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Light Scattering Characterization of an Alternating Copolymer of 
Ethylene and Tetrafluoroethylene. 2. Molecular Weight 
Distributions 
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ABSTRACT By combining static and dynamic properties (Mw, Az, kd, R and Doo) of an alternating copolymer 
of ethylene and tetrafluoroethylene, -(CFzCFzCH2CH&,-, in diisobutyl a8pate at 240 "C with a detailed analysis 
of the intensity-intensity time correlation function, we have been able to determine, for the first time, the 
molecular weight distribution (MWD) of an alternating copolymer of ethylene and tetrafluoroethylene (PETFE). 
A variety of Laplace inversion techniques, including multiexponential singular value decomposition (MSVD), 
a method of regularization (RILIE), and CONTIN, was used to  obtain an estimate of the normalized char- 
acteristic line-width distribution function G(I'). The nonintrusive laser light scattering technique permits 
us to determine the molecular weight as well as the MWD of PETFE based on sound physical principles. 
Furthermore, in view of the simple I' = DIP (with I', D, and K being the characteristic line width, the translational 
diffusion coefficient, and the magnitude of the momentum transfer vector, respectively) dependence and the 
second virial coefficient of diffusion, kd - 0, the Laplace inversion used in the data analysis can be greatly 
simplified for determination of molecular weight and polydispersity of PETFE in diisobutyl adipate a t  240 
" C .  

I. Introduction 
In the previous paper (l), we characterized the solution 

properties of an alternating copolymer of ethylene (E) and 
tetrafluoroethylene (TFE), -(CF2CF2CH2CH2)x-, denoted 
PETFE, in diisobutyl adipate at 240 "C, using laser light 
scattering intensity and line-width measurements. From 
light scattering intensity measurements, we obtained 
(R,2)z1/2 = 1.68 X 10-1M,o.60, with the z-average root- 
mean-square radius  of gyration R,  [=(R,2),1/2] and the 
weight-average molecular weight M, expressed in units of 
A and daltons, respectively. In combination with light 
scattering line-width measurements, we obtained Doo = 
3.35 X 10-4Mw4.60, with the translational diffusion coef- 
ficient a t  infinite dilution expressed in unib of cm2 s-l. In 
the present paper, the main steps are to obtain estimates 
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of the normalized characteristic line-width distribution 
function G( r )  from the measured intensity-intensity time 
correlation function and to transform G ( r )  to the molec- 
ular weight distribution (MWD) by means of the experi- 
mentally determined scaling relation Doo = k&P60. The 
main obstacle in the procedure is related to the relatively 
new method of data analysis: Laplace inversion of the 
electric field time correlation function: 

Although Laplace inversion is a difficult ill-posed 
problem because of the bandwidth limitation of our in- 
strument and the noise in g(*)(K,T), there exists a variety 
of approaches (in particular, the method of regularization) 
permitting us to obtain approximate forms of G ( r )  based 
on sound mathematical principles. Furthermore, several 
algorithms have undergone extensive tests using simulated 
data as well as actual experiments and have been applied 
to a variety of studies.'V2 In an earlier laser light scattering 
study on the MWD of linear p~lyethylene,~ we used the 
approach first developed by McWhirter and Pike,4v5 while 
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in a recent MWD characterization of poly( 1,Cphenylene- 
terephthalamide): we used the multiexponential singular 
value decomposition (MSVD) technique2 with discrete 
multiexponentials to approximate G ( r )  and a method of 
regularization (regularized inversion of the Laplace integral 
equation, designated RILIE) whereby a linearized 
smoothing operator2 was used. In the present article, we 
added a widely used CONTIN algorithm developed by 
Provencher' for comparison purposes. It should be noted 
that for unimodal characteristic line-width distributions 
of relatively narrow polydispersity (p2/F2 < 0.2), the cu- 
mulants methods of data analysis is applicable and yields 
valuable information in terms of the average line width F 
[=SrG(r) d r ]  and the variance w2/F2 with pz = $(r - 
F)2G(I') d r .  

11. Laplace Transform 
The MSVD technique,'p2g6 the RILIE regularization 

method,2p6 and Provencher's CONTIN program1!' have 
been described in detail elsewhere. We only outline the 
essential steps that are necessary in describing our data 
fitting results. 

1. MSVD Technique. In the MSVD technique, we 
approximate G ( r )  by a set of linearly or logarithmically 
spaced discrete single exponentials: 

(2) 

such that bi [=g( ' ) (T i )  = SG(K,r)e-r(mTc d r ]  = CjPj  exp- 
( - r j T i ) ,  with Pj being the weighting factors of the 6 func- 
tions. The linear least-squares minimization problem has 
the form CP N b, with the symbol "en intended to imply 
solution of the overdetermined set of equations subject to 
minimization of the Euclidean norm of the residual vector 
Ilb - CPll and the elements of C being C,, = e-rJrL. P and 
b are vectors and C is an i X j matrix. The MSVD tech- 
nique yields a discrete distribution for G ( r )  and is ap- 
plicable for unimodal G(r). 

2. Regularization Method (RILIE). Our regulari- 
zation method was a modified version of the one developed 
by Abbiss et al.9 for laser Doppler velocimetry. The reg- 
ularization method imposes stability on the solution by 
using reasonable constraints. It attempts to solve a related 
equation whose solution responds stably to perturbations 
in the data and yet is constrained to be close to the dis- 
tribution G(r).  In the iterative scheme, the choice of the 
smoothing parameter (a) is crucial. a should be as close 
to zero as possible in order to allow the maximum amount 
of information to be retrieved from the data while still 
retaining the stability of the solution. Our regularization 
method yields a continuous distribution for G(I'). 

111. Results and Discussion 
By following experimental procedures for self-beating 

and base-line considerations,6J0 we could obtain precise 
measurements of the intensity-intensity time correlation 
function G(2)(K, T )  : 

(3) 

where the base line A agreed with the measured base line 
limp- G(2)(K,~) to within about 0.1 % . Figure l a  shows 
a typical experimental intensity-intensity photoelectron 
count autocorrelation function for PETFE in diisobutyl 
adipate measured at 0 = 30° and 240 OC using a delay time 
increment AT of 22.5 ps. Relative deviation plots of the 
measured and the computed time correlation function 
using three different methods of Laplace inversion (MSVD, 
RILIE, and CONTIN) as well as the method of cumulants 
(second order) are shown in Figure lb. In Figure lb ,  we 

G ( r )  = cpjs(r - rl) 
I 

G(2)(K,~) = A ( l  + b(gt')(K,~)I~) 
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clearly see that there are different approaches to seeking 
approximate solutions to the Laplace inversion, even 
though all three algorithms essentially invoke the method 
of regularization. It should also be noted that, in an ill- 
posed problem, goodness of fit does not guarantee a correct 
solution to the inversion. The treatment of the ill-posed 
Laplace inversion problem was based on sound principles 
developed by mathematicians.'l In photon correlation 
spectroscopy, the algorithms deal with practical applica- 
tions of the method of regularization using different 
criteria. Each algorithm has a mathematically defined 
most probable solution to the Laplace inversion problem. 
However, there is always an element of uncertainty because 
we do not know precisely the signal-to-noise ratio of our 
measurements. This is not to say that we do not know our 
counting statistics (which we do). Rather, these are ex- 
perimental noises due perhaps to dust particles, laser 
fluctuations, system noise, or trace amounts of stray light. 
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Table I 
Experimental Results Based on Different Algorithms for PETFE I in Diisobutyl Adipate at 240 "C 

(M, = 5.4 X 104 6 = 30"; C = 4.03 mg mL-') 

PETFE 11-I* PETFE In 
parameter MSVD RILIE CONTIN cumulants (eq 6) 
r, s-1 LOO x 103 1.03 x 103 1.01 x 103 1.03 x 103 
!-12/r2 0.10 0.11 
M,:M,:M, 2.0: 1.3: 1 2.2:1.4:1 

R I 

v 

58 * I  ev 

i o 7  o (cm2sec -1 )  

*> 0.  0 
0. 0 0. 7 1. 4 2. 1 

Figure 2. Plots of G(D) vs. D (=r /P)  for 3.50 mg mL-' PETFE 
(M, = 9.0 X lo6) in diisobutyl adipate at 240 "C based on the 
CONTIN method of data analysis:-(o) 0 = 30°, D = 9.35 X 
cm2 s-l, g2/S2 = 0.10; (0) e = 40°, D = 9.12 x cm2 s-l, p 2 / r 2  
= 0.096; (A) e = 50°, i5 = 9.25 x cm2 s-l, g 2 / P  = q.10; (v) 
8 = 60°, D = 9.24 X cm2 8, p 2 / F 2  = 0.09. Overall D = 9.24 
x cm2 s-l. 

Furthermore, optimization of the finite bandwidth range 
in the measured intensity-intensity time correlation in 
order to retrieve a maximum amount of information on 
G ( r )  has not been worked out precisely. Thus, we have 
used simulated data and known polymer systems under 
comparable experimental conditions, counting rates, and 
statistics to test our algorithms for the Laplace inversion. 
The agreement, as shown in Figure IC and Table I, con- 
firms that our results are independent of the method of 
data analysis. Numerical results of the transform by 
MSVD, RILIE, and CONTIN for the experimental data 
shown in Figure l a  and plotted in Figure IC are listed in 
Table 11. For unimodal distributions within a reasonable 
range of polydispersity, we can measure the molecular 
weight to within a few percent, the width of MWD to 
perhaps -lo%, and the skewness to -50%. It is also 
difficult to locate the upper and lower bounds of 
Similar critique could be directed to other analytical 
techniques involving inversion of ill-conditioned integral 
equations. Unfortunately, most such treatments of data 
analysis have not yet reached the sophistication of the 
regularization method. It should also be noted that dis- 
crete and continuous normalized characteristic line-width 
distributions based on MSVD and RILIE (or CONTIN) 
algorithms are not the same. In a discrete G(r) ,  we have 
eq 2. If rj does not have equal spacing, Pj has to be re- 
scaled. In other words, G ( r )  # G(ln r). 

From G(r )  and our knowledge on the simple K2 de- 
pendence of F as well as a lack of the concentration de- 
pendence of the translational diffusion coefficient Do, Le., 
the second virial diffusion coefficient kd N 0, in which Do 
= limK4 f / K 2  = Doo(l + kdC), we can make a relatively 
simple conversion from G ( r )  to G(Doo). Figure 2 shows 
plots of G(D) vs. D for 3.50 mg mL-' PETFE (M,  = 9.0 
x lo6) in diisobutyl adipate a t  240 "C and 6' = 30" (hollow 
squares), 40" (hollow diamonds), 50" (hollow triangles), 
and 60° (hollow inverted triangles) based on the CONTIN 
method of data analysis. In the comparison, we not only 
have taken D = r / P  but have essentially assumed that 
R,(W was relatively constant over the 6' = 30-60" angular 
range. In practice, we prefer to use the lower angle (0 N 

30") GO(K,T) as a basis for the transformation of variables 

0.10 0.097 
2.0: 1.3: 1 

0.11 

0. 0 2. 0 4. 0 

1 o - ~  I<'t (cm+sec) 

Figure 3. Scaling of L(')(I',t)l at different scattering angles by 
fl at constant concentration C = 3.50 mg mL-' for PETFE (M, 
= 9.0 X lo5) in diisobutyl adipate at 240 "C. Same symbols as 
in Figure 2. 

I I 
0. 0 2. 0 4. 0 

1 o - ~  ~ ' t  ( c m - ' s s e c )  

Figure 4. Scaling of Ig(')(I',t)l due to concentration effect at 
constant scattering angle (0 = 30') for PETE (M, = 9.0 X los) 
in diisobutyl adipate at 240 "C. Analysis by second-order cu- 
mulants method. (0) C = 1.22 mg mL-', D = 9.15 X lo4 cm2 s-', 
p2/F2 = 0.09; (0) C = 2.30 mg mL-', D = 9.31 X lo4 cm2 s-l p2 r2 
0.11; (0) C = 3.50 mg mL-', D = 9.35 X cm2 p21F2 = 0.10; 
(A) C = 3.25 mg mL-', D = 9.06 x cm2 s-l !-lz/r2 = 0.095. 
Overall D N 9.15 X cm2 overall p2/F2 N 0.10. 

in order to obtain the molecular weight distribution. 
Nevertheless, this approximation is acceptable for PETFE 
in diisobutyl adipate a t  240 "C so long as its molecular 
weight range remains within lo6 daltons or KR, << 1. 
Figure 3 shows the scaling of lg(l)(I'(K),t)l at  different 
scattering angles by li?, indicating the lack of interference 
effect a t  constant concentration (C = 3.50 mg mL-l) for 
PETFE (M,  = 9.0 X lo5) in diisobutyl adipate a t  240 "C. 
Similarly, Figure 4 shows the scaling of k(l)(I'(K),T)i due 
to concentration effect a t  a constant angle (0 = 30") for 
PETFE (M, = 9.0 X lo5) in diisobutyl adipate a t  240 "C. 
The corresponding plots of G ( r )  vs. from the measured 
time correlation function based on the CONTIN method 
of data analysis are shown in Figure 5. The agreement 
in D ( = F / P )  at 6' = 30" over a range of concentrations as 
shown in the figure caption of Figure 5 conf i i s  our earlier 
finding that kd N 0 in Do = DOo(1  + k&), with D o  = 
limK4 F / P  E f(O=3O0)/P. It should be noted that 
corrections to concentration and interference effects be- 
come appreciable whenever k& - l and kR, 2 l, and such 
have been discussed elsewhere.6 In the present case, a t  
0 = 30°, KR, N 2 X < 1 and kdC << 1. Thus, within 
the precision of our analysis, we can simplify the transform 
by ignoring both extrapolations (to infinite dilution and 
zero scattering angle). 

= 0.09; (V) C = 2.94 mg mL-', D = 9.00 X lom8 cm2 s-' p2/f  ki 
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Table I1 
Data for G ( r )  vs. r Using Different Methods of Data Analysis for PETFE I ( M ,  = 5.4 X los; C = 4.03 X 

RILIE CONTIN MSVD 
g mL-'; -9 = 30') 

r, S-1 G(r)  r, S-1 G(r) r, 5-1 G(r) 
4.75 x 104 4.20 X lo2 1.35 X 2.79 X lo2 

3.09 X lo2 
3.43 x 102 
3.80 X lo2 
4.20 X lo2 
4.67 X lo2 
5.18 X lo2 
5.74 x 102 
6.37 X lo2 
7.06 X lo2 
7.83 X lo2 
8.68 X lo2 
9.63 X lo2 
1.07 x 103 
1.18 x 103 
1.31 x 103 
1.46 x 103 
1.61 x 103 
1.79 x 103 
1.98 x 103 
2.20 x 103 

0 
6.06 X 
2.04 X 10"' 
3.42 X lo4 
4.72 X 10"' 
5.91 X 10"' 
6.96 X 10"' 
7.85 X 10"' 
8.53 X 10"' 
8.99 X 10"' 
9.21 x 10-4 
9.16 x 10-4 
8.86 X 10"' 
8.30 X 10"' 
7.48 X 10"' 
6.45 X 10"' 
5.24 X 10"' 
3.88 X 10"' 
2.44 X 10"' 
9.61 X 
0 

2.47 X lo2 
3.73 x 102 
3.02 X lo2 
3.33 x 102 
3.68 X lo2 
4.07 X lo2 
4.50 X lo2 
4.97 x 102 
5.49 x 102 
6.07 X lo2 
6.71 X lo2 
7.41 X lo2 
8.19 X lo2 
9.05 X lo2 
1.00 x 103 
1.11 x 103 
1.22 x 103 
1-35 x 103 
1.49 x 103 
1.65 x 103 
1.82 x 103 
2.01 x 103 
2.22 x 103 

3 1 
I 

0. 0 500 1000 1500 

r (see-9 
Figure 5. Plots of G(r) vs. r for the same k(l)(I',t)l as in Figure 
4 at different concentrations baaed on the CONTIN method. 
Same symbols as in Figure 4. PETFE (M, = 9.0 X lo6) g in 
d_iisobutyl adipate at 240 "C at -9 = 30". ( 0 )  C = 1.22 mg mL-', 
D = 9.35 cm2 s-l, p2/F2 = 0.10; (0) C = 2.30 mg mL-', b = 9.13 
cm2 s-', &/F2 = 0.10; (v C = 2.94 mg mL-', b = 9.11 cm2 a-', &/r2 
= 0.11; (0) c = 3.50 mg mL-', D = 9.28 cm2 s-', p2/f" = 0.10; (A) 
C = 4.25 mg mL-', D = 8.96 cm2 s-', p 2 / F 2  = 0.10. 

Having computed G(Doo) [ =G(D) ,  as shown in Figure 
21, we now make use of the empirical relation for the 
translational diffusion coefficient Do .o (in cm2 e') = 3.35 
X 104Mj4..60 for each fraction of P&E having molecular 
weight Mi expressed in daltons. At each scattering angle, 
the excess Rayleigh ratio has the form 

RwW) - S F n ( M ) w P ( M , W  (4) 

where P(MJ0 is the particle scattering factor and F,(M) 
is the normalized number distribution for PETFE. The 
y-n sign denotes that we are not concerned with the 
proportionality constant. At  small enough scattering an- 
gles, Pi - F,(Mj)M?P(Mj> N Fn(Mj)MF as P(Mj) = 1. 
The first-order term for P(Mj) has the form P(Mj) N 1 - 
R 2(Mj)K"/3. Thus, we can correct for the interference 
ekect in the molecular weight distribution since we have 
the empirical scaling relation between the radius of gyra- 
tion and the molecular weight: R,i (in A) = 1.68 X 
lO-'MjO.*, with Mi expressed in daltons. 

Figure 6 shows a typical normalized weight distribution 
(f, - F,M) of PETFE (M, = 5.4 X lo5) using three dif- 
ferent algorithms of Laplace inversion (MSVD, RILIE, and 
CONTIN) all based on the regularization method. The 
results of our analysis for the three PETFE polymer sam- 

2.23 x 10-5 
5.82 x 10-5 
1.16 x 10-4 

2.98 x 10-4 
4.16 x 10-4 
5.46 x 10-4 

8.07 x 10-4 
9.16 x 10-4 
1.00 x 10-3 
1.05 x 10-3 
1.05 x 10-3 
1.01 x 10-3 

6.19 x 10-4 

2.74 x 10-4 
1.34 x 10-4 
4.14 x 10-4 

1.96 X 10"' 

6.80 X lo4 

9.15 X 10"' 
7.82 X 10"' 

4.43 x 10"' 

0 

4.58 X lo2 
5.00 X lo2 
5.45 x 102 
5.95 x 102 
6.49 X lo2 
7.08 X lo2 
7.71 X lo2 
8.42 X lo2 
9.18 X lo2 
1.00 x 103 
1.09 x 103 
1.19 x 103 
1.30 x 103 
1.42 x 103 
1.55 x 103 
1.69 x 103 
1.84 x 103 
2.01 x 103 
2.19 x 103 

1.84 X lo4 
6.67 X 10"' 
8.82 X lo4 

4.22 x 104 

1.04 x 10-3 
1.15 x 10-3 
1.19 x 10-3 
1.17 x 10-3 
1.12 x 10-3 
1.02 x 10-3 
9.06 x 10-4 
7.72 x 10-4 
6.34 x 10-4 

3.69 x 10-4 

6.92 x 10-5 

4.97 x 10"' 

2.53 X 10"' 
1.53 X 10"' 

1.73 X lo4 

Table I11 
Molecular Parameters of PETFE Polymer Samples in 
Diisobutyl Adipate at 240 "C (Doo = 3.35 X 10-4M+".60; 

parameter MSVD RILIE CONTIN 
PETFE I 

M ,  = 5.4 X lo6, R, = 454 A, A2 = 1.97 X 10"' mol mL g-2 

MU 4.0 X lo6 3.7 X lo6 4.0 X lo6 
M,:M,:N, 2.0: 1.3: 1 2.2:1.4:1 2.0:1.3:1 

PETFE I1 
M ,  = 9.0 X lo6, R, = 619 A, Az = 1.14 X 10"' mol mL g-2 
M W  8.9 X los 8.9 X lo5 9.0 X los 
MU 6.4 X lo6 6.8 X lo6 7.0 X lo5 
M,:M,:M, 2.1:1.4 1 

PETFE I11 
M ,  = 1.16 X lo6, R,  = 721 A, A2 = 1.02 X lo4 mol mL g-2 

MW 1.14 X lo6 1.15 X lo6 1.18 X lo6 
M n  8.1 X lo5 8.8 X lo5 8.4 X lo5 
M,:M,:Mu 2.0:1.41 

kd = 0) 

M W  5.3 x 105 5.2 x 105 5.4 x 105 

2.3:1.3:1 2.0:1.3:1 

2.1:1.41 2.21.3:l 

ples are summarized in Table 111. The three molecular 
weight distributions for PETFE I as listed in Table 111 
show similar Mz:M,:Mn as well as the values for the M ,  
( 4 5 . 3  f 0.1) X lo5), which compares favorably with the 
M ,  value (5.4 X lo5) determined by absolute light scat- 
tering intensity measurements. We are, of course, aware 
of the fact that the empirical relation for Doo = k&-"D 
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Table IV 
Scaling Relations" and Molecular Weight Ratios of Curves 

Shown in Figure 8 (0 = 30'; C = 4.03 mg mL-'; 
M ,  = 5.4 x 106) 

Doo (cm2 s-l) = 
symbol k&-"D (g mol-') M, X 10" M,:M,:M,, 

D ~ O  = 3.75 x 1 0 - 4 ~ 4 . ~ 0  3.9 2.2:1.4:1 
0 Doo = 2.70 X 10-4M4.515 3.8 2.3: 1.4: 1 
A D,O = 1.96 x 10-4~4.65 3.7 2.4: 1.4:l 

M, was set at 5.4 X lo5 based on the static light scattering ex- 
periment. 

was calibrated by means of absolute light scattering 
measurements. The main point here is to illustrate that 
our analysis is self-consistent. The laser light scattering 
(LLS) approach for the determination of MWD has its own 
internal absolute calibration. Figure 7 shows the molecular 
weight distributions of the three PETFE polymer samples 
that we have examined. It is amazing to note that M,/M,, - 1.3 for all three PETFE polymer samples. Such narrow 
MWD's cannot be attributed to known experimental er- 
rors. If there were internal motions, the additional high- 
frequency components would broaden the characteristic 
line-width distribution G(I'). Similarly, the introduction 
of a small amount of stray light or dust would broaden the 
high- or low-frequency limits of G(I'). With M,/Mn - 1.3, 
LLS can determine the variance ( p 2 / F 2 )  by any of the 
standard methods of data analysis, including the cumu- 
lants method. In our analysis, we have assumed PETFE 
to be highly alternating15 and the E/TFE composition to 
be essentially independent of molecular weight. 

In paper 1, we have noted that the diffusion/molecular 
weight scaling exponent C U ~  has an estimated value of 0.6, 
corresponding to the maximum limit for a polymer coil in 
a good solvent. As we were able to cover a molecular 
weight range by only a factor of 2 and the magnitudes of 
the second virial coefficients, kd and A2, were relatively 
small, we should qualify the value of 6 by denoting the 
effect of its magnitude on the MWD. Figure 8 shows plots 
of MWD for LYD values of 0.60 (U), 0.575 (0), and 0.55 (A) 
with the scaling relations and resultant molecular weight 
ratios listed in Table IV. We note that the exact value 
of CUD is not very important in our determination of MWD. 

Finally, it is feasible to utilize the difference correlation 
functions for on-line monitoring of molecular weight and 
polydispersity changes. Figure 9 shows plots of log 
L(l)(I',T)I (left-side y axis) as a function of Pt for PETFE 
I, 11, and 111. If we take PETFE I1 as our reference 
standard, we can observe the changes in molecular weight 
purely from the slopes of PETFE 11-1 and PETFE 111-11 
using any combination of scattering angle and concentra- 
tion since KR, 5 1 and kdC << 1. In the cumulants ex- 
pansion 

( 5 )  In p(l)(t)l = -fit + (1/2)p2t2 + ... 

y1 1 .0 ,  

- I  
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0 .  0 L - , 1 , , , ,::..-a 
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Figure 8. Molecular weight distributions of PETFE based on 
the CONTIN method of data analysis and different values of cyD 
but constant M ,  with the scaling relations and the resultant 
molecular weight ratios listed in Table IV. Data from 0 = 30°, 
C = 4.03 mg mL-', 240 "C, and M, = 5.4 X lo5 PETFE in di- 
isobutyl adipate. 
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Figure 9. Scaling of E(l)(r,t)l at different molecular weights. 0 
= 30'. Note: concentration has negligible effects. (0) PETFE 
I, M ,  = 5.40 X lo5, C = 4.03 X loF3 mg mL-; (A) PETFE 11, M ,  
= 9.00 X lo5, C = 3.50 X me mL-': (0) PETFE 111. M, = . .  . 
1.16 x 106, C = 4.28 x 10-3 mg L L - ~ .  Y = log p) ( r , t j l  - log 
k(l)(F,t)l. PETFE 11-1, slope = 1.27 X cm2 s- (M,(PETFE 
I) from Figure 8 = 5.62 X lo5, MJPETFE I) from intensitv = 
5.40 X 105;Mw(PETFE I) from line width = 5.3 X lo5); PETFE 
111-11, slope 4.97 X lo4 cm2 s-l (M,(PETFE 111) from Fi ure 8 

(PETFE 111) from line width = 1.18 X lo6). 
and the difference term for the two molecular weights can 
be represented by 

= 1.13 X lo6, MJPETFE 111) from intensity = 1.16 X 10 f , M,- 

log kMl(l)(r,@t)1 - log IgM2(l)(rpt)l = 

(6) 
In eq 6, the first term on the right-hand side corresponds 
to the initial slope in a plot of log kM1(')(I',@t)l - log 
lgM (l)(I',@t)l vs. @t as shown in Figure 9, with Y = log 
k$)(I',K%)l- log kM>)(I',Pt)l being the right-side y axis. 
By least-squares fitting of the difference curves, we de- 
termined the molecular weights of PETFE I and I11 to be 
5.62 X lo5 and 1.13 X lo6 using eq 6 and M,(PETFE 11) 
= 9.00 X lo5. It is interesting to note that the computed 
pz/fi2 values are in agreement with the detailed compu- 
tations; e.g., see Table I for results of PETFE I, confirming 
that the polydispersity index M,/Mn (- 1.3) has remained 
relatively unchanged. Thus, with a reference curve as our 
standard, we can determine the molecular weight and the 
polydispersity index (M,/Mn) for PETFE in diisobutyl 
adipate a t  240 "C without the use of Laplace inversion. 
The results can be computed easily by a hand-held cal- 
culator or estimated by eye inspection! 

After characterization of PETFE, we realize that the 
polymer coil behaves fairly normally. Figure 10 shows a 
log-log plot of qmelt vs. M,. We obtained 

(7) qmelt (Poise) = 1.88 X 10-20M,3.42 
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Figure 10. log-log plot of qmslt vs. M ,  at 297 "C. qmelt = 1.88 
X 10-20M,3.42, with qmslt and M, expressed in units of poise and 
daltons, respectively. 

confirming the experimental viscosity exponent of 3.4. 
With eq 7, it is now possible to determine the molecular 
weight of PETFE in the melt state by means of high- 
temperature rheometry so long as the molecular weight of 
PETFE remains sufficiently high for the melt viscosity 
exponent value of 3.4 to hold. 
IV. Conclusions 

Laser light scattering, including measurements of the 
angular distribution of the absolute scattered intensity and 
of the time correlation function together with correlation 
function profile analysis, has been developed into a pow- 
erful analytical tool for polymer characterizations. We 
have succeeded in determining the molecular weight and 
its distribution of polymers, which are very difficult to 
characterize by standard analytical techniques. Aside from 
polyethylene in trichlorobenzene, poly( 1,4-phenylene- 
terephthalamide) in concentrated sulfuric acid, and poly- 
(ethylene terephthalate) in hexafluor0-2-propano1, we have 
now characterized an alternating copolymer of ethylene 
and tetrafluoroethylene. In each case, the problem has 
often been much more than just searching for an appro- 
priate solvent for the polymer. For the PETFE charac- 
terization, we had to develop a new apparatus for polymer 
dissolution and solution clarification at high temperatures, 
a new light scattering spectrometer, and improved methods 

of data analysis. The technology has now been developed 
and demonstrated under the most stringent conditions. By 
coupling with other separation techniques, the LLS de- 
tection technique using a flow cell14 should have great 
potential as an analytical tool for polymer and colloidal 
particle characterizations. 
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Dynamics of a Flexible Polymer Chain in Steady Shear Flow: 
The Rouse Model 
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ABSTRACT The Rouse model of a flexible polymer in dilute solution is studied. A complete description 
of the dynamics of a Hookean dumbbell in shear flow is developed from the Bose operator representation 
of the Smoluchowski equation. The relaxation of fluctuations from the nonequilibrium steady state is examined, 
and dynamic correlation functions are determined exactly. The results are used to study the dynamics of 
the Rouse chain in shear flow. 

I. Introduction negligible, and, therefore, each chain contributes inde- 

contributed considerably to the understanding of polymer arately. The bead-spring models, which represent a 
flow properties (see, e.g., ref 1-4). In dilute solutions, with polymer 
which this paper is concerned, interchain inbractions are (see Figure I), have had notable success in describing dilute 

solutions of flexible polymers? In these models, the springs 
represent nearest-neighbor interactions between beads, 
which represent Segments of the Polymer; non-newest- 
neighbor interactions can also be included. The beads also 

The theoretical study of dilute polymer solutions has pendently to the flow properties and can be treated sep- 

by a chain Of beads by 
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