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Table 111
Bond Conformational Probabilities Calculated for a
PVDC Chain with E = 2.0 kcal mol-1,E; = 1.4
kecal mol-1,6; = 112°, 62 = 123°

Infinite D D=2
pe=1-p, 0.3501 0.3922

Pate® = Dama- 0.0307, 0.0053° 0.0457, 0.0086°
Peter = Da-gt 0.0307, 0 0.0127, 0

Dert = Drer 0.1138, 0.1698 0.1378, 0.1875
b 0.4223, 0.3103 0.3323, 0.2328

a First figure for bond pairs flanking CHy: second figure for pairs
flanking CCl,.

effect in PVDC is somewhat augmented by the inequality
of the chain bond angles 6; and 82. The results for other
choices of E, E1, and 6, are qualitatively similar.

In conclusions, we may advise the reader to regard the
above calculations with mild skepticism, in view of the rec-
ognized difficulties!® of dealing with such highly substitut-
ed chains. It would be illuminating to study the PVDC
chain with a more sophisticated model, such as that of
Boyd and Breitling.1®
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ABSTRACT: The autocorrelation function of light inelastically scattered from a polymer solution may be analyzed
to determine the diffusion coefficient of the polymer. If the solution is polydisperse, the measured diffusion coeffi-
cient will be an average over all species. Koppel showed that if the autocorrelation function is analyzed in terms of
its cumulants, the diffusion coefficient will be a z average. If the particle dimensions are not small compared with
the wavelength of light, however, this conclusion will hold only in the limit of zero scattering angle, since at higher
angles the form factors of the larger particles decrease their contributions relative to the smaller particles. We show
how the slopes and intercepts of plots of K1/K? and K5/K* (where K; and K are the first and second cumulants,
and K is the scattering vector, (47/)) sin (6/2)) can be analyzed to yield four z averages of the polymer radius distri-
bution function: (R~!), (R~2), (R}, and (R?). The experimental behavior of the angular dependence of K/K? for
synthetic mixtures of polystyrene latex spheres gives good agreement with theory.

Polymer solutions are often polydisperse. Attempts to
use inelastic laser light scattering to analyze such polydis-
persity or, conversely, to estimate the complicating effects
of polydispersity on scattering measurements are common
in the recent literature. These attempts have generally con-
centrated on data analysis at a single scattering angle, and
have characterized polydispersity effects in terms of devia-
tions from a simple Lorentzian line shape or a simple expo-
nential decay, depending on whether spectral or autocorre-
lation analysis is employed. In recent work, autocorrelation
analysis has been particularly prominent.!-5

In this paper we show that a more detailed analysis of
polydispersity is possible if autocorrelation functions are
obtained at several scattering angles, and if the scattering
particles are large enough that intramolecular interference

effects are significant. Our treatment is an extension of the
cumulant expansion technique introduced by Koppel.!

Theory

The electric field autocorrelation function of light scat-
tered from a polydisperse solution of spherical particles is
g(l)(T) - ZIMIW(MA)P(K;Ml)e K=Dir (1)
LMWM)P(KM;)
where W(M;) is the weight fraction of species i with molec-
ular weight M;, diffusion coefficient D;, and scattering form
factor P(K,M;). K is the scattering vector, whose magni-
tude is (47/)\) sin (/2), where X is the wavelength of light in
the scattering medium and 4 is the scattering angle.
The first and second cumulants of the autocorrelation
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function are, when written as combinations of moments
about the mean

- [(8P() _
K < (=1 )—r=o = K%(DP(K))/(P(K)) (2)

and

ko= (S~ L)),

- K [<D2P(K)> ~ <DP(K)>2] @
(P(K)) ~ (P(K))?

where the angular brackets define a z average
(f) = TfiM;Wi(M)/ MW (M)

Equation 2 has been obtained previously by Brown et al.?
The form factor for a spherical particle at low angles can
be written in the Guinier® approximation as

P(K,M;) = e=oRiK? (4)

where R; is the radius of particle { and « depends on the ra-
dial density profile. (For a solid sphere, o = . In that case,
eq 4 agrees with the exact form factor to within 5% up to
KR < 2.) Higher order corrections to the form factor could
easily be included in the theory. However, these would in-
troduce curvature into plots such as Figure 1 which would
be difficult to analyze with sufficient statistical reliability.
The Guinier approximation suffices to analyze the limiting
slope at low angles.

Since P(K,M;) approaches unity as K approaches zero,
eq 2 and 3 yield

lim}{_.o K1/K2 = (D) (5)
limg-.¢ Ko/K* = (D2) — (D2) (6)

By substituting eq 4 into eq 2 and 3, the limiting slopes
of the cumulants may also be obtained.

2
timg-—o KD = (D) cR2) - DR2] )
Ky/K*4
limx»o(—% = a[(D?)(R?) — (D?R?) -

2(D)*(R?) + 2(D){DR%)] (8)

The diffusion coefficient is generally inversely propor-
tional to radius,

D, =6R,! 9)

where for solid spheres, 3 = kT/6wn with k equal to
Boltzmann’s constant, T temperature, and 5o solvent vis-
cosiy. Then the preceding expressions for the limiting in-
tercepts and slopes become

limg—g K, K? = ﬁ(R_l) (10)
limy o Ko/K* = P[(R-2) = (R-1)Y (1)
2
limg o 5D osir-1yRY - (RY) (12)
sK
Ko/K*
im0 220 = gt (R=2) (R2) -1 -

2R-1)2(R2) + AR (R)] (13)

Thus, if the first and second cumulants can be measured
as a function of angle, four z average moments of the radius
distribution can be obtained: (R~1), (R~2), (R), and (R?).
These moments could also be expressed in terms of mo-
ments of the molecular weight distribution, since R; =
yM;%. For a solid sphere, § = '%; for a spherical shell of con-
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Figure 1. K;/K? as a function of K2 for polystyrene latex spheres
with diameters 91 nm (®) and 234 nm (0O), and for 95/5 (® and O)
and 75/25 (+) w/w mixtures.

stant thickness, or for a random-coil polymer in a 6 sol-
vent, 6 = %,

Experimental Methods and Results

Homodyne inelastic laser light scattering was performed using a
Spectra-Physics 125A He-Ne laser, whose wavelength in water is A
474.4 nm. The scattering cell was thermostated at 25.0°, and the
scattering angle ranged from 150 to 9°. Aqueous solutions contain-
ing Dow polystyrene latex spheres, of diameter 91, 176, and 234
nm, either singly or in binary mixtures of known proportions, were
prepared just prior to use. The photocurrent autocorrelation func-
tions were obtained with a Saicor 42A correlator, read out on
punched tape, and fit to a second-order polynomial in (—7) to ob-
tain the cumulants.

Data were analyzed using either weighted or unweighted least-
squares fitting. In the former case, the weighting factors were pro-
portional to the square of the signal intensity at each time point.
The reduced second cumulants, K2/K12 which are often taken as
measures of polydispersity, were in the range 0.01 to 0.02 for
monodisperse samples, and in the range 0.05 to 0.08 for typical
mixtures, indicating that second cumulant analysis using weighted
data is sensitive to polydispersity.2* When data were unweighted,
K/K,? typically ranged between 0.06 and 0.13 for both monodis-
perse samples and mixtures.

Figure 1 shows the first cumulant as a function of K2 for mono-
disperse solutions of the latex spheres with diameters 91 and 234
nm, and for 95/5 and 75/25 (w/w) mixtures of the two. The slopes
and intercepts of these plots, and for a mixture of 91 and 176 nm
spheres, are tabulated and compared with expectations in Table I.
It will be seen that in all cases, theory and experiment agree satis-
factorily. These results were obtained using unweighted data;
weighted least-square determinations of K give essentially identi-
cal results. However, such weighting may underestimate the con-
tribution of the long-time part of the autocorrelation function, in
which the curvature associated with polydispersity is most mani-
fest.

Discussion

In a monodisperse polymer solution, a plot of the auto-
correlation function decay constant, K2D, vs. K2 gives a
straight line whose slope is D, the diffusion coefficient of
the polymeric solute. In a polydisperse solution, in which
the dimensions of the polymeric species are not negligible
compared with the wavelength of light, such a plot will be
concave upwards. This is because the larger particles have
form factors P(K,M;) which decrease more rapidly with in-
creasing scattering angle; since they also have smaller dif-
fusion coefficients, the average diffusion coefficient in-
creases with angle. Such behavior is illustrated in Figure 1.

Extrapolation of K;/K? to K? = 0 yields the z average
diffusion coefficient. This agrees with the result of Kop-
pel,! who analyzed the case in which all form factors are
unity (or identical). However, we have shown that the slope
of this plot also yields useful information about the distri-
bution of particle sizes.
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Table I
Intercepts and Slopes of Plots of K1/K 2 for Mixtures of Polystyrene Latex Spheres

Relative Intercept x 10° Slope x 10%°
composition
Diameters, nm (w/w) Expt! Theory (eq 10) Exptl Theory {eq 12)

91 5.49 + 0.04° 5.39 -0.091 £ 0.12° 0

176 2.72 + 0.05 2.79 0.017 £ 0.12 0

234 2,06 £ 0.06 2.09 ~0.076 + 0.16 0
91/234 95/5 3.86 + 0.03 3.84 1.55 +0.10 1.89
91/234 75/25 2.96 + 0.03 3.04 1.11 £ 0.09 1.00
91/176 83/17 4.08 + 0.06 4.03 0.76 <+ 0.15 0.73

a Uncertainty is taken equal to one standard deviation.

In principle, similar determination of the slope and in-
tercept of a plot of Ko/K* vs. K2 yields four simultaneous
equations (eq 10-13) to be solved for the four z average mo-
ments of the size distribution, (R-!), (R~2), (R), and
(R?). In practice, the second cumulant may not be deter-
minable with sufficient precision to make such analysis fea-
sible. If only the first cumulant can be measured with pre-
cision, then there are only two equations (eq 10 and 12)
available to determine the three moments (R~1), (R), and
(R2). However, if there is reason to believe that the distri-
bution of polymer sizes is adequately characterized by a
two-parameter equation,” such as the Gaussian, log-nor-
mal, or Schulz-Zimm, then these parameters may be com-
puted from the angular dependence of K alone.

Our experimental study has been concerned with solid
spherical polymers of constant density. However, the for-
malism developed here will apply as well to other spherical

or quasi-spherical particles, such as random coiled poly-
mers or spherical vesicles.
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ABSTRACT: Two series of cyano-substituted polypentenamers and their hydrogenated derivatives have been
studied by dynamic mechanical and dielectric relaxation in the temperature range from —160 to 110°C and at
frequencies from 3.5 Hz to 10 kHz. Series I contains 7.4 mol % cyano groups and series II contains 20 mol % cyano
groups. The amorphous cyanopolypentenamers display one major mechanical and dielectric relaxation region asso-
ciated with motions accompanying the glass transition and labeled 3. A small secondary relaxation, labeled v, is
also discernible in the mechanical E” results. The semicrystalline hydrogenated derivatives exhibit three relaxation
regions labeled «, 8, and v in order of decreasing temperature. The a relaxation which occurs in both series I and II
mechanically is resolvable by the dielectric technique only in annealed series I samples. The 8 and v relaxations, on
the other hand, are present both mechanically and dielectrically in all the derivatives. Enthalpies of fusion for the
semicrystalline derivatives were determined using the diluent technique. It was found that the enthalpy of fusion
depends on the concentration of the cyano substituents. Available evidence indicates some degree of incorporation
of the cyano groups into the crystal lattice but this incorporation is considerably less than that occurring in chlori-
nated polyethylenes. The results indicate that the a relaxation arises from motions within the crystal phase, the 8
relaxation from motions accompanying the glass transition, and the v relaxation from local motions in both the
crystal and amorphous phases.

Previously we have reported on the mechanical relaxa-
tion behavior of polypentenamer and its hydrogenated de-
rivatives.! It was found that the semicrystalline derivatives
exhibit three relaxation regions between —150°C and the
melting points at the frequencies employed (3.5, 11, and
110 Hz). These were labeled «, 8, and v in order of decreas-

ing temperature. The o relaxation is associated with the
crystalline phase being absent in the amorphous polypen-
tenamer and the derivatives of low crystallinity. The 3 re-
laxation is associated with motions accompanying the glass
transition. The y relaxation is composite in nature, arising
from local motions occurring in both the crystal and amor-



