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2.37r(k + 3 / 2 ) / k 1 W ( k  + I). 
Modification of the theory of Yamakawa and Yoshizaki'O 

for the intrinsic viscosity [qIR of a completely rigid rod 
macromolecule for a Schulz-Flory distribution of molecular 
weights provides an equation of the formla 

where g is a very complicated relation which is cited 
elsewhere.ls The ratio [ q ] / [ q ] R ,  where [ q ]  is the intrinsic 
viscosity of semiflexible rods with the same contour length, 
can be expressed by an equation related to that given by 
those authorslo which is a function of L n / q  and k. 

It is possible also to modify the theory of Hagerman and 
Zimm'l for the effect of partial flexibility on the rotational 
relaxation time 7 0  to take into account molecular weight 
distribution as described elsewhere.18 
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ABSTRACT: Dynamic melt viscoelasticity for four insoluble copolymers of tetrafluoroethylene and hexa- 
fluoropropylene of the same comonomer content but different molecular weights is measured and analyzed 
to  obtain their molecular weight distribution curves by deconvolution of the dynamic modulus spectrum in 
the terminal and plateau zones. The results are also used to study the polymerization kinetics, polydispersity 
effects on steady-state compliance, and the relationship between zero-shear viscosity and molecular weight. 
It is found that the free radical dispersion polymerization proceeds essentially by binary coupling of growing 
chains. The steady-state compliance J," is related to the polydispersity ratio by J ,  = (6/(5GNo)1(M,/M,)3.7 
for M > M,', where M,' is the critical entanglement molecular weight for steady-state compliance, GN"  is the 
plateau modulus, and M, and M ,  are z-average and weight-average molecular weights. The zero-shear viscosity 
qo for M > M, is found to be given by qo = ao(M,)(M/M,)3 exp(2.26(1- (Mc/M)0,5], where ao(Mc) is the zero-shear 
viscosity a t  the critical entanglement molecular weight M ,  for zero-shear viscosity. This relation is obtained 
by a modification of Doi-Edwards reptation theory for tube length fluctuation and indicates that  the n in 
the power law vo = qo(Mc)(M/M,)" is not a constant but rather varies from 4.1 a t  M = M ,  and asymptotically 
decreases to 3 a t  M - a. In the range 1 < M/Mc < 100 typical for conventional polymers, the relation predicts 
n = 3.5 as the best least-squares fit, in agreement with the well-known empirical results. 

Introduction 
Recently, we developed a method for obtaining the 

molecular weight distribution of polymers by deconvolu- 
tion of linear melt viscoelasticity in the terminal and 
plateau zones.1,2 The method is applicable to insoluble as 
well as soluble polymers and was verified with a series of 
narrow- and broad-distribution polystyrenes.lg2 

In this work, we apply the method to a series of tetra- 
fluoroethylene-hexafluoropropylene copolymers (FEP) , 
which are insoluble in any suitable solvents and whose 
molecular weight distributions cannot be determined by 
traditional methods such as light scattering, osmometry, 
and gel permeation chromatography. The results obtained 
are also used to analyze polymerization kinetics, the effect 

0024-9297/85/2218-2023$01.50/0 

of polydispersity on steady-state compliance, and the re- 
lation between zero-shear viscosity and molecular weight. 
Dynamic Theory and Methodology 

The dynamic modulus spectrum of a polymer melt in 
the terminal and plateau zones contains a complete 
spectrum of molecular relaxation times, which can be 
deconvoluted to obtain the molecular weight distribution 
curve. The linear viscoelastic storage modulus for a po- 
lydisperse polymer is given by1 

where G'(w) is the dynamic storage modulus at angular 

0 1985 American Chemical Society 
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Table I 
Composition and End Groups of FEP Fluoro Polymers 

end groups by FTIR 
no. of equiv per lo6 C atoms wt % HFP 

polymer by FTIR" T,(DSC), "C COF COOH CF=CFZ CFzH total M, from end groups 
FEP 4 10.38 96 -0 2.3 27.8 137.2 167.3 6.29 x 105 
FEP 3 9.87 0.7 6.3 30.2 209.8 247.0 4.26 x 105 
FEP 2 10.41 96 4.0 4.9 40.5 316.7 366.1 2.87 x 105 
FEP 1 10.77 1.1 4.0 22.9 396.1 424.1 2.48 x 105 

"The average HFP content is 10.38 f 0.32% by weight, or 7.2 f 0.2% by mole. 

Table I1 
Melting and Crystallization Behavior of FEP Fluoro Polymers by DSC" 

Tm,b "C Tc$ "C 
Dolvmer veak end AHr: calie 70 crystallinity from AHt veak end AH,: calig 
FEP 4 264 274 3.85 17 246 241 2.92 
FEP 3 268 278 4.49 20 249 245 5.00 
FEP 2 267 276 4.76 21 251 244 3.04 
FEP 1 262 275 4.56 2 1  253 242 5.33 

a Heating and cooling rates are both 10 "C/min. * T, = melting point A H I  = heat of fusion. T, = crystallization point. e AHc = heat 
of crystallization. 

frequency w ,  7 the tube disengagement time for a mono- 
disperse species of molecular weight M in the polydisperse 
blend, GNo the plateau modulus, D(7) the weight-fraction 
differential molecular weight distribution function in 7 

scale, and p the odd integers. The kernel of eq 1 is the 
G ' for monodisperse species given by the Doi-Edwards 
reptation t h e ~ r y . ~  Since each mode has an amplitude of 
l /p2,  the series converges rapidly, and only one to three 
terms are needed to represent the G' of monodisperse 
species adequately.' The tube disengagement time in a 
polydisperse blend 7 is related to that in a monodisperse 
whole polymer 7, by 

7 = /LTm (2) 
where /L accounts for the shift in the relaxation time of a 
monodisperse species in the polydisperse blend and may 
be expressed in terms of the friction coefficients.' p is less 
than unity for species with M > M ,  and is greater than 
unity for species with M < M,. This shift tends to narrow 
the relaxation time spectrum. 

D(7)  can be transformed to the molecular weight scale 
by using the relation 

7 = xM@ (3) 
where X and p are numerical c0nstants.l If there is no shift 
in relaxation times on blending (i.e., p = l), we have p = 
2 for M / M c  < 1 according to the Rouse t h e ~ r y , ~  p = 3 for 
M / M c  > 50 according to the Doi-Edwards t h e ~ r y , ~  and /3 
= 3.5 for 1 < M / M ,  < 50 empirically and as shown later 
by considering tube leakage in the reptation theory. 
Generally, however, p # 1, and p tends to be smaller, 
reflecting the narrowing of the relaxation time spectrum 
due to the shift of the relaxation time in the polydisperse 
blend. In this work, we determine X and (3 experimentally, 
discussed later. 

The weight-fraction differential molecular weight dis- 
tribution function is defined by 

(4) 
where W(M) is the cumulative mass molecular weight 
distribution function, given by 

D ( M )  = dW(M)/d log M 

log M 
W(M) = D ( M )  d log M (5) 

To obtain D(M) ,  the experimental G'spectrum in the 
terminal and plateau zones is deconvoluted by eq 1 and 

then converted to the weight-fraction differential molecular 
weight distribution function by eq 3, as illustrated with 
polystyrenes before.' Good agreement of the present 
method with light scattering, osmometry, and gel per- 
meation chromatography was demonstrated. 

Materials 
Four tetrafluoroethylene-hexafluoropropylene copolymers 

(FEP) of the same comonomer content (10.4 f 0.3% by weight 
or 7.2 f 0.2% by mole of HFP) but varying molecular weights, 
prepared by free radical dispersion polymerization, are used (Table 
I). The HFP content was determined by FTIR, and the Tg was 
found to be 96 "C by DSC, which agrees with the literature value 
determined by DMA a t  1 H z . ~  

End groups were determined by FTIR. Although there are 
some variations among the four FEPs, the various end groups are 
in the molar ratio COF:COOH:CF=CF2:CF2H = 0.4:1.6:11:87. 
The number-average molecular weights were calculated from the 
total number of end groups by 

M, = 105.2 X 106/Q (6) 

where Q is the number of equivalents of end groups in lo6 carbon 
atoms (Table I). 

DSC shows that the crystalline melting point is about 265 "C 
and the crystallization temperature on cooling from the melt is 
about 245 "C (Table 11). 

Dynamic Modulus Spectra 
The dynamic moduli G ' and G " were determined with 

the Rheometrics System 4 mechanical spectrometer at 
temperatures of 285,300,340, and 370 "C, using the cone 
and plate of 25-mm diameter with 0.1-rad cone angle. To 
ensure linear viscoelastic behavior, measurements were 
made at several different shear strains (usually 0.5-2% 
strain above 0.1 rad/s, 1-25% strain between 0.1 and 0.01 
rad/s). The torque trace during the sinusoidal oscillation 
was also examined for conformance to the sine wave. The 
lowest temperature used was 285 "C to avoid residual 
crystallinity, and the highest temperature used was 370 
"C to avoid thermal decomposition. Shear creep mea- 
surements were made to examine the thermal stability. It 
was found that sufficient thermal decomposition will occur 
to change the zero-shear viscosity, if the sample is aged 
at 370 "C for longer than 3 h. All rheological measure- 
ments were made well within this limit. 

The G ' and G " were superimposed to obtain the master 
curves a t  the reference temperature of 340 "C (Figures 
1-4). The shift factor is given by aT = (qo/qw)(Topo/Tp), 
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Figure 1. Dynamic modulus master curves at 340 O C  for FEP 
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Figure 3. Dynamic modulus master curves at  340 "C for FEP 
2. 

where vo is the zero-shear viscosity a t  T, vo0 is the zero- 
shear viscosity a t  the reference temperature To, and the 
density p is given by 

(7) l / p  = 0.406 + 7.3 X 104t 

where p is in g/mL and t is the temperature in "C. 
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Figure 4. Dynamic modulus master curves at 340 O C  for FEP 
1. 
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Figure 5. Viscosity vs. rate at 340 "C. 

Table I11 
Zero-Shear Viscosity and Shift Factor for FEP Fluoro 

Polymers 
polymer temp,O O C  70, p aT = qO/%2 

FEP 4 370 3.82 x 105 0.515 
340 7.41 x 105 1.000 
300 2.19 X lo6 2.95 
285 4.18 X lo6 5.64 

FEP 3 370 1.38 x 105 0.487 
340 2.83 x 105 1.000 
300 8.91 x 105 3.15 
285 1.62 X lo6 5.74 

FEP 2 370 5.54 x 104 0.523 
340 1.06 x 105 1.000 
300 3.31 x 105 3.12 
285 5.70 x 105 5.38 

FEP 1 370 1.46 x 104 0.432 
340 3.45 x 104 1.000 
300 1.18 x 105 3.41 
285 1.77 x 105 5.13 

"Reference temperature To = 340 "C.  

The zero-shear viscosity was measured by creep under 
constant shear stress, using the cone and plate of 25-mm 
diameter and 0.1-rad cone angle with the Rheometrics 
stress rheometer. The results are plotted in Figure 5, 
together with the complex viscosity obtained from dynamic 
oscillation. As can be seen, the two methods agree quite 
well. The zero-shear viscosities and the shift factors are 
listed in Table 111. 
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Table IV 
Molecular Weights and Polydispersity Ratios for FEP Fluoro Polymers Determined by Dynamic Rheometryn 

Mn bY 
polymer FTIR Mn M w  Mz Mz+, Mz+2 Mz+3 MZ+, MwIMn MZIMW 
FEP 4 6.29 X lo5 6.074 X lo5 9.565 X lo5 1.534 X lo6 2.396 X lo6 3.326 X lo6 4.052 X lo6 4.336 X lo6 1.575 1.604 
FEP 3 4.26 X lo5 4.525 X lo5 6.605 X lo5 9.734 X lo5 1.413 X lo6 1.895 X lo6 2.295 X lo6 2.490 X lo6 1.460 1.474 
FEP 2 2.87 X lo5 2.677 X lo5 4.348 X lo5 7.155 X lo5 1.144 X lo6 1.608 X lo6 1.965 X lo6 2.053 X lo6 1.624 1.646 
FEP 1 2.48 X lo5 2.620 X lo5 3.565 X lo5 4.888 X lo5 6.780 X lo5 9.042 X lo5 1.112 X lo6 1.267 X lo6 1.360 1.371 

O M ,  = 6.24 x 103; M ,  = 1.25 x 104; M: = 4.37 x 104. 
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Figure 6. G" vs. log w at 340 "C for FEP fluoro polymers. 

The shift factor is fitted to the WLF equation for a 
reference temperature of 340 "C (or 613 K) by Mar- 
quardt-Levenberg nonlinear least-squares iteration,' giving 

16.0( T - 369) 
67.9 + (T - 369) 

log UT = 12.5379 - (8) 

The numerical constants give f g  = 0.027 and af = 3.99 X 
10" K-', in good agreement with the "universal" values of 
f g  = 0.025 and cyf = 4.84 X K-l, where f g  is the free- 
volume fraction a t  Tg and af the thermal expansion 
coefficient of the free volume. Alternatively, the shift 
factor is plotted in terms of the Arrhenius equation, giving 
an apparent activation energy for flow of E, = 20.5 
kcal/mol, which compares reasonably with the value of 
18-36 kcal/mol for poly(tetrafluoroethylene)6-9 and those 
for other polymers.lOJ1 

The plateau modulus GNo was determined by'2-'6 

GNo = ( 4 / ~ ) s ~ - G " d  -m In w 

where a,, is the frequency at G",,,. Figure 6 shows the 
G"vs. log w plots for the four FEPs. Equation 9 gives an 
average value for the four FEPs as 

GN" = (1.25 f 0.03) X lo7 dyn/cm2 (10) 

It is interesting to note that the equation of Raju and 
co-workers,16 GN" = 3.566",-, gives G N "  = (1.22 * 0.04) 
X lo7 dyn/cm2 for the present FEPs, in good agreement 
with the value obtained by eq 9. 

The entanglement molecular weight Me is calculated to 
be 

(11) 

indicating that the number of main-chain carbon atoms 
between entanglement points is 119, which is reasonable 
for flexible-chain polymers.12J3 

Me = pRT/GNo = 6.24 X lo3 

-2.1 -2.25 
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(3 s 
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19 
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1 
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Figure 7. log io vs. log M ,  for FEP fluoro polymers, where the 
M ,  is determined by FTIR end-group analysis. 

Molecular Weights and Distributions 

empirical relation' 
The G'master curve in the terminal zone is fitted to the 

where 7 0  is the characteristic relaxation time and c is a 
parameter characterizing the breadth of the relaxation time 
spectrum. The parameters 70 and c are determined by 
Marquardt-Levenberg nonlinear least-squares iteration. 
In the numerical calculation, G '/GNo is fitted as a function 
of log w ,  as discussed bef0re.l The weight-fraction dif- 
ferential molecular weight distribution function in the T 

scale is obtained as' 
D(7)  = 

( 2 / ~ ) ( 1 / 7 ~ ) ( 1 0 ) ~ ~  sin (ac/2) I (13) 

where x = log w. Equation 13 is obtained by inversion of 
eq 1. 

To convert D(7) from the 7 scale to the M scale, we plot 
log 70 vs. log M,, where M ,  was determined from end 
groups, as shown in Figure 7, obtaining 

7 cc Mn2,'0 (14) 

This relationship is used to calculate D ( M )  on a relative 
M scale. The relative number-average molecular weight 
(M,J1 thus obtained is next scaled to the absolute value 
by plotting (M,J1 vs. M,, where the M ,  was determined 
from the FTIR end groups (Table I). Least-squares re- 
gression gives 

log 7 = -17.926 + 2.70 log M (15) 

which is used to obtain D(M) on the absolute M scale. The 
differential weight-fraction molecular weight distribution 
curves are normalized to the total mass of 100 and are 

( 1 / 7 0 ) ~ ( 1 0 ) ~ ~ ~  (2/70)(10)'~ COS ( T C / 2 )  -I- 1 i=l/u 
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Figure 8. Weight-fraction differential molecular weight distri- 
bution curves for fluoro polymers by dynamic rheology. 

plotted in Figure 8. The various average molecular 
weights are listed in Table IV. The M ,  determined by 
FTIR and the M ,  determined by the present rheological 
method agree well. 

Polymerization Kinetics 
The present FEPs were prepared by free radical dis- 

persion polymerization, as already mentioned. Comparison 
of the experimental molecular weight distribution curves 
with the theoretical Schulz-Flory distribution shows that 
the FEP polymerization proceeds essentially by binary 
coupling of growing chains, discussed below. 

The Schulz-Flory distribution" assumes a steady-state 
condition that the number of growing chains is constant, 
and monomers are added randomly until the growth center 
of the chain is inactivated by termination. The individual 
chain growth centers need not all begin at  the same time 
and need not remain active throughout the polymerization 
process. Free radical polymerization fits this type of 
process. The Schulz-Flory distribution is given by 

dW/d In M = mk+lMk+l(l/I'(k + 1)) exp(-mM) (16) 

where W is the cumulative mass, r ( k  + 1) is the gamma 
function, k is the coupling constant, and m = k/M, .  For 
the "most probable" distribution, k = 1. For the binary 
coupling termination, k = 2. The various average molec- 
ular weights are related to one another by 

M,/k = Mw/(k + 1) = M,/(k + 2) (17) 

The M w / M ,  values for the present FEPs are all about 
1.5, indicating that the polymerization kinetics is essen- 
tially by binary coupling termination (k = 2). This is 
further supported by comparing the molecular weight 
distribution curves with the Schulz-Flory distribution for 
binary coupling (k = 2), shown in Figures 9 and 10 for all 
four FEPs. The agreement between the experimental and 
the theoretical curves is quite reasonable. The actual 
distribution curves are however skewed somewhat toward 
the high molecular weight range with lesser amounts of low 
molecular weight fractions. This is probably because of 
the depletion of active growth centers and the decreased 
probability of chain coupling toward the end of polymer- 
ization process. This is consistent with the expectation 
that fluoro polymer radicals should be quite stable against 
abstraction and disproportionation. Therefore, the po- 
lymerization should proceed mainly by binary coupling 
termination, until the concentration of active centers is 
sufficiently depleted near the end of the process, when it 
gradually shifts toward the most probable distribution. 

----- THEORETICAL BINARY TERMINATION t -  EXPERIMENTAL DYNAMIC RHEOMETRY 

LOG (MOLECULAR WEIGHT) 

Figure 9. Comparison of experimental and theoretical binary 
coupling distribution curves for FEP 2 and FEP 4. 

I 
I n '  

200 r I I I I 

t F ~ P  
FEP ' I  \ h BINARY 

--- THEORETICAL 

TERMINATION 

1 
i 
7.0 

LOG (MOLECULAR WEIGHT1 

Figure 10. Comparison of experimental and theoretical binary 
coupling distributions for FEP 1 and FEP 3. 

Polydispersity and Steady-State Compliance 
The steady-state compliance J," is determined from the 

relaxation time spectrum H(7)  in the terminal zone by13 

. .  
J - m  

J," = (18) 
[ 1 1 7 H ( 7 )  d In 71' 

The results are listed in Table V. 
For monodisperse polymers with M < M,', the J," is 

directly proportional to molecular weight, given by Rouse 
theory4 as 

J," = (2/5)M/(pRT) for M C M,' (19) 

where M,' is the critical molecular weight for entanglement 
coupling in J,", given by 

(20) 

for FEPs. On the other hand, for monodisperse polymers 
with M > M,', the J," is independent of molecular weight, 
given by Doi-Edwards theory3J8 as 

M,' N 7Me = 4.37 X lo4 

JeoGNo = 6 / 5  for M > M,' (21) 

However, experimental data on narrow-distribution poly- 
mers suggest an empirical relation12J3 

We show below that eq 21 appears to be indeed correct, 
while the higher value of eq 22 appears to arise from the 

JeoGNo = 3.6 f 0.8 for M > M,' (22) 
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FEP FLUOROPOLYMERS 

Table V 
Steadv-State Comdiance and PolvdisDersitv of FEP Fluoro Polymers" 

calcd by Doi-Edwards theory, 
eq 23, using calcd by the Mills equation, calcd by the Zosel equation, 

J* = eq 24, using eq 25, using 
polymer exptl J,", cm2/dyn 6/(5GN") J* = 3.6/G~" J* = 6/(5GN0) J* = 3.6/GN0 J* = 6/(5GN0) J* = 3.6/GN0 
FEP 4 8.30 x 10-7 15.9 x 10-7 47.8 x 10-7 7.82 x 10-7 23.5 x 10-7 4.18 x 10-7 12.5 x 10-7 
FEP 3 7.31 x lo-' 11.4 x 10-7 34.3 x 10-7 
FEP 2 8.62 X 17.5 x 10-7 52.5 x 10-7 
FEP 1 5.10 x 10-7 10.4 x 10-7 31.1 x 10-7 

"M; = 4.37 x 104. 

presence of high molecular weight fractions in the samples 
used. 

The polydispersity has a profound effect on J,". The 
Doi-Edwards theory predicts 

Mz+4Mz+3Mz+2 
J," = J* for M > M,' (23) 

Mz+lMzMw 
where J* = J,"(M,'). On the other hand, a number of 
empirical equations have been proposed. Millslg proposed 

J," = J*(M,/Mw)3.7 for M > M,' (24) 

ZoselZ0 proposed 
J," = J*(Mz/Mw)2.5 for M > M,' (25) 

Several other relations have also been reviewed.13 All 
indicate that J," is quite sensitive to the high-moment 
molecular weights. 

We test these relations as follows. All the present FEPs 
have M ,  > M,'. Combining eq 21 with eq 24 gives 
J," = 1(6/5)/GN0}(Mz/M,)37 for M > M,' (26) 

that is using the Doi-Edwards theory for J* and the Mills 
relation for polydispersity. Equation 26 is shown to predict 
the J," correctly, whereas other combinations give poor 
results, as can be seen in Table V. Thus, the Doi-Edwards 
theory is correct for J* but overestimates the polydispersity 
effect. The empirical equation 22 overestimates the J* by 
a factor of about 3. The Mills equation is correct for the 
polydispersity effect, while the Zosel equation underesti- 
mates it. 
Zero-Shear Viscosity and Molecular Weight 
Relationship 

tionship can be written as 
The zero-shear viscosity and molecular weight rela- 

Bo = Bo(M,)(M/M,)" (27) 
where ao(M,) is the zero-shear viscosity of a Rouse chain 
at M = M ,  and n is a numerical constant. The M ,  is the 
critical molecular weight for entanglement coupling in qo 
and is given by 

M, 2 ~ ,  = 1.25 x 104 (28) 
for FEPs. For M < M,, Rouse theory4 predicts n = 1, 
which has been confirmed experimentally a t  constant 
friction ~oeff ic ients . l~J~.~~ On the other hand, for M > M,, 
empirically n = 3.4.12J3921 However, no existing theories 
predict such a relationship. 

Recently, Graessley18 and DoiZ2 noted that the reptation 
theory can be written as 

v0 = 9.6~,(kf,)(M/M,)~ for M > M, (29) 

which predicts n = 3. Equation 29 is the Doi-Edwards 
equation, which overestimates the zero-shear viscosity at 
M, by a factor of 9.6. However, at high molecular weights 
( M / M ,  > 50), eq 29 and the empirical equation v0 = 

6.60 x 10-7 19.9 x 10-7 3.71 x 10-7 11.1 x 10-7 
8.27 x 10-7 24.8 x 10-7 4.34 x 10-7 13.0 x 10-7 
5.77 x 10-7 17.3 x 10-7 3.37 x 10-7 10.1 x 10-7 

4.0 ' I I I t I I 

5.4 5.6 5.8 6.0 
LOG ( M w l  

Figure 11. log 'lo vs. log M ,  for FEPs a t  340 "C. M,/M, = 29-77, 
and the slope by least squares is 2.94. 

70(Mc)(M/Mc)3.4 merge together, as seen later. Graessley18 
thus suggested that n = 3.4 is only an approximation, valid 
in the conventional molecular weight range 1 < M / M ,  C 
50, and the Doi-Edwards theory should be indeed correct 
for very high molecular weights, i.e., M I M ,  R 50. 

The present FEPs have very high molecular weights, 
having M,/M, = 29-77. Therefore, they provide an op- 
portunity for testing Graessley's suggestion. Figure 11 
plots log qo vs. log M ,  at 340 "C for the four FEPs. 
Least-squares regression gives 

Bo = 2.04 x 10-12~~2.94 (30) 

The use of M ,  for correlation with qo has been well es- 
t a b l i ~ h e d . ~ ~ - ~ ~  The n value of 2.94 is quite close to the 
theoretical value of 3, thus confirming the prediction of 
Doi-Edwards theory at  very high molecular weights. 

Thus, though applicable to very high molecular weights, 
the Doi-Edwards theory overestimates the qo in the con- 
ventional molecular weight ranges. This appears to be due 
to neglect of the tube length f l u ~ t u a t i o n . ~ ~ * ~ ~ t ~ ~  We include 
this effect in the reptation model as below, obtaining an 
equation that correctly predicts n = 3.5 in the conventional 
molecular weight ranges, which gradually decreases to the 
asymptotic value of n = 3 at very high molecular weights. 

Tube Length Fluctuation 
The Doi-Edwards theory3 considered the reptation of 

a Rouse chain but neglected its wriggling motion, which 
will cause the chain to leak out of the tube ends.22 This 
provides a relaxation mechanism in addition to the rep- 
tation. This tube leakage effect can be assumed to be 
negligible for very long chains ( M I M ,  > 50) but is quite 
significant for shorter chains, typical for conventional 
polymers ( M / M ,  = 1-50). The tube contour length fluc- 
tuation due to the leakage is given by 

6L = ( (L ( t )  - Z)'}lI2 E (M/M,)0.5Z (31) 
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Figure 12. qo/?o(Mc) vs. Mw/Mc master curve for M/M, > 1, 
showing good agreement of eq 35 with experiment. Equation 35 
is from this work. The Doi-Edwards equation is eq 29. The Doi 
equation is eq 32. 

where L(t)  is the instantaneous tube contour length at time 
t ,  the average tube contour length, and M/Me the num- 
ber of steps per chain. The time-average tube contour 
length is {L(t)) t = (M/M,)a, where a is the entanglement 
mesh size. Equation 31 indicates that if M/M, = 10, then 
6L/L = 0.32 (a 32% fluctuation in tube length), and if 
M/Me = 100, then 6L/L = 0.1 (a 10% fluctuation). Thus, 
tube leakage effect is large unless M/M, > 100. 

Exact analysis of tube leakage is extremely complicated. 
DoiZ2 and Noolandi and Bernardz7 proposed approximate 
analyses. DoiZ2 obtained 

70 = 9.6qo(Mc)(M/Mc)3(1 - l.04(Mc/M)0.5)3 (32) 

This is the Doi equation, which reasonably agrees with the 
n = 3.4 empirical relation in the range 20 < M/Mc < 100. 
However, it greatly underestimates the qo for M/M, < 20, 
as can be seen in Figure 12. A t  very high molecular 
weights, eq 32 gives n = 3 and reduces to eq 29 as it should. 

Alternatively, we propose that the tube leakage can be 
accounted for by 

(33) 

where 7Jm is the tube disengagement time with fluctuation 
considered, 7,3(NF) is that without considering fluctuation, 
and p is a numerical constant to be determined later. This 
relation is suggested by 

(34) 

where tR is the friction coefficient of a Rouse chain, with 
the assumption that the effect of tube leakage diminishes 
exponentially. We thus obtain 

70 = TO(M,)(M/M,)~ e x p P W 1  - (Mc/M))0.5) (35) 

where /3 = 2.26 is obtained by requiring that eq 35 reduce 
to eq 29 at  M - 03. 

Equations 29, 32, and 35 are plotted together and com- 
pared with experimental data for FEPs and polystyrenes 
in Figure 12. All three equations converge at  very high 
molecular weights. However, in the conventional molecular 
weight range, eq 29 overestimates the qo and eq 32 un- 
derestimates it, while eq 35 correctly predicts the qo over 
the entire molecular weight range. 

The reduced plot (Figure 12) is a universal master curve, 
since qo/so(Mc) vs. M/M, is independent of temperature 
and chemical composition. We choose to examine the 

7,3(F) = 7,3(NF) eXp(P(1 - (M,/M)O9) 

7 p  3 ( E  - SL)Z[R/ (7r%T)  

LOG (M/M,) 

Figure 13. d log (?o/?o(Mc)}/d log (M/Mc) vs. M/M, plot. Note 
that n = d log (?o/qo(Mc)}/d log (MIM,) in the relation qo = 
70(Mc)(M/Mc)". 

relationship with polystyrenes in addition to the present 
FEPs, since polystyrenes are perhaps the most widely and 
accurately studied. Several workers have accurately 
measured the qo on the same narrow-distribution poly- 
styrenes. The data were extensively reviewed and com- 
pared before.26 Four sets of polystyrene data are chosen 
to be particularly accurate, Le., the data of Onogi and 
co-workers14 by dynamic rheometry (160 "C), of A k ~ v a l i ~ ~  
by stress relaxation (129 "C), of Tobolsky and co-workersm 
by stress relaxation (100 "C), and of Fox and Flory31 by 
shear flow (217 "C). The data of Tobolsky and co-work- 
ers30 are nearly identical with those of A k o ~ a l i , ~ ~  but the 
latter extend over wider molecular weight ranges. For 
legibility, therefore, the data of Tobolsky and co-workers 
are not shown in Figure 12. As can be seen, eq 35 ade- 
quately represents the qo over the entire molecular weight 
range for MIM, > 1 for both the FEPs and polystyrenes. 

I t  is particularly interesting to note that eq 35 predicts 
a significant curvature near M/M, = 1 and that this cur- 
vature is indeed verified by the experimental data. 
Equation 35 also indicates that n = 4.1 at M = M,, which 
gradually decreases to the asymptotic value of n = 3 at M - m, In the conventional molecular weight range (M/Mc 
= 1-loo), the qo values predicted by eq 35 give n = 3.5 
when fitted by least squares, in agreement with the em- 
pirical results. Figure 13 shows the n values as a function 
of M/Mc, as predicted by eq 35. 

Furthermore, we note that the qo(Mc) predicted by eq 
30 is 2.29 P, which is indeed greater than the value of 0.229 
P predicted by eq 35 by a factor of about 9.6, as expected. 

Conclusion 
Linear viscoelastic properties in the terminal and plateau 

zones for four tetrafluoroethylene-hexafluoropropylene 
copolymers (FEPs) in the amorphous melts are measured 
by dynamic rheometry. The storage modulus master 
curves are deconvoluted to obtain the molecular weight 
distributions, which are analyzed to show that the free 
radical polymerization of these fluoro polymers proceeds 
essentially by binary coupling of chain ends with a skew 
toward high molecular weights. 

The steady-state compliance is determined from the 
relaxation time spectrum in the terminal zone. Doi-Ed- 
wards theory adequately predicts the values for mono- 
disperse polymers but overestimates the polydispersity 
effect. On the other hand, the Mills equation adequately 
predicts the polydispersity effect. Combination of the 
Doi-Edwards equation for monodisperse polymer and the 
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Mills equation for polydispersity gives eq 26, which ade- 
quately predicts the steady-state compliance for polydis- 
perse polymers. 

The present FEPs have very high molecular weights 
(M,/M, = 24-77) and are indeed found to verify the oo vs. 
M j  relation predicted by the reptation theory. At lower 
molecular weights (Mw/Mc = 1-50), however, the empirical 
to vs. Mw3.4 relation holds. This is explained by the fluc- 
tuation of tube contour length (tube leakage). Consider- 
ation of the tube leakage effect in the reptation theory 
gives a relation that correctly predicts the molecular weight 
dependence of zero-shear viscosity over the entire molec- 
ular weight range ( M / M c  > 1). That is, in the relation qo 
= qo(MC)(M/Mc)”, n = 4.1 at M = M ,  and asymptotically 
decreases to n = 3 at M - m .  
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ABSTRACT A new model is suggested for the origin of the syndiospecificity in the Ziegler-Natta polymerization 
of propene by homogeneous catalytic systems. Nonbonded energy calculations for possible diastereoisomeric 
situations at the proposed catalytic site are reported. In our model, the configuration of the last added monomeric 
unit influences directly the chirality ( A  or A) of an octahedral catalytic intermediate; such chirality, in turn, 
determines the configuration of the entering monomeric unit. 

Introduction 
The problem of the origin of syndiotactic stereoregula- 

tion in the polymerization of propene in the presence of 
homogeneous catalytic systems (e.g., VC14-A1R2C1 or 
-A1RC12, where R = alkyl group) has been relatively little 
investigated up to now. 

It  has been established that the syndiotactic polymer- 
ization of propene is not completely regiospecific and that 
it must be formally considered as a binary co- 
polymerization of head-to-tail and tail-to-head propene 
units;’P2 moreover, the only syndiospecific step would be 
the insertion of the monomer into a metal-secondary 
carbon bond, with formation of a new secondary metal- 
carbon b ~ n d . l - ~  

All the proposed models for syndiotactic propagation 
suppose that the active center is a metal-carbon bond and 
that the monomer first coordinates to the metal atom: 

OO24-9297/85/2218-2030$01.50/0 

moreover, all of them attribute the stereospecificity to 
steric factors. However, different driving forces for the 
syndiospecificity have been proposed. 

According to the model of Arlman and Cossee,* there 
are two adjacent accessible positions at  the catalytic site, 
one for the growing chain and one for the incoming mo- 
nomer. The two positions favor the coordination of the 
propene monomer with opposite prochiral faces; if the 
growing polymer chain alternates between the two posi- 
tions a t  each insertion step, syndiotactic propagation is 
ensured. An analogous model has been proposed for the 
ring-opening polymerization of norbornene derivatives by 
ReCl,, where the propagation species is a metallocarbene 
~ o m p l e x . ~  

Most of the  author^^,^,^ favored instead the hypothesis 
that the syndiotacticity is due to steric repulsions between 
the methyl group of the complexed propene and the last 
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