DSC results 
of Illers et al.40 (at 20 Wmin, using the inflection point of 
transition) when the weight-average molecular weights of the 
PS and TMPC were 3.2 x lo5 and 4.1 x lo4, respectively; 0 
are the DSC results of Wisniewsky et aL41 when the weight- 
average molecular weights of the PS and TMPC were 2.23 x 
lo5 and 2.77 x lo4, respectively; A are the DSC results of Kim 
and Paul35 (at 20 "C/min, using the onset of transition) when 
the weight-average molecular weights of the PS and TMPC 
were 3.3 x lo6 and 3.3 x lo4, respectively. The line represents 
the polynomial fit to  the DSC data obtained by us. 
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Figure 2. Log of specific volume versus temperature for the 
blends where weight fraction w of PS is 0 (O), l / 3  (O), 2/3 (O), 
and 1 (m). 

reptation conditions by checking firstly that D* was 
independent of the matrix molecular weight and sec- 
ondly that it scaled as M-2. The tracer diffusion 
coefficients were measured in TMPC matrices for both 
species with various molecular weights as a ?unction of 
the molecular weight of the matrix. It was shown that 
D* did not decrease further when the matrix molecular 
weight was greater than 4.2 x lo4, which is about lOM,. 
From these results we chose the molecular weight of 
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Figure 3. Expansion coefficients a, of glass (01, a1 of melt 
(A), and ha of the free volume (O), as a function of weight 
fraction w of PS. 

TMPC for the matrix blends (Pwc) t o  be 4.2 x lo4 or 
greater. Similar experiments were carried out by using 
blends with w's of 0.65 and 1 and changing the molec- 
ular weight of PS in the matrices (PPs). When Pps was 
greater than 3.9 x lo5, no decrease in D* was found in 
all cases for the molecular weights of tracers studied 
here. The ratio of D*'s of d-TMPC with M, = 1.65 x 
lo4 and that with M ,  = 2.26 x lo4 diffusing through 
TMPC matrices approached the value expected if D* is 
proportional to M-2 for PWC of 4.2 x lo4 or greater. A 
similar ratio was found in the matrices having other 
compositions when TMPC with M, = 4.2 x lo4 and PS 
with M, = 6.7 x lo5 were used. A slope of nearly -2 
was found in the log-log plot of D* versus d-PS 
molecular weight (ranging from 9.0 x lo4 t o  4.89 x 109 
for w's of 0.5 and 0.75. These molecular weight de- 
pendences are consistent with those expected for the 
reptation mechanism. The detailed results were pre- 
sented elsewhere.43 All results reported hereafter are 
for similar conditions, i.e. where reptation should be 
valid. 

4.2. Temperature Dependence. The temperature 
dependence of tracer diffusion for the two different 
species was studied at  compositions of w = 0, 0.5, and 
1, and the data are shown in Figure 4. We chose the 
molecular weights of d-PS and d-TMPC so that both D*'s 
could be measured at  the same temperature. This 
objective was achieved by choosing a d-PS which has a 
higher molecular weight than d-TMPC. Data for vari- 
ous molecular weights were combined by multiplying 
D* by the square of weight average molecular weight 
W .  Tracer PS polymers with different deuterium 
contents (Table 1) were also allowed to diffise into a 
matrix with w of 0.5 at various temperatures. All data 
were also reduced to a single line (the third line from 
left in Figure 41, showing that all of them have the same 
friction coefficient and the same temperature depend- 
ence. This result confirms that, as expected, the effect 
of deuteration on tracer diffusion is negligible. All the 
data were also plotted at  each composition according to  
the Vogel-Fulcher equation (eq 4) in Figure 5a-c afier 
shifting D*'s to those of 2 x lo5 for d-PS and 2 x lo4 
for d-TMPC by dividing the values in Figure 4 by the 
square of 2 x 105 and 2 x lo4, respectively. Due to the 
scatter of the D* data points and the limited range of 
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Figure 4. Temperature dependence of tracer diffusion coef- 
ficients of d-PS and of d-TMPC multiplied by the square of 
the respective weight-average molecular weights of tracer 
chains, WD*,  in matrices with different compositions. Weight- 
average molecular weights used for d-TMPC were 16 500 (.) 
and 22 800 (01, for d-PS were 110 000 (A), 123 000 (01,196 000 
(O), and 112 000 (+) for d3-PS and 98 900 (x)  for d5-PS, 
respectively. From right to left the data increase in w: in a 
matrix with w = 0, with w = 0.5 (D*)s with different 
deuterations are also shown), and with w = 1. Lines represent 
the Vogel-Fulcher equation obtained from a linear least 
squares fit to the data, as explained in the text. Also refer to  
Figure 5a-c for the plots at individual compositions. 

the temperature studied, it was impossible to accurately 
determine T, using a nonlinear least squares fitting 
procedure. Instead, T, = 49 "C for PS was used which 
had been obtained by Graessley et  al.44 along with B = 
710 by fitting qo results, and T,'s at w = 0 and at w = 
0.5 were estimated by holding T,(DSC) - T, constant 
(=62 Wisniewsky et al. reported that Tg - T, was 
roughly 60 "C over the entire composition range.46 The 
slope B in the Vogel-Fulcher plot for each chain was 
found to be different with a larger slope for d-TMPC 
for every composition studied. This different temper- 
ature dependence means, from eq 10, that d-TMPC has 
a larger activation energy E,  at any given temperature 
and composition than does d-PS. The Vogel-Fulcher 
B for both species is plotted in Figure 6 as a function of 
composition. 

4.3. Composition Dependence. Considering the 
range of diffusion coefficients which are measurable 
with FRES (ca. 10-11-10-16 cm2 s-l), 45 "C was chosen 
as the temperature increment above Tg(DSC) where the 
diffusion coefficients for each species over all composi- 
tions could be measured, and these data are shown in 
Figure 7a. Using eq 2, monomer friction coefficients 
were calculated and are displayed in Figure 7b. It was 
found that c,,,ps was more than 100 times smaller than 
c 0 , m c  at all compositions. Both cops and SO,TMPC varied 
by nearly a factor of 50, but in a roughly similar fashion 
as the composition was varied: they increase with w of 
the matrix until a w of -0.5 is reached and then remain 
roughly constant. A rough estimate of the temperature 
at which the free volume is same cf= 0.049) for various 
compositions was made using eq 3, which assumes that 
the free volume at Tg(DSC), f g  is the same (=0.02847) 

E 

8 9 IO I t  12 13 
I OOO/ (T-T,) ( K-' ) 

6 7 8 9 10 11 

1000/(T-T-) (K-') 

lo-" 

c10-15 
I 
Y 
I u 
- 
b. 10-16 : 
t 
w 

b 10-17 

10-18 
7 8 9 10 11 
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Figure 5. Temperature dependence of tracer diffusion coef- 
ficients (Vogel-Fulcher plot; eq 4) of d-PS and of d-TMPC in 
matrices with different compositions. Data for various mo- 
lecular weights were shifted to those of 2 x los for d-PS and 
2 x lo4 for d-TMPC, by multiplying the square of weight- 
average molecular weight divided by the square of 2 x los 
and 2 x lo4, respectively. Same symbols were used as in 
Figure 4. Lines are the first-order fit to the data. T2s used 
were obtained from T&DSC) - T, = 62 "C, as explained in 
the text. (a, top) In a matrix with w = 0. The value used for 
T, is 136 "C. (b, middle) In a matrix with w = 0.5. The value 
used for T, is 83 "C. (c, bottom) In a matrix with w = 1. The 
value used for T, is 49 "C. 

for all compositions.48 The T - Tg(DSC) where the free 
volume fraction is 0.049 is plotted as a function of w in 
Figure 8a. After correcting to this constant free volume 
where f = 0.049 using the measured temperature 
dependence, both chains showed a maximum in So with 
composition (Figure 8b). 
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Figure 6. Slope of the Vogel-Fulcher plot B versus weight 
fraction w of PS in the matrix. The open and filled symbols 
(0 and 0)  represent the values for d-PS and d-TMPC, 
respectively, using T, obtained assuming T,(DSC) - T, = 62 
"C. 1/Aa is also plotted (+) for comparison. The lines are 
drawn to serve as a guide to the eye. 

5. Discussion 
5.1. Implications for the Free Volume Model, As 

discussed above the simple free volume model predicts 
the following: (1) A single T, for both species in the 
miscible blend. (2) A single value of the Vogel-Fulcher 
parameter B for both species which should vary in- 
versely with ha as the weight fraction w of PS is 
changed. 

Figure 6 shows that the second prediction is not 
obeyed by the PSPTMPC system, since B for TMPC is 
about 50% larger than B for PS at all compositions (the 
filled symbols in Figure 9). It shows furthermore that 
B does not vary as 11Aa. While one might try to  
generalize the free volume model from eq 6 by asserting 
that uhpc = 1.51~;~ and while such an assertion seems 
reasonable in light of the size of the stiff substituted 
phenyl rings in the TMPC main chain, the fact that the 
composition dependence of B does not reflect the com- 
position dependence of 11Aa means that ultimately even 
a generalized free volume model fails to account for our 
observations. 

5.2. Comparison with Other Experiments. A 
major result of our work is that the monomer friction 
coefflcients of PS and TMPC are of quite different 
magnitudes, with to of TMPC exceeding that of PS over 
the entire composition and temperature range. This 
general result is in qualitative agreement with the 
observation of Composto et a1.l on the PSPm system. 
We find also however major differences in behavior 
between the two systems. In the PSPXE system the 
ratio of ~ o , p s / ~ , , ~  is profoundly composition dependent, 
varying from 5 x 10-5 for w = 0 to 5 x for w = 
0.85, as shown in Figure 10. In contrast the changes 
in this ratio for PSPTMPC at T - T,(DSC) = 45 "C are 
much more modest. The ratio varies from a minimum 
of 3 x 10-3 at  w = 1 to a maximum of 9 x 10-3 at  w = 
0.65. Another difference between the two systems is 
apparent as well. While the temperature dependence 
ofD*ps and D*pm in a PSPXE blend with w = 0.55 is 
nearly identical32 (the B in eq 4 is the same), D*ps and 
D*TMPC depend on temperature quite differently for all 
compositions investigated (w = 0, w = 0.5, and w = 1). 
In all cases BWC/BPS zz 1.5, as shown in Figure 9. 

The PSPTMPC data support the recent results found 
in dynamic mechanical  measurement^,^-^ NMR meas- 
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urements,12J3 and dielectric relaxation rneasurements8-l1 
on miscible polymer blends. Colby5 and Roovers and 
T o p o r o ~ s k i ~ ~ ~  observed the relaxation processes of the 
individual components of the blends from the frequency 
dependence of the loss moduli, and Chung et a1.I2 and 
Le Menestrel et al.13 could also observe the local dy- 
namic processes of individual species near Tg using 2H 
and 13C NMR, respectively. The associated relaxation 
times of both species should, in principle, have the same 
temperature dependence as the 50)s in eq 2. What they 
found was that not only did the two components have 
different relaxation times, but also they changed dif- 
ferently with temperature. As a consequence, these 
blends did not show time- temperature superposition. 
Experimental evidence supporting separate relaxations 
of various phosphate ester diluents from those of PS 
(and PXE) in miscible diluent-polymer blends has also 
been reported using 31P NMR by Cauley et a1.49 
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Figure 9. Ratio of B for d-TMPC to  that for d-PS, BTMPJBPS, 
was plotted as a function of composition. The filled symbol 
(0) represents the values obtained when the same T, was used 
for each species at a given composition by holding T&DSC) - 
T, constant (=62 "C).& The open symbol (0) represents the 
values when the T,'s used were obtained from Tg - T, = 62 
"C where Tis for each species used are given in Table 3. Refer 
to the text for the details. 
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Figure 8. (a, top) Distance from Tg(DSC) to  the temperatures 
where the free volume becomes 0.049 is plotted as a function 
of weight fraction w of PS in the matrix (solid line). Dashed 
line represents T - T&DSC) = 45 "C, the condition under 
which the data in Figure 7 were obtained. (b, bottom) 
Monomer friction coefficients c0,ps (0) and c o , ~ c  (0) of d-PS 
and d-TMPC, respectively, versus weight fraction w of PS in 
the matrix shifted to a temperature corresponding to  a 
constant free volume f = 0.049. The lines are drawn to serve 
as a guide to the eye. 

Chung et a1.12 proposed a model based on local 
compositional heterogeneity for their blends of 1,4- 
polyisoprene (PI) and poly(vinylethy1ene) (PW) for 
which the Flory parameter x is nearly equal to 0. The 
model was invoked to explain why they measured 
different log mean correlation times for the two species 
as well as why the distribution of correlation time was 
broader than that measured in the pure components. 
This heterogeneity would become larger as the temper- 
ature increased from Tg because the size of a cooperative 
rearranging region becomes smaller and, as a statistical 
consequence, a given chain would experience more 
heterogeneous surroundings within that region. Colby 
ascribed the breakdown of time- temperature superpo- 
sition to a large correlation length for concentration 

10-5 L 
0.0 0.2 0.4 0.6 0.8 1.0 

Weight fraction PS 
Figure 10. Ratio of monomer friction coefficients co,ps/co,~p~ 
of d-PS and d-TMPC (m) versus the weight fraction w of PS in 
the PS:TMPC matrix blends measured at T = T&DSC) + 45 
"C and those c o , p s / c o , ~  of d-PS and d-PXE versus weight 
fraction w of PS in the PS:PxE matrix blends measured at T 
= T&DSC) + 66 "C (0). The lines are drawn to serve as a 
guide to the eye. 

fluctuations,5 which causes each chain to see very 
heterogeneous surroundings. Following the ideas above, 
the two monomer friction coefficients for a given com- 
position in the PSPTMPC system would be expected to 
become more different as the temperature is increased. 
In our system the Flory parameter x is strongly negative 
at low temperatures for w = 0.5 (e.g. x = -0.05 at T = 
195 "C50) but decreases to zero and becomes positive as 
the temperature is increased, leading to phase separa- 
tion (LCST behavior). The magnitude of composition 
fluctuations will diverge as (xs - x1-l as temperature 
approaches the spinodal (xs = the value of x a t  the 
spinodal; the molecular weights used for PS and TMPC 
were 6.7 x lo5 and 4.2 x lo4, respectively). Thus 
besides the statistical increase in heterogeneity due to 
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Figure 11. Temperature dependence of monomer friction 
coefficients Ca,ps and C O , ~ c  of d-PS and d-TMPC in a matrix 
with w = 0.5. Same symbols were used as in Figure 4. The 
value used for T, was 83 "C. Lines represent the Vogel- 
Fulcher plot obtained from a linear least squares fit to the 
data. The correlation length given approximately as (a/6)($U 
- q5)(xe - x))-" where q5 is a volume fraction of PS (=0.49) 
and a is the statistical segment length of a blend as a whole 
(taken to be 11.7 A30) is also plotted. T, is the spinodal 
temperature at w = 0.5 and the molecular weights used for 
PS and TMPC are 6.7 x lo5 and 4.2 x lo4, respectively. 

the decrease in size of the cooperatively rearranging 
region for x = 0 considered by Chung et al., our system 
should experience an extra increase in heterogeneity at  
higher temperatures due to the incipient phase separa- 
tion into TMPC-rich and PS-rich phases. On the 
contrary, rather than the monomer friction coefficients 
of TMPC and PS becoming more different as the 
temperature is increased, they become more similar, as 
shown in Figure 11. The monomer friction coefficients 
(derived from D*) follow the same Vogel-Fulcher 
relationship established at  low temperatures right up 
to temperatures where phase separation begins. One 
must conclude, at  least at the temperatures well above 
Tg where we can measure D*, that the origin of the 
differences in magnitude and temperature dependence 
of the monomer friction coefficients of PS and TMPC 
cannot be due to compositional inhomogeneity. 

All the analysis presented in this paper so far is based 
on the hypothesis (which follows from the free volume 
model) that each component in a homogeneous blend 
has the same T,, i.e. that of the blend. But Chung et 
a1.k NMR experiments on the blends of two polymers12 
together with Cauley et al.'s results49 on the blend of 
polymer and diluent, which could be carried out much 
closer to Tg than our diffusion measurements, show that 
this assumption is questionable. Chung et al. defined 
the effective Tg as that T a t  which the mean correlation 
time equals 0.316 s. In their case the Tg of the pure 
PVE was 278 K and that of pure PI was 218 K. They 
found in the 50/50 blend the Tg of PVE to be 239 K 
(T,,~vE = 213 K) and Tg of PI to be 229 K (T-,PI = 197 
K). The species which had a much larger T, in the pure 
state had a slightly larger T, in the blend. If in our 
case TMPC, which has a Tg = 471 K in the pure state, 
and PS, which has a Tg = 384 Kin  the pure state, show 
the same pattern of behavior as PVE and PI, the T, of 
TMPC in the 50/50 blend would be somewhat larger 
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Figure 12. Vogel-Fulcher plot of the monomer friction 
coefficients in a matrix with w = 0.5 when T, of TMPC was 
arbitrarily increased to 52 K below Tg and T, of PS was 
decreased to 72 K below Tg. 

than that of PS. If for the 50/50 blend we arbitrarily 
increase T, of TMPC to 52 K below Tg and decrease T,  
of PS to 72 K below Tg and replot the monomer friction 
coefficients, the Vogel-Fulcher plot shown in Figure 12 
results. Now the temperature dependence of c0,mpc is 
rather similar to  that of c0,ps and the magnitude of 
So,- becomes close to that of c0,ps. The consequential 
point is that if the assumption that T, must be the same 
for both species is lifted, B as well as the magnitude of 
the displacement between the Vogel-Fulcher plots for 
the two component species also change. Ideally, one 
should be able to determine both B and T, from the 
experimental data. Unfortunately, the relatively poor 
precision of the D* measurement coupled with the fact 
that D* can only be measured at temperatures well 
above Tg means that curve fitting to determine T, is a 
meaningless exercise. 

The idea that each species in the blend has its own 
glass transition (Tg or T,) is appealing on other grounds. 
It can account qualitatively for the fact that the glass 
transition of a miscible blend is invariably broader than 
that of either of the pure components. In the picture 
developed by Chung et al. the breadth is a consequence 
of the fact that the T, in the blend of the higher Tg 
component is somewhat larger than the T, in the blend 
of the lower Tg component; i.e. the components retain 
some memory of their T, in the pure state. The lower 
Tg component in the pure state will relax at  a lower 
temperature in the broad transition region of the blend, 
and the higher Tg component in the pure state will relax 
at  a higher temperature within this region. 

Now, we tried to estimate Tg and the corresponding 
B by defining an effective Tg at which the monomer 
friction coefficients of each of the two components are 
the same as those of the respective pure components a t  
their Tis. The conventional definition of the monomer 
molecular weight M ,  in eq 2 has been based on the 
structural repeating unit and therefore the values for 
the two species were very different (hfo,d-PS = 112 and 
kfo,d-mc = 316). This monomer size difference (by a 
factor of about 3) should be partly responsible for the 
larger value of the monomer friction coefficient for 
TMPC. For the purpose of eliminating this factor, we 
redefined Mo,i to be the hypothetical molar monomer 
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Table 3. Glass Transition Temperature Tg ("C) for Each 
Species at Various compositions Using log co = 1.36 

W 

0 0.5 1 

PS 167 140 111 
TMPC 1 9 P  164 134 

Measured by DSC as described in section 3. 

volume, uo (=175 cm3/mol), which is taken as the 
geometric mean of the molar volume of PS and TMPC 
monomers, divided by the specific volume of the com- 
ponent i. Then we calculated, from the extrapolation 
by the Vogel-Fulcher equation (with Tg(DSC) - T, = 
62 "C), the monomer friction coefficients of d-PS in a 
PS matrix and that of d-TMPC in a TMPC matrix at  
their respective Tis, which were determined unambigu- 
ously by DSC measurements. Interestingly, they do not 
differ significantly; 5 0 , ~ s  at Tg(DSC) of PS was 20.6 (dyn 
s)/cm and ~O,TMPC at  Tg(DSC) of TMPC was 24.4 (dyn 
s)/cm. Therefore, we took the average of these two 
values (50 = 22.5 (dyn s)/cm51), and the T i s  of each 
species for various compositions were taken as the 
temperatures where the monomer friction coefficient 
equaled this value. The previously determined Tg was 
used for the extrapolation of 50 to the new Tg using the 
Vogel-Fulcher equation, and this process was iterated 
until T g  did not vary any more. The differences in the 
T i s  of the two components for various compositions 
turned out to be 23-31 "C where PS had the smaller 
Tg. The resulting Tg's are tabulated in Table 3 and are 
plotted as a function of composition and compared with 
the T i s  and their breadth measured by DSC in Figure 
13. For w = 0.5,  the Tg of PS thus obtained lay inside 
the range of Tg(DSC) and the Tg of TMPC was about 7 
"C larger than the highest temperature in the transition 
region. Considering the error which might have been 
caused when estimating Tg by the extrapolation process, 
these results seem to support the argument that each 
component in the blend has its own T P  The glass 
transition temperature obtained from the temperature 
dependence of 50 of the one chain in the pure matrix of 
the other chain (i.e. Tgps  at w = 0 and Tg,mPc at  w = 
1) were also in accord with the range of the broadening 
of the DSC glass transition found on adding higher 
concentrations of one homopolymer to  the other. The 
Vogel-Fulcher plots (given by eq 5 )  for 50 corresponding 
to segments with the same molar volume are plotted in 
Figure 14a-c using these newly determined T,'s (=Tg 
- 62 "C) for each species. In this case, the magnitude 
of 50)s are similar at  the same 1/(T - T,), and the B's 
for two chains become nearly identical and independent 
of composition (the open symbols in Figure 9). This 
result would also mean that the WLF parameters c1 and 
c2 using these T i s  as a reference temperature would 
be nearly the same for all compositions. 

If each species in the blend has its own glass transi- 
tion behavior, it now follows that each species can be 
expected to  have its own monomer friction coefficient, 
which could be quite different in magnitude from that 
of the other species. Indeed, a logical rule-of-thumb 
would be that the monomer friction coefficient of the 
species with the larger T g  in the pure state and thus 
the larger T g  (or T,) in the blend would be larger than 
that of the species with the smaller Tg in the pure state 
(and thus smaller Tg in the blend). It is a remarkable 
fact that this rule-of-thumb turns out to be correct for 
all miscible polymer blend systems studied to date. Not 
only does the fact that SO,TMPC > 5 0 , ~ s  correlate with 
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Figure 13. Glass transition temperature Tg of PS (0) and 
TMPC (B) as a function of composition obtained by assuming 
that Tg for each component is the temperature at which the 
monomer friction coefficient equals 22.5 (dyn s)/cm. The glass 
transition temperature (0: inflection point) and its breadth 
(starting and ending point of the transition) measured by DSC 
are also shown. 

Tg,TMPC > Tg,PS but SO,PXE > 50,~s' follows from Tg,PxE > 
Tg,ps, SO,PMMA > 5 0 , s ~ ~ ~ ~  follows from Tg,pmu > Tg,sm, 
and SO,PMMA > ~ O , P E O ~ ~  follows from Tg,pmu > Tg,mo 
where PMMA = poly(methy1 methacrylate), SAN = 
poly(styrene-co-acrylonitrile), and PEO = poly(ethy1ene 
oxide). This rough rule-of-thumb unfortunately repre- 
sents the current limits of our understanding of what 
controls the magnitude of the monomer friction coef- 
ficients in miscible blend systems. 

Thus current evidence, most of it indirect, strongly 
points to the conclusion, admittedly heretical from a free 
volume perspective, that each component in a miscible 
blend has its own T g  which is a reflection of its Tg as a 
pure substance. As demonstrated above, moreover, the 
fact that the mean T i s  of the components in the blend 
differ cannot be attributed to the presence of composi- 
tion fluctuations since magnifying the composition 
fluctuations by approaching the spinodal in the PS/ 
TMPC system decreases the ratio of the monomer 
friction coefficients, rather than increasing it. While the 
two Tg hypothesis is a sharp departure from the 
conventional view of miscible polymer blends, it can be 
presented somewhat differently as follows: The tem- 
perature dependence of 50 depends on both intrinsic 
constraints to segmental motion (these are largely 
intramolecular) and extrinsic constraints (these are 
largely intermolecular and thus matrix dependent). The 
glass transition temperature of a pure component thus 
depends on both these extrinsic and intrinsic con- 
straints, but adding a second miscible component to 
form a blend changes primarily the extrinsic con- 
straints. These extrinsic constraints are the most 
important and are the same for both components in the 
blend, leading to the largest part of the change in Tg 
for each component upon blending. However any dif- 
ference in intrinsic constraints between the two com- 
ponents still remains in the blend, giving rise to a 
difference in 50 and thus to a different temperature a t  
which the component relaxes at  a given slow rate; i.e., 
the components will have somewhat different T i s .  
Whether this interpretation is the correct one or not, 
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Figure 14. Temperature dependence of 50 (Vogel-Fulcher plot; 
eq 5) of d-PS and of d-TMPC in matrices with different 
compositions. Same symbols were used as in Figure 4. Lines 
are linear least squares fit to the data. The T2s used were 
obtained from Tg - T, = 62 "C where T i s  for each species used 
are given in Table 3. (a, top) In a matrix with w = 0. (b, middle) 
In a matrix with w = 0.5. (c, bottom) In a matrix with w = 1. 

the challenge for the future will be to develop better 
microscopic models of the glass transition of these 
individual components without invoking composition 
fluctuations as the mechanism. 

6. Conclusions 
(1) For large enough molecular weight matrices, the 

diffusion mechanism of d-PS and d-TMPC tracer poly- 
mers is reptation. 

(2) Fully or only partially labeling with deuterium did 
not affect the tracer diffusion coefficient or monomer 
friction coefficient of polystyrene in the blend. 

(3) In contrast to previous results in blends of PSI 
PXE, the D* of TMPC was more strongly temperature 
dependent than that of PS for matrices with w of 0,0.5, 
and 1. This different temperature dependence would 
lead to  the breakdown of the time-temperature super- 
position for the relaxation processes of the blend, a 
breakdown which is not predicted by the simple free 
volume model. 

(4) Both 50,~s and ~ O , T M ~ C  increased with w of the 
matrix until a w of -0.5 was reached and then remained 
roughly constant at constant T - T,(DSC). When the 
friction coefficients were shifted to the iso-free volume 
temperature, both of the friction coefficients showed a 
maximum with w. 

(5) The influence on to of changing the composition 
of the matrix was similar for d-PS and d-"MPC: the 
ratio of these two varied much more weakly than the 
same ratio for PSPXE blends. 
(6) Over all compositions, c0,ps was less than t0,mpc 

by more than 100 times at  temperatures 45 "C above 
T,(DSC), in agreement with the observations that the 
component with the lower Tg as a pure component 
showed a smaller fo in the blend. This observation can 
be rationalized if each chain retains its own Tg, which 
reflects its Tg as a pure component, even in a miscible 
blend. 

(7) The monomer friction coefficients of d-PS in pure 
PS and of d-TMPC in pure TMPC at T,(DSC) were 
shown to be nearly the same (the average value was 
22.5 (dyn s)/cm). Subsequent analysis which is based 
on the assumption that there is a Tg for each species in 
a blend and that this Tg corresponds to the temperature 
where the monomer friction coefficient equals that for 
the pure component a t  its Tg shows that these T i s  were 
in reasonable agreement with the broad Tg measured 
for the blend by DSC. 

(8) Different heterogeneous compositional environ- 
ments during the conformational transitions cannot 
explain the difference in magnitude and temperature 
dependence of the monomer friction coefficients of PS 
and TMPC. 
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