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We report here the results of forced Rayleigh scattering
(FRS) experiments carried out with the gelatin sample that
was earlier examined! in this laboratory by a quasi-elastic
light scattering (QELS) study, for the purpose of com-
paring the self-diffusion coefficients obtained by FRS to
the diffusion coefficients of the slow mode in QELS. A
proposal has been put forth by one of us in collaboration
with others! and by Amis and Han? that the slow mode
observed in QELS of semidilute and concentrated polymer
solutions may be identified with the self-diffusion process,
whereas a number of others reported earlier®’ the exist-
ence of such a mode without attributing it directly to the
self-diffusion process. While there exist a firm theoretical
basis® and a consensus in experimental results®!? for
identifying the fast mode of QELS as a mutual (or coop-
erative) diffusion process, the same cannot be said of the
slow mode; a good deal of speculation about the slow-mode
mechanism abounds in the literature.>%3 Furthermore,
Brown et al.’* have recently called into question our
identification of the slow mode by performing two separate
experiments, pulsed field gradient NMR and QELS, with
narrow-distribution poly(ethylene oxides), whereby they
found a discrepancy of 1 order of magnitude between D,
deduced from the first experiment and the corresponding
time constant inferred from the second. Our objective here
is to determine D, values of the gelatin sample by FRS over
the same concentration range under experimental condi-
tions identical with those of the earlier study’ and compare
them with the corresponding diffusion coefficients D,
deduced from the slow-mode time constants I',. In order
to ensure that we have performed the FRS experiments
under the same conditions, we have also carried out QELS
experiments to reproduce the data by Amis et al.!

The FRS technique was first adopted by Hervet et al.!®
for a polymer self-diffusion study, which was followed by
a more complete work on the same system, polystyrene in
benzene, by Léger et al.'® The technique requires a certain
fraction of polymer molecules being labeled by a photo-
chromic or photobleachable moiety such that it can probe
the diffusion of labeled chains dispersed in a matrix of like
chains without label. As with any label technique, this too
suffers from the uncertainty in sample integrity introduced
by the labeling. One sure way to remove this uncertainty
is to keep the labeling content to a minimum such that the
final result is independent of the label concentration.!6
With gelatin labeled with a photobleachable dye, fluor-
escein, on its lysine residues and/or the N terminus of the
polypeptide chain via the thiourea linkage,'” we meet this
requirement. Fluorescein is photobleachable by the
488.0-nm line of an Ar* laser, and the optical gratlng
contrast obtained by its use in aqueous medium is superior
to several photochromic dyes that we have tried. Use of
a photobleachable dye for the FRS experiment is not or-
iginal1 Bwith us but has been adopted earlier by Coutandin
et al.
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Experimental Section

The pigskin gelatin sample, supplied by Rousselot S.A., Paris,
was the same one used by Amis et al.! Appropriately weighed
samples of gelatin to make final weight percents of 0.2, 1, 2, 5,
10, and 20 were dissolved in deionized water at 35 °C to make
10 g of each solution, and an aliquot (10 uL) of 32 mM acetone
solution of fluorescein isothiocyanate (Sigma) was added to each
solution, which was then allowed to stand at the same temperature
with occasional stirring for at least 2 h. The labeling yield ap-
peared to be quantitative as judged by the absence of any free
dye band in an electrophoresis band pattern on polyacryl-
amide—SDS gels. The bound-label position, either on an interior
lysine residue or on the N terminus of the chain, is not charac-
terized. Since the lysine content in gelatin is in the range of 25-27
per 1000 residues, depending on the gelatin sources,'®? it is likely
that 1 of 8-9 lysine residues in a chain (M, = 35000; DP =~ 350)
is labeled by fluorescein. The average labeling yield in the largest
case, with 0.2% solution, amounts to about 6 dye molecules per
every 10 polymer chains and it is reduced by 100-fold in the
smallest case, with 20% solution. QELS measurements were made
with two samples of 0.2% solution, one with the indicated average
labeling vield and the other without any labeling, and the results
were found to be indistinguishable, indicating no detectable effect
by the label on the average Stokes radius.

The FRS apparatus used here has been described elsewhere.?!
The sample cell holder is constructed of a copper block through
which heat-exchange liquid circulates from a constant-temperature
bath (Lauda) to control the temperature of the cell to within 0.2
°C. Though the data acquisition scheme is the same as before,
the analysis method is slightly different. The photomultiplier
tube output V(t) due to the time-varying diffraction intensity of
the reading beam is analyzed by a model function

V(t) = (Ae™t/" + B)? + C* (1)

where the four parameters determined by a nonlinear least-squares
fitting routine on a Harris/7 computer are A, the preexponential
amplitude of the diffracted optical field, B, the coherent scattering
background of the optical field, 7, the relaxation time of the
diffracted optical field, and C?, the background intensity due to
incoherent scattering and stray light.

The instrument used for QELS is the same one as in the report
by Amis et al.! The concentration rarige covered for QELS extends
further into dilute solution than in their study in order to establish
the translational diffusion coefficient at infinite dilution Dy. The
fast and slow modes were analyzed separately by the second-order
cumulant method.?? Since a changeover from homodyne to
heterodyne beating for the fast mode should take place! as con-
centration is increased but we cannot be sure at what concen-
tration without performing a separate heterodyne experiment,
we assume that both modes are detected by the homodyne beating
mechanism. This is to be contrasted with the way QELS data
were earlier! interpreted by assuming heterodyne detection for
the fast mode and homodyne detection for the slow mode.

Results and Discussion

In Figure 1, we display the observed linear dependence
of the relaxation time 7 on the squared fringe spacing d?,
as expected for any translational diffusion process of
photolabels, according to

7 = d?/4x?D, (2)

The slope of the straight line increases progressively with
gelatin weight percent as indicated. The values of Dy
calculated by eq 2 are collected in Table I, where the
uncertainties represent 95% confidence limits deduced
from the slopes of the plots in Figure 1. In the inset, we
show a typical rise-decay profile of the diffraction signal

© 1984 American Chemical Society



116 Notes Macromolecules, Vol. 17, No. 1, 1984
Table I
Various Diffusion Coefficients Obtained by FRS and QELS at Different Concentrations of Gelatin at 35 °C
DorD,x10"% D,x 10"} Dy X 108,¢ D, x 1084
W,, % cm %/s cm?/s cm?/s cm?/s A(fast)/A(slow)®
0.1 1.9z 0.5
0.2 2.0+ 0.3 216
1 1.8: 0.2 19:2 3.6+0.5 0.62/0.38
2 1.7+ 0.2 3.28 15z 2 3.1+ 0.4 0.51/0.49
5 1.7+ 0.2 3.88 10=+1 1.7+ 0.2 0.36/0.64
10 2.1: 0.4 5.06 4.7+ 0.3 0.63 + 0.09 0.20/0.80
20 3.7+ 0,5 6.38 0.87 + 0.05 0.08 + 0.01 0.07/0.93

@ All deduced from I'y of QELS assuming a homodyne detection mechanism.
¢ Obtained from FRS measurements.
¢ Ratio of autocorrelation amplitudes of the fast and slow modes at 90° scattering

assuming a heterodyne detection mechanism.
a homodyne detection mechanism.
angle.
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Figure 1. Decay relaxation time 7 of the diffracted optical field
plotted against squared fringe spacing d? in FRS experiments,
where gelatin weight percent is indicated for each sample. A data
set for the 0.2% sample is not shown because it is similar to that
of the 1% sample although the scatter is greater as shown by the
error bar on the D, value in Figure 2. In the inset, a rise-decay
profile of the diffraction signal with the 10% sample at 35 °C is
contrasted to a profile obtained at 22 °C with the same sample.
The observed persistence of the diffraction signal at 22 °C in-
dicates that the self-diffusion process is arrested in the gel by

restraining the polymer chains into a network.

L
50 250

at 35 °C, which is above the gel temperature of this gelatin
sample. On the same graph, we show how the diffraction
signal at 22 °C, a temperature below the gel point, remains
practically unchanged. Since the sample has gelled at this
temperature, there should be no chain self-diffusion. Thus,
the imposed optical grating cannot be erased by the mass
diffusion mechanism of photobleached labels; hence the
diffraction signal is no longer transient as long as fluor-
escein photobleaching is irreversible. A small initial decay
in the diffraction signal is tentatively attributed to gel
network dynamics, which may be reduced by lowering
temperature. The difference in the rise parts of the two
is ascribed to the photobleaching rate difference over a
temperature interval of 13 °C. Notwithstanding these
minor details, the two diffraction signal profiles make it
certain that the self-diffusion process can be arrested by
restraining the polymer chains into a network. This cor-

b Those of Amis et al. from their I'y
¢ Deduced from Iy of QELS assuming

responds to the earlier observation by Amis et al. that the
slow mode of QELS disappears completely in a gel at 20
°C whereas the fast mode due to the cooperative diffusion
remains unaffected.

As stated before, we deduce the diffusion coefficient D,
which becomes the cooperative diffusion coefficient D, at
¢ > c*, from the fast mode of QELS. Assuming a homo-
dyne detection mechanism such that the decay rate of the
autocorrelation function G®(r) is 2Ty, we can deduce the
diffusion coefficient D or D, from the definition I'=D«?,
« being the scattering wave vector. These are also listed
in Table I. We have noted that I'; depended on the choice
of sample time A7 in acquiring G® (), most likely due to
the broad molecular weight distribution of the gelatin, and
it did not converge to a well-defined value independent
of Ar. We therefore chose to determine I'; with a single
sample time Ar for all concentrations at a given scattering
angle, namely, 1 us per channel at 90° scattering angle on
a 64-channel] correlator, which amounts to about 2 relax-
ation times for the entire time range for a particular sam-
ple, and Ar variation with the scattering angle was effected
under the condition of x?A7 = constant. Hence I'; values
are subject to considerable ambiguity and the resulting D
or D, values are less than firmly established; we might have
perhaps as much as a factor of 2 in variation of mean
diffusion coefficient, depending on Ar. The listed values
of D or D, in Table I differ from those in Amis et al. by
about a factor of 2, mainly due to the different assumptions
for the QELS detection mechanism but also partly because
of the choice of A7. A ready comparison of the difference
is afforded by listing their D, values in Table I. As for the
determinations of D, from TI',, we have fully reproduced
theirs, and our D, values are listed in the fifth column of
Table I. In the last column of the table we also list the
ratios of amplitudes of the autocorrelation function G®(r)
of the fast and slow modes; by amplitude, we mean the
preexponential term of each decay mode.

In Figure 2, we show a plot of D, vs. W,, gelatin weight
percent, together with D, and D, (or D) plotted against the
same W,. The D, value is larger than D, by about a factor
of 5 at Wy = 1% and it increases progressively to about
10 at Wy, = 20%. The arrow at the top indicates the
approximate overlap concentration c*, taken equal to the
reciprocal intrinsic viscosity of the gelatin sample, [n] =
22 mL/g. Thus, only those data points to the right of the
arrow should be regarded as D, because they alone are in
the semidilute regime whereas those to the left of the arrow
are the translational diffusion coefficients D in the dilute
solution regime, which appear to converge smoothly with
D, to reach the infinite dilution limit; i.e., im,.q D = lim_.,
D, = D,.

To the extent that we took care to minimize likely ar-
tifacts of FRS experiments, we hope that these determi-
nations of the self-diffusion coefficients are unambiguous.
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Figure 2. Double-logarithmic plot of different diffusion coef-
ficients against weight % of gelatin, W,. Self-diffusion coefficients
D, obtained from the slopes of the straight lines in Figure 1 are
shown by filled circles, D or D, obtained from the fast mode of
QELS by open circles, and D, from the slow mode of QELS by
left-half-filled circles. Error bars are shown when 95% confidence
intervals exceed the size of the data points. When our D, values
differ from the corresponding ones by Amis et al., the latter are
shown by right-half-filled circles with pips whose directions
distinguish the two different data analysis schemes, single-ex-
ponential and second-order cumulant fits. The arrow at the top
indicates the concentration equaling the reciprical of the intrinsic
viscosity, which may be taken as the overlap concentration, c*
~1/[n] = 0.045 g/mL. In the inset, D,/c is plotted against steady
shear viscosity (Amis et al.) on a double-logarithmic scale, where
the curve is drawn smoothly over the data points simply to indicate
the trend and the line is drawn with a slope of ~1, representing
the Rouse chain behavior.

If so, the slow mode of QELS is not the self-diffusion
process though it seems to represent some measure of the
process as manifested by its approximately parallel con-
centration dependence and its disappearance in gel. The
concentration and molecular weight dependences of D, for
polystyrenes in both good? and 0 solvents® were also found
to mimic those expected for D,. Precisely what measure
of the self-diffusion process the slow mode represents we
cannot say. In any event, we have to agree with Brown
et al.' in disputing the identification of the QELS slow
mode with the self-diffusion process, but without proposing
an alternative responsible for the mode. There is now an
agreement among us? that our earlier identification of the
slow mode needs to be reconsidered.

We close this report by noting that the D, values at ¢
> c¢* appear to approach the behavior of Rouse chains
relative to concentration ¢ and steady shear viscosity 7;
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namely, D,/c « 1/n, This is shown in the inset of Figure
2, where D, /c is plotted against 5, on a double-logarithmic
scale using 7, values given by Amis et al. A thin line
tangent to the lowest data point (20%) has the slope of
—-1. If we connect the data points at 5% and 20%, then
the slope is —1.2. This is to be contrasted with the finding
of D, being proportional to 1/7, reported in the earlier

paper.
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