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By combining static and dynamic light scattering measurements, we have succeeded in determining 
the molecular weight distribution of po!y( 1,4-phenylene terephthalamide) in concentrated sulfuric acid 
using Laplace inversion of the photoelectron autocorrelation function. The complex method of data 
analysis can be greatly simplified for on-line monitoring purposes by measuring the difference 
correlation functions whereby changes of molecular weight and of polydispersity can be detected 
quantitatively by photon correlation measurements at a fixed scattering angle and finite concentration 
even for worm-like chains. Effects due to concentration, intramolecular interference, and internal 
motions can be taken into account in the empirical procedure. © 1985 Academic Press, Inc. 

I. INTRODUCTION 

Solution properties of PPTA have been 
investigated by Berry and his co-workers (1, 
2). The molecular characterizations of  poly- 
amides have often been shown to be difficult 
to perform because of a variety of experi- 
mental difficulties. In a recent series of pub- 
lications (3-5), we have succeeded in char- 
acterizing the molecular weight distribution 
(MWD) of PPTA in concentrated sulfuric 
acid by means of laser light scattering. We 
were able to work out a procedure to char- 
acterize worm-like chains in dilute solutions. 
In addition, we determined the fundamental 
parameters which could be utilized for a 
straightforward MWD determination of 
PPTA dissolved in 96% sulfuric acid and 
0.05 M K2SO4. The experimental difficulties 

* This paper is dedicated to Dr. Milton Kerker on the 
occasion of his 65th birthday. 
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which we need to overcome can be summa- 
rized as follows. 

1. PPTA fluoresces with a blue (k o = 448 
nm) incident laser beam. The fluorescence 
could be alleviated using incident radiations 
of  higher wavelengths in the green/red region 
(e.g., 514.5 or 632.8 nm). In our experiments, 
we also used a narrow-band interference filter 
centered at the incident wavelength so that 
residual effects due to fluorescence were fur- 
ther reduced. Finally, agreement on light 
scattering results using different incident 
wavelengths confirmed that we could perform 
light scattering studies on PPTA in concen- 
trated sulfuric acid. 

2. PPTA solution has a reddish tint de- 
noting absorption of light in the visible region. 
Extinction coefficients at different wave- 
lengths were determined separately using a 
spectrophotometer. Light scattering intensity 
measurements at different polymer concen- 
trations were corrected for extinction. Agree- 
ment of  static and dynamic light scattering 
results using different incident wavelengths 
and laser power showed that we could per- 
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form proper light scattering experiments in 
a weakly absorbing solution. 

3. Considerable protonation of  PPTA in 
concentrated sulfuric acid results in the for- 
mation of macroions. Possible effects due to 
long-range electrostatic interactions were 
considered. Although concentrated sulfuric 
acid has a relatively high ionic strength, we 
examined the effects of salt (K2SO4) on the 
molecular weight of PPTA in 96% H 2 S O  4 . 

The results suggested that lowest and constant 
molecular weights of PPTA could be estab- 
lished by adding a small amount of K2SO4. 
A slight excess (0.05 M) of K2SO4 was then 
added to 96% H 2 S O  4 in subsequent studies. 
The protonated PPTA was also precipitated 
by adding water to the PPTA solution. Ele- 
mental analysis of precipitated PPTA showed 
the same chemical composition as the original 
PPTA, indicating an absence of complex 
formation with sulfates. 

4. Rod-like polymer chains usually exhibit 
strong interchain interactions including ag- 
gregation. The absence of aggregation was 
investigated by examining the variance of the 
time correlation function and the intrinsic 
viscosity of PPTA as a function of water 
content in concentrated sulfuric acid. Final 
Laplace inversion of the time correlation 
function of PPTA in 96% H2SO4 and 0.05 
M K2SO4 showed an absence of bimodality, 
suggesting that aggregation, if present, was 
not a major factor in the molecular weight 
distribution. 

5. PPTA solutions were difficult to clarify. 
In the preliminary studies, we determined 
the centrifugal acceleration required to re- 
move the dust particles but not the PPTA 
polymers from solution. We did not filter the 
PPTA solutions partly because rod-like poly- 
mer chains tended to plug up the filter and 
partly because .~ filters were less effective in 
removing dust particles from a polar and 
corrosive solvent, such as concentrated sul- 
furic acid. The clarified solution was exam- 
ined for large dust particles using a weak 
laser beam and a magnifying lens. Final 
confirmation on solution clarity could be 
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established when the measured baseline 
agreed with the computed baseline to within 
~0.1% in the intensity-intensity time cor- 
relation function G(2)(z) at different scattering 
angles. 

6. The use of H e S O  4 -F K 2 S O  4 q- H 2 0  

represents a mixed solvent. Dialysis would 
have been difficult to perform in view of the 
corrosive nature of concentrated sulfuric acid 
to most semipermeable membranes. We 
could establish the fact that measurements 
at different concentrations were performed 
at the same chemical potential because the 
refractive index increment of PPTA in 96% 
H2804 remained unchanged in the presence 
of varying amounts of K2SO4. 

7. PPTA is anisotropic. Light scattering 
intensity measurements using vertically po- 
larized incident and scattered light (vv) optical 
geometry could yield only apparent molecular 
weight and radius of gyration. We measured 
both polarized and depolarized components 
of scattered light (6) for PPTA in 96% H2SO4 
+ 0.05 M K 2 S O  4. 

In our analysis, we used Do = kD M-°'75 
where Do and M are expressed in square 
centimeters per second and gram per mole, 
respectively, and kD = 2.07 X 10 -5. The 
empirical relationship (4) between the trans- 
lational diffusion coefficient at infinite dilu- 
tion Do (actually Dz) and the molecular weight 
M (actually Mw) was determined using five 
molecular weight fractions ranging from Mw 
= 1.5 X 104 t o  M w = 4 X 104 g/mole. 
Therefore, the exponent (aD = 0.75) repre- 
sents an effective value for a limited range of 
molecular weight. Strictly speaking, the ex- 
ponent should not be a constant over a broad 
molecular weight range because PPTA has 
an ~estimated persistence length of 290 A 
which implies rigid-rod behavior with O/D = 1 
for very-low-molecular weight fractions and 
polymer coil behavior with ~D ~ 0.6 for 
very-high-molecular-weight fractions, if they 
exist. 

In this article, we wish to report that a 
simple analytical procedure can be established 
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to determine the molecular weight and its 
variance of a PPTA polymer using dynamic 
light scattering measurements at one scatter- 
ing angle and one finite concentration without 
employing the complex Laplace inversion 
method. 

II. BRIEF THEORETICAL REVIEW 

11.1. Spectrum of Scattered Light 

In the self-beating mode, the measured full 
photoelectron count autocorrelation function 
G~2)(r, K) for a detector of finite effective 
photocathode has the form (6) 

G~2)(r, K) = Ns(n)2(1 + blg°)(r, g)12), [1] 

where g°)(r, K) is the first-order normalized 
scattered electric field (Es) time correlation 
function, r is the delay time, (n) denotes the 
mean counts per sample time, Ns is the total 
number of samples, A [=Ns(n) 2] is the base- 
line, and b is a spatial coherence factor 
depending upon experimental conditions and 
is usually taken as an unknown parameter 
in the data-fitting procedure. As r ~ 0, g°)(0, 
K) = (E*(0, K)Es(0, K)) oc Rvv(K), where 
Rvv(K) is the excess Rayleigh ratio measured 
at a fixed value of K and K -- (47r/X)sin(0/2) 
with ~ and 0 being the wavelength of light 
in the scattering medium and the scattering 
angle, respectively. 

For a solution of polydisperse particles (or 
macromolecules), g°)(r, K) has the form (7) 

g(l)(r, K) = G(P, K)e-rqO~dI'. [21 

AS 7 ~ 0,  g ( l ) (0 ,  K )  = f g  G ( I  ~, K)dF, where 
G(F, K) is the normalized distribution of 
linewidth F measured at a fixed value of K. 
Thus, f o  G(P, K)dP oc R,~(K). 

The average linewidth F [---fo°° I'G(I')dP] 
at a finite concentration C can be written as 
(8) 

D*(M, K) = I'(M, K)/K 2 

= D(M)(1 + fM(R2)appK2), [31 

where D(M) represents the molecular weight 

dependent translational diffusion coefficient 
at a finite concentration with 

D(M) = D0(m)(1 + koC). [4] 

Do(M) is the translational diffusion coefficient 
at infinite dilution. (R2) 1/2 is the apparent 
root mean square radius of gyration at con- 
centration C without correction for molecular 
anisotropy, kd is an average system-specific 
second virial (diffusion) coefficient, fM is a 
dimensionless number which depends on 
chain structure, polydispersity, and solvent 
quality and is an experimentally determined 
quantity in our scaling procedure to be dis- 
cussed later. 

The inversion of Eq. [2] to obtain the 
linewidth distribution function G(I', K) has 
been the subject of considerable attention in 
the recent literature (7, 9-20). Different tech- 
niques, such as singular value decomposition 
and regularization, yield essentially the same 
result (5). The details of the singular value 
decomposition technique have been described 
elsewhere (17). In this article, we model G(P, 
K) as a weighted sum of Dirac delta functions 

N 

G(I', K) = ~ G(ri, K)6(ln F - In I'i), [5] 
i=1 

where G(Fi, K) = Pi(K)/I'i with Pi(K) being 
the intensity factor. G(F, K) [= ~N l Pi(K)6(I' 
- I'i)] was obtained from the Laplace inver- 
sion. 

11.2. Intensity of Scattered Light 

The Rayleigh ratio Rvv for vertically polar- 
ized incident and vertically polarized scattered 
light at a finite concentration C in dilute 
solution has the form (4, 21) 

HC/Rvv(K) 
2 2 -1 • = [1 + (Rg)appK/3]Mapo + 2A2C, [6] 

where C [g/ml] is the concentration. H [mole 
cm 2 g-Z] is equal to 47r2n2(dn/dC)2/(Na~ 4) 
with n, NA, ~ ,  and dn/dC being the refractive 
index, Avogadro's number, the wavelength 
in vacuo, and the refractive index increment, 
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respectively. A2 is the second virial coefficient. 
After correction for molecular anisotropy, 8, 

Mw - MaPp 
1 + 4~2/5 [7] 

and 

(R~(C)> = (1 + 4~2/5)(R2)app [8] 
46 4~ 2 ' 

1 - - - + - -  
5 7 

where the radius of  gyration Rg at infinite 
dilution is related to the radius of gyration 
at finite concentration (R~(C)) ~/2 according 
to 

Rg z = (R2(C))[1 + 2A2MC](1 + 482/5)]. [9] 

In identifying D] ~ = Fi/K z and f G(F, 
K)dF = f G+(D*)dD * with the use of Eqs. 
[3] and [6] where we have set D* = Di(1 
+fMR~,app,iK2), the change of variable from 
r to D* leads to the relation 

IlG+(D * , K) 

= 1 + (fM + 1/3)R2,aop,i K2 + O(K4) • [t0] 

The superscript + is used to emphasize the 
scaling of  G(F, K) such that f o  G+( D*, 
K)dD* = R~v(K). Finally, on the G(Do) axis, 
we have 

G+(Do.z, K) oc Fw(Mi)MiP~(K), [11] 

where Fw is proportional to the weight frac- 
tion Wz having molecular weight Mi. The 
transformation ¢f experimental data from 
static and dynamic measurements to yield 
MWD is illustrated in Fig. 1. 

III. EXPERIMENTAL METHODS 

PPTA (sample No. 202) was dissolved in 
concentrated sulfuric acid (96%) and 0.05 M 
K2SO4. The solvent had been centrifuged at 
23,000g for 24 hr in order to remove dust 
particles. All vessels, such as volumetric flasks, 
centrifuge tubes, light scattering cells, and 
pipettes were rendered dust-free by washing 
in distilled and filtered acetone. The PPTA 
polymer took 2-3 days for complete disso- 
lution. Then, the polymer solution was cen- 

Icorrelotion, ?unct ion I 

I by inversion of eq. (2) 
F(q.~) vs F,} 

I by setting [&'--F;/K z end 

[G'(D;,K) ~ 0;I ~ I/G'(O:K) vs K~[ ~ 
Iby eq.(3) __~bY eq-(10) 

/ o?ter correctzon 
by using ]" For moleculor , 

_~ ] onisotrgpy and 
Do= kiln ~ [ extropol 'o ' t ionto 

] ~ inFin'ite dilutlen 

.~. [?M end <R~ >i I 

~ by eq. (1I )  

FIG. 1. A schematic flow chart for determination of 
molecular weight distribution from measurements of 
time correlation functions G~)(K, r) and Rayleigh ratio 
R,,.,(K). The subscripts vv denote vertically polarized 
incident and scattered light. 

trifuged at 12,100g for 24 hr. We took the 
middle portion of  the centrifuged solution 
for light scattering measurements. The clari- 
fied PPTA polymer solution was centrifuged 
again at 12,100g for 24 hr before light scat- 
tering measurements. The experimental setup 
and other procedures have been described 
elsewhere (4, 5). 

IV. RESULTS AND DISCUSSION 

Figure 2 shows two typical (normalized) 
partially scaled electric field autocorrelation 
functions for 5.0 X 10 -4 g/ml PPTA (Mw 
= 1.35 X 10 4 g/mole) in 96% H2SO4 and 
0.05 M K2SO4 at 30°C and 0 = 30 and 120 °, 
respectively. For practical convenience, we 
have set Ig(t)(F, t = Ar)l = 1, not tg(1)(P, t 
= 0)l = 1 where Ar is the increment delay 
time per channel. The partial scaling was 
achieved by assuming 1 ~ = D*K 2. The differ- 
ence in the two correlation functions after 
K 2 scaling could be attributed mainly to the 
presence of internal motions. Therefore, it 
was essential to use Eq. [3] in order to 
determine the translational diffusion coeffi- 
cient D at concentration C = 5 X 10 -4 g/ml. 

Journal of Colloid and Interface Science, Vol. 105, No. 2, June 1985 



LASER LIGHT SCATTERING OF POLY(1,4-PHENYLENE TEREPHTHALAMIDE) 477 

1.0 

[-~ 0.5 

m 

I I I 

- e 

[] : 30 ° ~a 

",=, ,, : 120  ° 
v o  

~ °  o 
°n 

0o 

'.%n 

0.0 I I I 

0.0 0.5 1.0 1.5 

10 "8 K2t (cm -2 sec) 

FIG. 2. Typical net (normalized) partially scaled electric field autocorrelation function for 5.0 × 10 -4 
g/ml PPTA (Mw = 1.35 X l04 g/mole) in 96% H2SO4 and 0.05 M K2SO4 measured at 30°C and 0 = 30 ° 
(hollow squares) and 120 ° (hollow inverted triangles). The difference is due to the presence of internal 
motions. 

Figure 3 shows plots of D* v e r s u s  K 2 for a 
few representative fractions, Mi of  the MWD. 
The intercepts yield D0,i and the slopes are 
related to 2 (fMRg,app, i). The uncertainties for 

2 (fMRg,app,i) are large because of  the Laplace 
inversion and the small slopes. In order to 
utilize Eq. [10], we must first rescale f G(P, 
K)dP = 1 according to f G+(D *, K)dD* 
= Rvv(K) as shown in Fig. 4. By setting the 
integrated scattered intensity at a fixed scat- 

3.7 

0 
~ 2 .8  

E 
U 

,,F l . g  

% 
~ 1.0 - -  

0. 0 .4  0 .8  i .  

][7]-11 K2 (Cn l - 2 )  

FIG. 3. Plots of selected representative fractions of D* 
vs K 2. The results are listed in Table I. 

tering angle equal to the sum of  scattered 
intensities of  the representative fractions at 
the same scattering angle and by repeating 
this procedure for different scattering angles, 
we have rescaled the angular distribution of 
scattered intensity of each representative 
fraction. Figure 4 illustrates the observed 
differences along both the G+(D *) axis and 
the D* axis as a function of scattering angle. 
However, it must be noted that the alignment 
of  different representative fractions could in- 
troduce substantial errors, especially near the 
two ends of  the G(F, K) distributions. So, in 
the Laplace inversion, we were particularly 
careful to establish a criterion for selecting 
the end points of  the G(F, K) distributions. 
Figure 5 shows plots of 1/G+(D *) versus K 2 
for a few typical representative fractions. 
According to Eq. [10], we can determine the 

2 apparent radius of gyration, Rg,app,i , a t  con- 
centration C for each representative fraction. 
The radius of  gyration for some representative 
fractions at infinite dilution after correction 
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FIG. 4. Plots of G+(D *) vs D* (~F /K  z) for 5 X 10 -4 g/ml PPTA (Mw = 1.35 × 104 g/mole) in 96% 

H2SO4 and 0.05 M K2SO4 measured at 30°C with 0 varying from 30 to 120 °. G+(K, D*) has been scaled 
such that f G+(K, D*)dD* = R,~(k). 

for molecular anisotropy is listed in Table I. 
By combining the results of Figs. 3 and 5, 
we can also have rough estimates forf(-=fM)at 
the finite concentration C. Figure 6 shows 
plots o f f (a t  finite concentrations) versus L~ 
A where L [= 12.9 M/238 ~ with M expressed 
in g/mole] is the contour length and A [= 2p 
--- 580 ~ with :P taken to be 290 ~]  is the 
Kuhn length. Two PPTA fractions with a 
total of three concentrations are presented. 

3.1 

+•C• 2.4  
C9 
\ 

1.7 

1.0 

m 

i 

0 .0  0 .4  0 .8  

10 -11 K 2 ( c m  -z) 

FIG. 5. Plots of selected representative fractions of 1/ 
G+(D *, K) vs K 2. The  results are listed in Table  I. 
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The uncertainties of our results do not permit 
us to establish f values at infinite dilution. 
Nevertheless, it is interesting to note that the 
fvalues are of reasonable order of magnitude 

0. s 

o o 
°~ o ~ o 

(4- O. 2 ~ ~ ~°ooOO 

0.1 
i0 -I i0 ° i0 l 

L/A 

FIG. 6. Plots o f f v s  L/A where L [=12.9 M/238 A] 
and A are the contour length and the Kuhn length, 
respectively. A = 2p = 580 A with p taken to be 290 A. 
Mw = 4.3 × 104 g/mole (Ref. (5)), hollow diamonds, C 
= 2 . 8 ×  10 -4 g/mole. Mw = 1.35 X 104 g/mole; hollow 
squares, C = 5.0 X 10 -4 g/ml; hollow inverted triangles, 
C = 1.7 X 10 -4 g/ml. f appears to be concentration 
dependent.  In comparison with theory, f should be 
extrapolated to infinite dilution. 
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FIG. 7. Plots of  (R2)i vs Mi for representative fractions Mi of the M W D  for two PPTA samples with 
Mw = 4.3 X 103 (hollow squares, Ref. (5)) and Mw = 1.35 X 104 (filled squares). (Rg2)z values for the two 
PPTA samples of  different molecular weights by light scattering intensity measurements  fall within the 
limits of  uncertainties of  R 2 of representative fractions from the two separate samples. Solid line denotes 
R 2 = 1.22 X 10 -28 M l"s cm 2 with M expressed in g/mole. R 2 = p214p/3 - i + 2~(L/p) - [2~(L/p)2/(1 

- exp(-L/p))]  with L = 12.9M/238/~ ( . . . .  ) 240 A, ( . . . .  ) 290 A, (---) 340 A. We estimated p ~ 290 A. 

TABLE I 

Molecular Parameters of  Some PPTA-202 
Representative Fractions Based on Figs. 3-5 

No. of D × 108 M X 10 -4 R~ × i012 
fraction (cm 2 sec-') (Da) (cm 2) f 

1 0.853 3.39 9.7 0.25 
2 1.16 2.26 5.9 0.25 
3 1.46 1.65 3.8 0.23 
4 1.76 1.28 2.6 0.19 
5 2.07 1.04 1.9 0.20 
6 2.37 0.865 1.5 0.19 
7 2.68 0.736 1.2 0.19 
8 2.98 0.638 0.88 0.19 
9 3.29 0.560 0.68 0.17 

10 3.59 0.498 0.48 0.17 

Note.  Rg is the radius of  gyration at infinite dilution 
after correction for molecular anisotropy 

Rgi  (1 + 462/5) [1 + 2 A 2 M C / ( I  + 2 2 
- 46/5)]Rg,app,i , 

' 4 6  4¢$ 2 
1 - - - 4 - - -  

5 7 

where A2 and ~ are the average second virial coefficient 
and molecular anisotropy, respectively. 

and increase in a similar fashion as predicted 
by theory (8). It also appears that f a t  infinite 
dilution is likely to be lower than f at finite 
concentrations. Figure 7 shows plots of  radius 
of  gyration R 2 as a function of  molecular 
weight of  the representative fractions based 
on values of  R 2 following the procedure in 
Fig. 1. I f  we take O~ R = 0.75, R E ~ M 15 as 
shown by the solid line in Fig. 7. The relation 
Rg 2 oc M 15 is only partially valid. For worm- 
like chains, the exponents o/D and o/R are not 
really constants because for short worm-like 
chains, the value of  exponents increases to- 
ward the rigid-rod limit while for long worm- 
like chains, the value decreases toward the 
coil limit. I f  we take R 2 = p 2 { L p  - 1 + 2/ 
( L / p )  - [2 / (L/p)2](1  - exp(-(L/p))} with p 
ranging from 240 to 340 /~ and L = 12.9 
M/238 ,~, the experimental results are in 
excellent agreement with theory as shown in 
Fig. 7. We estimated p = 290 + 50 k .  
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Figure 8 shows the molecular weight dis- 
tributions of two PPTA fractions with Mw 
= 1.35 X 104 and 4.3 X 104 g/mole. The 
MWD distribution functions were con- 
structed according to the representative frac- 
tions and were therefore discrete distributions. 
In our procedure for transforming g°)(r) to 
molecular weight distribution, we need to 
have a good understanding of  the ill-condi- 
tioned Laplace inversion problem which is 
likely to be beyond the common knowledge 
needed in a polymer chemical laboratory. 
Furthermore, for polycondensation polymers 
with Do oc M -°75, the variance of the line- 
width distribution, # 2 / ~  2 (with #2 = f G(F)(F 
- p)2dI'), is likely to be broad. Then, the 
cumulants method (22) of data analysis yields 
imprecise values for the width of G(F) because 
one does not know the number of  terms in 
the cumulants expansion needed to determine 
a correct IZ2. An alternative procedure has 
been proposed (23). In the cumulants expan- 
sion 

lnlg(1)(t)l = - F t  + ½~t2t 2 + • • . .  [121 

The difference term can then be represented 
by 

ln[g~l)(t)[ - ln[g(21)(t)l = - ( f ' l  - ~2)t 

d- -- /.tz,z)t 2 ½(#2,1 . . . .  [131 

2.[3 

Z 

Ix-3 1.0 

(D 

0 . 0  , ,~. ..... P , . . ~ , * - ~ o  . . . . . . . . . . . . . .  

10 a 10 5 10 7 

v E i i 

v o 
v 

o 

o 

o 

o 

v 

o 
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v o 
v v g  

M (din i tom) 

FIG. 8. Molecular weight distributions of PPTA frac- 
tions. Mw = 4.3 X 104 g/mole (Ref. (5)), hollow squares, 
Mw = 1.35 × 104 g/mole (Mz:Mw:Mn >~ 5.3:1.57:1), 
hollow diamonds. 

By combining Eqs. [3], [4], and [13], we get 

lnlg~l)(t, COl - lnlg~2)(t, C2)l 
= - - [ / ) 0 , 1 ( 1  + kdC1)(1 q- fM<R2>app, lK2)K 2 

--D0,2(l + kdC2)(1 +fM(RZg)app,2K2)K2lt 
q_ 1(/22,1 _ /22,2)/2 . . . .  . [14] 

According to Eq. [14], if we know /Co and 
the concentrations, the concentration effect 
can easily be taken into account. The 
fM<R2>appg  2 t e r m  is relatively small. Thus, 
we can use an average f(RE>app for all molec- 
ular weight fractions which are not too far 
apart. In a plot of loglg~)j(r, t*)l - log gM:(1) 
X ( r ,  t*)l versus t* [=tg2(1 + f(R2>g2)], as 
shown in Fig. 9, we have 

(1) F l o g l g ~ , ( r ,  t*)l - log gM2( , t*) 

1 
- - -  [/)0,1(1 + kdC1) 

-(2.303) 

- -  /)0,2(1 -F kdC2)]t* 

1 
+ (/32,1 -/)2,2)t  .2, [15] 

(2.303 x 2) 

where the first term corresponding to the 
initial slope in the plot is related to the 
difference of the z-average diffusion coeffi- 
cient. By least-squares fitting of the difference 
curve to second-order, we get / ) 5 7 5  - -  /)202 
=--(8 .6  + 0.6) X 10 -9 cm2/sec and /)2,575 
- -  / ) 2 , 2 0 2  : - (7 .0  + 0.7) X 10 -17 c m 4 / s e c  2. 

In Fig. 9, we have also plotted the scaled 
PPTA-575 (Mw = 4.3 X 104 g/mole) mea- 
sured at three scattering angles with 0 -- 45 ° 
(hollow squares), 90 ° (hollow inverted tri- 
angles), and 129 ° (hollow diamonds) and the 
scaled PPTA-202 (Mw = 1.35 X 104 g/mole) 
measured at 0 = 30 ° (crosses) and 120 ° (Fq) 
using values off(R~)app ~ 2 X 1 X 10 -12. It 
is important to note that in dilute solutions 
we can always take the concentration effect 
into account according to Eq. [4], and at 
small scattering angles, the approximation to 
use an averagef(R2)app for a specific polymer 
system is quite acceptable. The difference 
curve will yield a straightforward value for 
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FIG. 9. Scaling of  ]gtl/(F, t)[ due to interference effect at different concentrations and molecular weights. 

Fraction C (g/ml) Mw (g/mole) f (R~)~p (cm 2) 

PPTA-202 5 X 10 -4 1.35 X l04 0.18 2.1 X 10 -12 
PPTA-575 2.8 X 10 -4 4.3 X 104 0.20 1.2 X 10 -11 

PPTA in 96% H2SO 4 + 0.05 M K2SO4 at 30°C. PPTA-575 (D) 0 = 45°; (~7) 90°; (0) 129 °. PPTA-202 
(X) 30°; (E]) 120 °. Also shown is the difference curve (L loglg~)~(F, t)l - loglg~)2(F, t)l for the two PPTA 
samples. 

t h e / )  difference and a width parameter based 
on the curvature in the difference plot. For 
PPTA-575 we have/1575 = (6.5 ± 0.5) × 10 -9 
cmZ/sec and D2,575 = (1.2 + 0.1) X 10 -17 

cm2/sec. Similarly, for PPTA-202, we have 
/5202 = (1.51 + 0.11) X 10 -8 cm2/sec and 
/~z,202 = (8.2 _ 0.8) X 10 -17 cm4/sec. Both 
the z-average diffusion coefficient/5 and the 
second moment  of the translational diffusion 
coefficient/52 are often difficult to determine 
for broad distributions. Parameters for the 
difference curve are easy to compute accord- 
ing to Eq. [15]. From the Laplace inversion, 
we get / 5 5 7 5  - -  / ) 2 0 2  = - (0 .87 ± 0.05) X 10 -8 
cm2/sec, in excellent agreement with the result 
from the difference curve which yields/~575 
-/~202 = -(0.86 __+ 0.06) X 10 -8 cm2/sec. 

After correction for the concentration ef- 
fect, D0,202 = (1.5 ± 0.1) )< 10 -8 cm2/sec 
yielding Mw,202 - 1.4 × 104 g/mole in excel- 
lent agreement with the result (Mw "~ 1.35 
X 104 g/mole) from a much more detailed 
analysis. For the two PPTA fractions, the 
diffusion polydispersity parameter /52//) 2 
= 0.29 + 0.03 and 0.36 ___ 0.05 for PPTA- 
575 and PPTA-202, respectively. Thus,/5z,575 
-/~2,20z should be negative as shown by the 
result above. In making the difference plot, 
if we start with a master curve, we can 
determine changes of  the molecular weight 
average and its polydispersity by making 
linewidth measurements at one scattering 
angle and one finite concentration without 
complex mathematics. 
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