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Static and Dynamical Properties of Polystyrene in
trans-Decalin. 2. Correlation Function Profile
Analysis by the Histogram Method*

B. Chu* and T. Nose®*

Chemistry Department, State University of New York at Stony Brook,
Long Island, New York 11794. Received March 5, 1979

ABSTRACT: Measured single-clipped net signal photoelectron-count time correlation functions of polystyrene
(NBS 705 standard, M, = 179 300) in ¢trans-decalin were analyzed by the histogram method. The line width
distribution function G(I') was studied as a function of concentration, temperature, and scattering angle. We
observed a fast gellike mode before the overlap concentration C* was reached. This fast gellike mode is
responsible for the anomalous increase in the variance of the line width distribution in dilute solutions (as
well as in the semidilute solution region) even though its magnitude can be quite small when C < C*. In the
semidilute region, we have identified an upper concentration range (C,) where the hydrodynamic mode becomes
vanishingly small. Finally, decomposition of the line width distribution function permits us to sketch out
semiquantitatively the excess integrated intensity behavior of polystyrene in trans-decalin from pure solvent

to pure polymer.

In a previous communication! and a subsequent article,’
we have examined the static and dynamical properties of
a low molecular weight polystyrene sample (NBS 705
standard, M, = 179300, M,,/M, = 1.07) in a © solvent,
trans-decalin, from around the © temperature (20.5 °C)
to 40 °C over a range of scattering angles (8) and at dif-
ferent concentrations (C) from dilute solution to the
semidilute and concentrated solution regions where
polymer coils overlap. We shall refer to the
communication! and the article? as papers 1 and 2 where
pertinent references on the scaling theories as developed
by de Gennes and others, the experimental methods, and
results and discussion based on intensity and the cumu-
lants method of line width analysis have been presented.
By using a low molecular weight polystyrene sample in a
O solvent, we have avoided the complication of mixing the

*Work supported by the National Science Foundation.
® On leave of absence from Tokyo Institute of Technology, Tokyo,
Japan.

0024-9297/79/2212-0599%01.00/0

hydrodynamic mode with internal motions of polymer
segments and have concentrated our studies in ranges
where Kr, remains relatively small. K = (47 /)) sin (6/2)
with A being the wavelength of light in the medium and
ry being the radius of gyration. However, at increasingly
higher concentrations even before the concentration
reaches the overlap concentration C* [=M,/(Napg,?), with
M,, p,, and N, being the weight average molecular weight,
the solvent density, and the Avogadro number, respec-
tively], we have observed the variance uo/I? of the line
width distribution function G(T') reaching values greater
than 0.5. For a polydisperse sample, the cumulants
method defines the average line width T" and the variance
ug/T? as

= fG(r)r dr 1)
p= [ (@ -D%6E)dr 2)

where G(I') is the normalized line width distribution
function and fG(T') dT = 1. With values of u,/T*? ap-

© 1979 American Chemical Society
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proaching 0.5 at high concentrations and 30 °C, we are
dealing with an apparent line width distribution function
where the broadening in u,/T? does not come simply from
individual coil size differences. Furthermore, it is no longer
sufficient to use the virial equation:

D =Dyl + kpC + ..) 3)

to account for interactions at high concentrations. Al-
though the cumulants method is a powerful technique for
line width analysis because no a priori assumption on the
form of the line width distribution function is required,
we need an experimental method which permits a direct
estimate of the line width distribution function. There
have been many approaches used to analyze the auto-
correlation function of quasielastically scattered light. The
pertinent references have been listed in a review article
on applications of laser light scattering to dynamics of
macromolecules in solution.? Unfortunately, all existing
methods in the literature are not applicable to our polymer
line width problem. We have found the methods of
Pearson and of Laplace transform unsatisfactory.* As the
Laplace transform of a normalized signal correlation
function of the scattered electric field

g (1) = [ exp(-TG(T) dT @

is ill-conditioned due to finite ranges (and precision) of our
experiments, we have developed an approximate histogram
method which does not require any assumption on the
form of the line width distribution function. Furthermore,
we have tested the histogram method using simulated data
with unimodal (uy/T? from 0.05 to 0.15) and bimodal (u,/T*?
from 0.08 to 0.97) line width distributions® and verified it
using aqueous suspensions of polystyrene latex spheres*®
and the same polystyrene sample (NBS 705 Standard) in
cyclohexane at 35 °C.% In this article, we want to present
our line width results of polystyrene (NBS 705 standard)
in trans-decalin based on the newly developed histogram
method of data analysis. By combining intensity and line
width distribution results, we are able to identify a new
gellike mode in the presence of the hydrodynamic mode.
In addition, we can present in a semiquantitative way the
relative magnitudes of hydrodynamic and gel-like modes
over the entire polymer concentration range. Our sche-
matic temperature-composition diagram, though only
partially completed, appears to be different in certain
aspects when compared with that of Daoud and Jannink.”

Brief Outline of the Histogram Method*®

The measured single-clipped photoelectron-count au-
tocorrelation function has the form:

Gy@(r) = AL + BV (NP (®)

where k is the clipping level, 7 is the delay time, A is the
background, and 8 is assumed to be an unknown pa-
rameter in the data fitting procedure. In the histogram
method,

o Sa; [ TIA7) dT 6

g0l = Xaj So sz SXPETIAD) ®)
where a; is the intensity of light contributed by the system
exhibiting line widths from I'; - AT/2 to I'; + AT'/2, n is
the number of steps in the histogram, AT [=(Tpax —
T}/ n] is the width of each step, 7 = IA7 with I and A~
being the delay channel number and the delay time in-
crement, respectively, and I',, and T, are the stop and
start of the range of the line width distribution function.
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Figure 1. Plots of G(D) vs. D (cm?/s) for polystyrene (NBS 705
standard) in trans-decalin at different concentrations, t = 20 °C,
8 = 90°: (a) 0.00243 g/g of solution; (b) 0.0731 g/g of solution;
(c) 0.134 g/g of solution; (d) 0.165 g/g of solution; (e) 0.233 g/g
of solution; and (f) 0.346 g/g of solution.

From eq 6, we obtain a computed net signal correlation
function Y(IAr) [=AB8lg™V(7)|?] in the form

Y(IA7) = Aﬁ{Za, ) X
[exp(-(Ty + AT /2)IA7) - exp(—(T; - AT /2)IA7)] } (7N

The values of a; were obtained by the method of nonlinear
least squares. We minimized a; simultaneously so that
Y(IA7) approximates Y,,(IA7) to within the experimental
error limits.

Results and Discussion

The details of the histogram method of data analysis are
presented in Figures 1, 2, and 3, where we have plotted
G(D) vs. D for polystyrene (NBS 705 standard) in
trans-decalin at different concentrations, temperatures,
and scattering angles, respectively. In converting the
histogram from T space to D space, we used the simple
relation D = T'/K?, where D is the (translational) diffusion
coefficient. The numerical values from intermediate to
concentrated solutions are listed in T'able I. We shall first
discuss the most important aspect of this study, (1) the
concentration dependence, next (2) the temperature de-
pendence, and finally (3) the angular dependence.

1. Concentration Dependence. Figure 1 shows plots
of G(D) vs. D at § = 90° and 20 °C for concentrations
ranging from dilute solution (C = 0.00243 g/g of solution)
to the concentrated solution region (C = 0.346 g/g of
solution). In the dilute solution region with concentrations
changing from 0.00243 g/g of solution to 0.0731 g/g of
solution, we note that Figures la and 1b exhibit a unimodal
distribution function. However, D (=T'/K?) decreases with
increasing concentration indicating a negative value for kp.
Values of D computed from the cumulants method and
from the histogram method agree to within 2% in dilute
solution. We can compute D; and kp according to eq 3
from the concentration depencence which has been dis-
cussed in 2. As the second concentration with C = 0.0731
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Figure 2. Plots of G(D) vs. D (cm?/s) for polystyrene in
trans-decalin at different temperatures: (a) 0.233 g/g of solution,
6 =90°,t = 20°C; (b) 0.233 g/g of solution, § = 90°, ¢ = 30 °C;
(c) 0.233 g/g of solution, § = 90°, t = 40 °C; (d) 0.346 g/g of
solution, § = 135°, t = 20 °C; (e) 0.346 g/g of solution, 6 = 135°,
t = 30 °C; and (f) 0.346 g/g of solution, § = 135°, ¢ = 40 °C.
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Figure 3. Plots of G(D) vs. D (cm?/s) at different scattering
angles: (a) 0.165 g/g of solution, § = 30°, ¢t = 30 °C; (b) 0.165
g/g of solution, 8 = 90°, t = 30 °C; (c) 0.165 g/g of solution, 6
= 135°,t = 30 °C; and (d) 0.233 g/g of solution, 8 = 135°, ¢t =
%Od;C. At 20 °C, compare (1d) or (2a) with (3d) and (1f) with
2d).

g/g of solution is already fairly concentrated, we have made
no attempt to compute kp using the histogram method of
data analysis.

At higher concentrations, we see the emergence of a fast
gellike mode. At C = 0.134 and 0.165 g/g of solution, the
fast mode contributes to only 1-2% of the scattered in-
tensity. If we take

Jiemaw=f o0+
Juonmea G2V dD = f&(D) dD + fgD)dD =1 (8)
we can write

Ar+ A, =1 (9)
where G(D) = g¢D) + g,(D) with subscripts f and s de-
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Table 1
Results of Histogram Analysis for NBS 705 Polystyrene
in trans-Decalin

t=20°

C, g/gofsoln 0.134 0.165 0?233 0.233 0.346 0.346
0, deg 90 90 90 135 90 135
107°T, 5™ 2.34 254 3.00 498 3.35 5.83
10°D, cm? 3.18 3.44 401 3.90 4.39 4.48
uzs/Fl (0.31) 0.63 0.61 0.65 0.52
Ay 099 098 0.88 0.84 0.39 0.31
10-°T,, 87! 2.24 229 221 357 045 074
10°D;,cm*  3.04  3.09 295 2.80 0.587 0.570
.

Mg/ Tg? 0.18 0.16 0.19 0.39

A¢ 0.01 0.02 0.12 0.16 0.61 0.69
107°T¢, ! 1.06  1.52  0.873 1.25 0.519 0.812

10*Dg, em* 144 20.5 11.7 9.83 6.82 6.25
s—l

#,¢/T¢? 0.0016 0.0019 0.016 0.053 0.051 0.13
t=30°C
C g/gof soln 0.165 0.165 0.165 0.233 0.233 0.346
6, deg 30 90 135 90 135 135
10-°r,s™'  0.819 597 10.2 6.26 10.8 11.2
10D, cm* 8.31 811 811 841 847 8.34
s-l
p,/T? 0.10 0.25 037 0.35 0.41 0.41
A 1.00 096 091 079 a 0.29
107°T,,s™*  0.819 549 856 4.69 a 1.66
10°D;, em* 831 7.45 677 6.30 a 1.24
-
as/ T 0.10 011 017 024 a 0.44
Ay 0 0.04 0.09 022 a 0.71
10"“Ty, 51 1.77 264 1.20 a 1.51
10°Dy, em? 240 21.0 161 a 11.2
S
/T g 0.0024 0.0071 0.017 a 0.086
t=40°C
C, g/g of soln 0.233 0.346
9, deg 90 135
107*T, s 1.08 1.79
10D, em? s~! 14.6 13.9
1, /T? (0.28) 0.39
Ag 0.58 0.30
10T, s 6.84 2.61
10°Dg, cm? s~ 9.25 2.03
tye/Ts? 0.23 0.38
Ag 0.42 0.70
10-*Ty, 57! 1.62 2.44
10%Dg¢, cm? s~! 22.0 19.0
M,¢/T g 0.041 0.058

% Peaks not easily separable.

noting the fast and slow mode, respectively. A;[=fg«(D)
dD] and A, [=fg,(D) dD] are the areas of the fast and the
slow modes in the histograms as shown in Figures 1-3. In
view of the very small contribution in A, we have not been
able to determine D¢ at C = 0.134 and 0.165 g/g of solution
very precisely using the histogram method. However, the
trends are clear. With increasing concentrations, A4; in-
creases and D; tends toward a lower value, as shown
typically in Figure 1 from (c) to (f). Furthermore, with
increasing concentrations, both A, and D, decrease.

In computing T, and Iy, we have also taken into account
the dust problem. If we take the slow component of G(T'),
G *(I'), to contain a dust contribution so that

As* = As/ + Ad/ (10)
At = Af (11)



602 Chu, Nose

|O T u—.@f T [ T L T
\O
» ay e
< ) i’
z o
<T g5 | NBS 705 in t-decalin -
c(30%C) o,
Cj(zo'cw"
q/ ‘\\\\ C
0 L .—':_‘%I/ | i \n\/\g S |
0 Q. 02 03 0.4 05

G/qgq”

Figure 4. Concentration dependence of A, (hollow symbols) and
A (solid symbols). Circles denote 20 °C; triangles denote 30 °C.
C, is the (arbitrary) upper limit of the semidilute region where
the hydrodynamic mode remains detectable.

where the superscript asterisk denotes the apparent values
of the area determined by the histogram method in the
presence of dust with A* + A¢* = 1. As Ty K T, we have
for the apparent slow component I';*:

L S P (S . LI

s_Ad/_’_Aszd Ad,+As, s“Ad/+As/( )
with T'y* = Ty If we take r* = A /A* and f* = A/ /(A
+ A{ + Ay) = 14/1,, then we have

D% = (1 -1+ r))I (13)

where f* can be estimated from the dust contribution in
the angular distribution of scattered intensity with I; and
I, being the scattered intensity due to dust and the total
scattered intensity, respectively. For example, at 20 °C
and 6 = 90°, I4/I; = 0.075 for C = 0.346 g/g of solution.
The A, and A; values listed in Table I have been corrected
for dust with A/ and A{ renormalized to yield eq 9.

The concentration dependence of A, (hollow symbols)
and A; (solid symbols) at 20 °C (circles) and 30 °C (tri-
angles) is shown in Figure 4. In addition, we have marked
the location of the overlap concentration C* at 20 and 30
°C. A very interesting aspect of this figure is the presence
of a detectable fast mode even at concentrations below C*.
Thus, the gellike mode has a residual long-range effect
which is present even before we reach the semidilute
region, At 20 °C, there appears a linear region from C =
0.25 to 0.35 g/g of solution. At concentrations higher than
0.35 g/g of solution, we have schematically dotted in the
postulated behavior and have introduced a gel concen-
tration C, which represents an upper limit of the semi-
dilute region where the hydrodynamic (slow) mode remains
detectable. At 30 °C, the polymer coils are more expanded.
C* occurs at a lower concentration, and we expect to have
the gellike overlap behavior at a correspondingly lower
concentration.

In the semidilute region (C* < C < (), there is a range
of concentration where we can expect to have the relation,
such as

Ap « (C - Cp)? (14)

to hold, where C, and é are the limiting concentration, if
it exists, indicating the presence of A; and an exponent,
respectively. In Figure 4, we note that C, < 0.12 g/g of
solution. If we use a range of C, varying from 0 to 0.11
g/g of solution, we observe the best range for eq 14 cov-
ering the largest range of concentration when C, — 0, as
shown in Figure 5. With C; = 0, we get § = 4.

The scattered intensity at a fixed scattering angle, e.g.,
# = 90°, has contributions from the slow and the fast

Macromolecules
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Figure 5. Log-log plots of A; vs. (C - Cy) at 25 °C and 6 = 90°;
Ag = (C - Cy).
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Figure 6. Log-log plots of I; vs. (C — Cy) at 25 °C and § = 90°;
v =6+ 1-m. If we take m = 2 in the concentrated solution (gel)
region and & ~ 4 from Figure 5, wegety =4+ 1 -2 = 3 for C,
= (0. Equation 17 continues to hold for small but finite C,.

modes in the semidilute region. In terms of absolute
scattered intensity,

R.,(0 = 90°) = R, «(8 = 90°) + R, (6 = 90°) (15)

where R, (6 = 90°) = A{0 = 90°)R,(6 = 90°) and R, (0
= 90°) = A,(6 = 90°)R,(8 = 90°). At high concentrations,
there is only a weak angular dependence, or R, (6 = 90°)
~ R,(0 =0). Then, Ry s~ AR =0) « AL (3C/om)rp
or

Ryp = (C - Cy) (16)
With Cy ~ 0 and (67/3C)rp = C™, we then have
y=46+1-m )]

If we take m = 2 in the concentrated solution region as
shown in 2 and 6 = 4 from Figure 5, weget y =4+ 1 -
2 = 3 in agreement with y = 3 for C; = 0 as shown in
Figure 6. However, if we take Cy = 0.07 g/g of solution
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Flgure 7. Plots of R,y (solid circles), R, (hollow circles), and

Rv,s (hollow trlangles) vs. concentration at § = 90° and 20 °C.
Ry=Ryi+ Ryg Reys = Awa, Rys = ARy C, is defined in
Flgure 4C =M,/ (NApsr 3). Schematlca‘lly, 'we have neglected
the densny fluctuations of the polymer and of the solvent and
have considered only the excess scattered intensity due to
concentration fluctuations.

and & ~ 3 from Figure 5, we again obtainy =3+ 1-2 =
2 which is consistent with the value of 2 for v at C, = 0.07
g/g of solution. As (¢ 7/aC)rp does not involve a limiting
C, value for the present polystyrene sample, we can
conclude that the gellike behavior is present at low con-
centrations before C* is reached. The overall scattered
intensity behavior of polymer solutions can be constructed
from intensity and line width measurements using the
histogram method which decomposes G(T') into two
separate modes over a range of concentrations in the
semidilute region. Figure 7 shows a plot of R, (solid
circles), R, ¢ (hollow circles), and R, (hollow triangles)
vs. concentration at § = 90° and 20 °C. R., must increase
more rapidly near C = 0 g/g of solution than near C = 1
g/g of solution because the polymer molecular weight is
much greater than that of the solvent. After the total
intensity has reached a maximum, the gellike mode be-
comes clearly measurable before the overlap concentration
C* is reached. As the contribution of the fast mode in-
creases, the hydrodynamic mode decays with increasing
concentrations. At around 0.45 g/g of solution, we have
mainly the gel mode. Beyond the 0.5 g/g of solution mark,
we have schematically dotted in a decaying behavior for
the gel-mode intensity as the concentration reaches 100%
polymer. In Figure 7, we have considered only the excess
scattered intensity due to concentration fluctuations and
have neglected the density fluctuations of the solvent and
of the polymer. By utilizing the information from 2 and
our knowledge on C* and C,, we have added one more line
(Cg) on the temperature—composition diagram, as shown
in Figure 8. This partially completed temperature—
composition diagram is somewhat different from the
schematic temperature-composition diagram of Daoud and
Jannink.

Figure 9 shows the concentration dependence of D, D,,
and D; at 20 °C and 6 = 90°. The overall D values do not
represent the hydrodynamic diffusion coefficient in the
semidilute region. In fact, D, drops to fairly low values
due to the increasing contribution of the fast mode at
higher concentrations.

We shall discuss the concentration dependence of /T
separately in part 4.

2. Temperature Dependence. Figure 2 shows plots
of G(D) vs. D at different temperatures. D, D,, and D;
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Figure 9. Concentration dependence of D, D,, and D; at 20 °C,
6 = 90°.

increase with increasing temperature. Figure 10 shows
plots of log Dy, log (Do), log D, and log (f,/n0) vs. tem-
perature at § = 135° and C = 0.346 g/g of solution. We
have used fs/nO (1/Dsn0) (1-0C)(M,/Ny) (5 W/GCU)T,P
where f,, 1, 0, and C? are the frictional coefficient, the
solvent viscosity, the specific volume of the polymer, and
the concentration in g/cm3, respectively. At very high
concentrations with C = 0.346 g/g of solution, f,/n, de-
creases slightly with increasing temperature. Dy increases
with increasing temperature. This increase in D; is im-
plying a decrease in the correlation length with increasing
temperature, rather than the temperature effect due to
solvent viscosity.

3. Angular Dependence. Figure 3 shows plots of G(D)
vs. D at different scattering angles. For example, at ¢t =
30 °C and C = 0.165 g/g of solution, the fast mode becomes
appreciable at increasing scattering angles. Results are
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Figure 10. Plots of log Dy, log (Dgy,), log D,, and log (/7o) vs.
T at 0.346 g/g of solution; 6 = 135°.

summarized in Figure 11a,b, where we have plotted D, D,,
Dy, Ry, and R, as a function of sin (6/2) at 0.165 g/g
of solution and 30 °C and at 0.346 g/g of solution and 20
°C, respectively. At C = 0.165 g/g of solution and 30 °C,
as shown in Figure 11a, R, is barely measurable. The
gellike mode contributes up to about 10% of the scattered
intensity at the largest scattering angle (§ = 135°) with Ay
= 488.0 nm. D =~ D, over the entire angular range, and D
= D, as § — 0 because there R.,,; must be negligibly small.
At C = 0.346 g/g of solution and 20 °C, we shall attempt
to separate the intensity contribution into two components,
the slow hydrodynamic mode and the fast gellike mode,
as a function of scattering angle. The results are shown
in Figure 11D in terms of R, and R, as a function of sin
(8/2). If we take R, = 0 at 8 = 0, we have measured R, (6

Macromolecules

=0) =R,(6=0) =117 X 103 cm™. Ina plotof 1/R,,,
vs. sin? (§/2), we obtain from a decomposition of angular
distribution of scattered intensity an interference term
(r;2(C)) using the equation:

1 16 , : 2(2)
Ruvs —B(H ane (T CD sint 5 a9

(r2(C = 0.346 g/g of solution))V/2 = 1.2 X 10% A. If we take
& = kpT/6mneD,, £ = 1.7 X 10° A where 7, is assumed to
be the solvent viscosity and kg is the Boltzmann constant.
Two very qualitative observations can be made in the
comparison between £, and (r.2)1/2, First, £, could be lower
if we take the viscosity to be that of the solution. Second,
if we assume the dynamical motion to be that of solid
spheres, r, = £,/1.29 = 1.3 X 10% A, in good agreement with
the value for (r,2)"/2 from a decomposition of the angular
distribution of scattered intensity (eq 18). In any case, the
argument is qualitative at best, as (r,2)!/2 represents a
composite length for concentrated solutions, especially
when the gel mode becomes appreciable. However, the
agreement is nevertheless accidental. For the fast mode,
we note that there is an increase in the scattered intensity
(R with increasing scattering angles, as shown in Figure
11b. Furthermore, D; is fairly large. If we take & =
kgT/6mn,D;, we obtain a characteristic length of about 1.4
X 102 A, If we take & to be the order of a characteristic
spacing, we should then expect to have an increase in the
scattered intensity with increasing scattering angles at
small values of K, and the maximum of the scattered
intensity should take place in the small-angle X-ray
scattering region. This maximum could be masked par-
tially by intensity contributions from the slow mode as we
measure only the total scattered intensity. We plan to
examine this interpretation further by a combination of
light scattering and small-angle X-ray scattering experi-
ments. In Figure 11b, we also note that at small scattering
angles, the measured diffusion coefficient D must be
identified mainly with D, because contribution from the
fast mode is small there. The D, D,, and D; behavior at
a slightly lower concentration (C = 0.233 g/g of solution)
shows similar trends as those in Figure 11b. In Figure 11c,

D is closer to D, as A;/A, is somewhat smaller when
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Figure 11. Plots of D, D,, D, R, and Ry, ¢ vs. sin (6/2): (a, left) 0.165 g/g of solution, ¢ = 30 °C; (b, middle) 0.346 g/g of solution,
t = 20 °C; and (c, right) 0.233 g/g of solution, ¢t = 20 °C, A; and A, instead of R.,, and R,z
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Figure 12, Plots of u,/T? vs. concentration (g/g of solution) for
(NBS 705 standard) polystyrene in trans-decalin at 20 °C (circles),
30 °C (triangles), and 40 °C (squares); 8 = 90 °. Solid symbols
denote values from the cumulants fit; hollow symbols denote
values from the histogram method; crosses denote computed
values based on eq 22 at 20 and 30 °C.
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Figure 13. Plots of T' and p, vs. I'r,,, using different order of
cumulants fit for polystyrene (NBS 705 standard) in trans-decalin
at § =90°,t = 20 °C, and C = 0.233 g/g of solution. With Ar
= 8.2 us, we had a total of 96 data points corresponding to 7.,
= 787.2 us. At lower values of T'r_,,, we used fewer data points.
(a) indicates the histogram result.

compared with those in Figure 11b.

In Figure 11b,c, both D and D, appear to be independent
of the scattering angle. However, D; decreases with in-
creasing scattering angle indicating that I'y may not have
a K? dependence. This fact is enforced by the observation
that A; increases with increasing K making Iy « K? where
P<2,

4. Concentration Dependence of the Variance u,/T?
Figure 12 shows plots of uy/T? vs. concentration at 20 °C
(circles), 30 °C (triangles), and 40 °C (squares). We note
that the values from the cumulants fit (solid symbols) do
not agree well with those from the histogram fit (hollow
symbols) when u,/T'2? values are fairly high. We should
consider the results of the cumulants fit to be approximate
because of the extrapolation procedure used in the data
analysis. Figure 13 shows plots of T and p, vs. I'rpey. A
proper way to obtain T' and u, is to fit the net signal
correlation function using the same number of data points
measured at different delay time increments by different
order cumulants fits. From a plot of T' or u, which is fitted
using different order of cumulants expansion vs. 7,,.,, we
can try to obtain the correct value. In our case, as we were
mainly interested in the qualitative feature of the u,/I?
vs. concentration curve, we measured the correlation
function at only one delay time. Then we tried to obtain
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T and u, from extrapolations to T'7,,, = 0. However, in
the fitting procedure, as we reduced 7., we had to reduce
the number of data points, The resultant extrapolation
tends to yield values of T' and u, which represent an upper
bound for the correct values. In Figure 13, we have also
shown the results from the histogram method which is
much more reliable in dealing with bimodal or broad line
width distribution functions.

The high values of us/T? can be interpreted in terms of
the bimodal distribution.

By definition,

ur= GO -T)2dr (19)
As G(T') = g,(I") + g«(T'), we have
P= {GOrdr= (e +eDIrdr = AT, +
ATy (20)
where A, [=fg,(T) dI'] and A; [=fg{T) dT] are the
normalization factors for g,(T') and g«(T) with A, + A; =

1. We have, in fact, used eq 20 in expressing eq 12. Then,
by substituting eq 20 into the definition for u,, we have

pe = f GDI(A + AJT - (AT, + ATY]* dr =
fG(F)[As(F ~T) + A{T - Tp]2dl =
f G(D[AXT - T)? + AT - Tp? + 24,A(T - T,) X
(T - Tyl dr (21)

Integration of the terms in eq 21 over the range of G(T')
yields

Mo = AfAs(Tf - I—‘S)Q + As/“Zs + Af[.l.gf (22)
where Hog [=As_1fgs(r)(r - 1_—‘5)2 dr] and Mof [=Af_1fgf(r)(r

- T)? dI'] are the second moments of the slow and fast
modes, respectively. We can rewrite

o = Ho* + ug** (23)
where
po* = ApA Ty~ T? (24)
and
ug** = Ao, + Aguige (25)

Equation 24 is the dominating term in eq 23. Thus, the
main contribution for a large u, comes from the square of
the difference in line width (I'y - T',)>. We have tabulated
the values of uy/T?, uy*/T?, #2**/T2, pos/ T2, and puge/T'é?
as a function of concentration at § = 90° and two different
temperatures (20 and 30 °C) in Table II. Values of u,/T?
were computed from the line width distribution G(T)
determined by the histogram method. u,*/I'? and uy**/I'?
were computed according to eq 24 and 25. Indeed, for large
values of uy/T?, the uy*/T? term has provided the major
contribution even though individual u,,/T 2 and ug/T?
values remain relatively small. The angular dependence
of uy/T? can be attributed to the increasing importance
of the gellike mode. For example, at § = 90° and C = 0.165
g/g of solution, uy/T? = 0.25 with u,*/T? = 0.16, while at
6 = 135°, uy/T? increases to 0.37, but the main contribution
comes from u,*/T'? which has a value of 0.26.

Finally, in our histogram analysis, we know that we can
determine T, and T; more accurately than A; and A,,
especially when one of the peaks is very small.> In Table
ITI, we have shown computed values of A; based on T
values estimated from the cumulants fit and T, and T
values from the histogram method with

Af,c = (T - r‘s)/(r‘f - Ts) (26)
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_ TableII _ _
Comparison of u,/T'?, “z*/rz’ ”z**/rz, Uzs/rsza Ma.e/T¢? at
Different Concentrations and Scattering Angles

(a) Concentration Dependence

C, g/g of soln
0.134 0.165 0.233 0.346
t=20°C;9 =90°

#,/T? 0.31 0.63 0.61
B *T? 0.16 0.50 0.51 0.48
B, **/T? 015 0.13 0.10
#,/Ts  0.18 0.16 0.19

Mag/Tg? 0.002 0.002 0.016 0.051

C, g/g of soln

0.165 0.233 0.346
3 t=30°C;9 =90°
u, /T2 0.25 0.35 (0.41)8
M, ¥ T2 0.16 0.23 (0.30)¢
p*¥/T* - 0.09 0.12 (0.11)¢
Mas/Ts? 0.11 0.24 (0.44)°
Mog/Tg? 0.002 0.017 (0.086)
(b) Angular Dependence
8, deg
30 90 135
_t=380°C; C=0.165 g/g of solution
,/T? 0.10 0.25 0.37
u*T? 0 0.16 0.26
p **/r? 0.10 0.09 0.11
Mas/Tg? 0.10 0.11 0.17
kog/T¢? 0.002 0.007

%9 =135°,

where the subscript ¢ denotes the computed value. The
agreement further illustrates the consistency of our
analysis.

Conclusions

In choosing a relatively low molecular weight polystyrene
sample and in dissolving it in a © solvent, we have, in fact,
concentrated our studies using fairly contracted polymer
coils which exhibit an extended semidilute solution region.
By realizing the fact that the variance of the line width
distribution is unusually high, we come to the development
of a new approximate histogram method of correlation
function profile analysis. The advantage of the histogram
method is that we do not have to make any a priori as-
sumption on the form of the line width distribution
function and that the method is valid for determining an
approximate bimodal distribution function in I' space.
With this new method, we can explain the large values of
uo/T'? as mainly due to the presence of a fast gellike mode
even though its magnitude can be quite small. Here we
use the word “fast” with reference to the slower hydro-

Macromolecules
Table II1
Comparison of A¢ (Histogram Method) and A¢. (eq 26)
t=20°C
C, g/gofsoln 0.134 0.165 0.233 0.233 0.346 0.346
6, deg 920 920 20 135 90 135
Ag (histogram) 0.012 0.020 0.12 0.16 0.61 0.69
Ag ol 0.025 0.026 0.13 0.67 0.73
t=30°C
C g/gofsoln 0,165 0.165 0,165 0.233 0.346
6, deg 30 90 135 90 135
Ag 0 0.040 0.092 0.22 0.71
A¢, 0.053 0.11  0.23 0.73
t=40°C
C, g/g of soln 0.233 0.346
6, deg 90 135
Ag 0.42 0.70
Age 0.46 0.71

% Ag. = (T ~ Tg)/(Tg - Tg) with T from cumulants fit.

dynamic mode. The interesting aspect of this observation
is the presence of gellike behavior at concentrations before
C reaches C* where coil overlap occurs. We have examined
the concentration, temperature, and scattering angle
dependence of the dynamical behavior of polystyrene
(NBS 705 standard) in ¢trans-decalin. Figures 7 and 8 are
particularly important. In Figure 7, we have presented
(and sketched in) the excess scattered intensity behavior
of a polymer solution from pure solvent to pure polymer.
According to our viewpoint, we have a semidilute region
between C* and C,. Beyond C,, only the gel mode remains,
Thus, the temperature—composition diagram appears to
behave differently than that initially predicted by Daoud
and Jannink. The scaling theory is valid at infinite
molecular weight. In our case, we can clearly see that
power law relations are valid only for limited ranges of
concentration. Finally, we have linked line width mea-
surements with integrated scattered intensity studies. By
a decomposition of the angular distribution of scattered
intensity, we note that there are two characteristic lengths
governing the two separate hydrodynamic and gellike
modes. It is important to point out that many of the
effects we have observed will not be seen easily by the same
instrument if we take a high molecular weight polymer
sample. Experiments at large Kr, ranges are in progress.
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