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The ratio of the segmental to molecular friction coef-
ficients is defined by eq 42; namely

¢/f =% Tr (K (42)
with
K= i Q; (34)
ij=1

In the present case

K=2\1-a)I + 2(u(1 - 2a) - A(1 - @))nn (Al.14)
which, on substituting for A and u and using the axes
Ox,x,x4 defined, reduces to

K = 2diag (1/(1 + 2a), 1/(1 + ), 1/(1 + a)) (AL15)
Whence
K'=(1/2) diag(1+ 20,1+ a,1+a) (A1.16)
and

£/ 0seen = Yo(1 + 4a/3) (A1.17)

This is the result also given by the K~R approximation,
eq 52.
Using the preaveraged Oseen tensor, one has

with p;; = p;; and, for the dipole

r=1/(1-160%/9) (A1.20)
Use of eq 34 and 42 shows that
(g‘/f)preav = 1/2(1 + 4“/3) (A1.21)

Thus, as is known, for the special case of a dipole, the
Oseen, K-R, and (Oseen) approximations give the same
value of {/f.
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Self-Diffusion of Polystyrenes by Forced Rayleigh Scattering
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ABSTRACT: The self-diffusion coefficients (D,) of 4-(bromomethyl)azobenzene-labeled polystyrenes in
tetrahydrofuran solution were measured for five molecular weights, from 32000, to 360000, in overlapping
concentration ranges (in units of weight fraction) spanning from ¢ = 0.024 g/g to ¢ = 0.648 g/g. We have
examined these measurements in the context of the Doi-Edwards theory, as extended by Graessley, and the
de Gennes scaling theory. We found that for concentrations above c*, the concentration for onset of semidilute
behavior, the self-diffusion coefficient was well described by D, = M2, On the other hand, the concentration
dependence of D, was neither described by a unique power law as in the de Gennes model nor directly
proportional to ny'c?, where 7 is the zero-shear viscosity of the solution, as predicted by Graessley using the
Doi-Edwards model. Instead, we found the concentration dependence to be best described by Rouse theory,
i.e.,, D, « nyle. The absolute magnitudes of the diffusion coefficients agreed well with previous measurements
by Léger et al. (Macromolecules 1981, 14, 1732) for concentrations below 0.20 g/g, but there were substantial
departures from their results at higher concentrations. The observed D, values were found to be independent
of label position and label concentration.
Introduction subject marked by his usual incisive eloquence is given in

W. H. Stockmayer’s contributions to our present un-
derstanding of the chain dynamics of isolated macro-
molecules extends over 3 decades, and a tutorial on the
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Les Houches lectures.2 The purpose here is to do our part,
however small, in trying to extend the chain dynamics to
concentrated solutions by examining chain self-diffusion
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behaviors. The theoretical bases of polymer self-diffusion
are afforded through the model of Doi and Edwards?® and
more qualitatively through the scaling arguments devel-
oped by de Gennes,*® both based on his reptation model.®

In the case of the Doi-Edwards theory, the long-range
configurational rearrangements, affecting the linear vis-
coelastic properties of fully entangled systems in bulk
polymers or in concentrated solutions, are caused by rep-
tation of a given polymer chain along its contour direction
within a “tube”; such a tube is delineated by the sur-
rounding topological constraints imposed by the chain
entanglements. Thus, a variety of the phenomenological
observables is shown to depend on the self-diffusion
coefficient. As pointed out by Graessley,” the Doi-Edwards
theory predicts the two important microscopic variables
in terms of phenomenological quantities in addition to the
tube diameter. They are the self-diffusion coefficient D,
and the slowest relaxation time called the tube disen-
gagement time 74. In particular, the self-diffusion coef-
ficient is given by

D. = GNO ¢RT 2 (R2> Mc (1)
T\ Gy M ] MPno(M,)

where Gy° is the plateau modulus,® ¢ is the mass concen-
tration, (R2) is the mean square end-to-end distance of a
polyimer chain, M, is the entanglement coupling molecular
weight of the polymer,? (M) is the limiting steady-shear
viscosity at M., and RT has the usual meaning. According
to eq 1, D, is proportional to M2 in the bulk state and in
concentrated solution, where (R?) still goes as M and Gy°
is independent of M.® A similar M dependence of D, is
predicted by de Gennes*® using scaling arguments. The
concentration dependence of D, is, however, not so well
defined by eq 1 since Gy° depends on ¢ by a square power
while 74(M,) depends on ¢ by a progressively increasing
power,® i.e., no(M,) < c? ~ cb, Hence, D, depends on ¢
through 74(M.,), which has no simple power dependence
on ¢. The scaling prediction, on the other hand, sets the
D, dependence on ¢ to be —1.75 in a good solvent and -3
in a ©-solvent in the scaling regime of appropriate con-
centrations. ;

On the experimental side, there exist several approaches.
In the macroscopic approaches, Beuche® had earlier used
the radioactive tracer technique, and more recently,
methods were devised for monitoring the boundary
spreading of a concentration gradient of isotopically la-
beled chains in an otherwise identical pair of polymer
samples. Klein!® and Klein and Briscoe!! have used in-
frared densitometry to measure the spreading, while
Bartels et al.!? used a small-angle neutron scattering
technique. In the microscopic approaches, there are four
techniques that have been used in tests of these theories.
One is the pulsed field gradient NMR technique developed
by Stejskal and Tanner,!? first used by Tanner.* The
second is forced Rayleigh scattering used by Léger et al., 1%
and the third is the quasi-elastic light scattering technique
as used by Amis et al.’® Lastly, fluorescence photo-
bleaching recovery is used by Smith.?

The current status of empirical testing by these different
approaches is as follows. Using macroscopic methods,
Klein!® and Klein and Briscoe!! show D, « M2 with broad
molecular weight polyethylene in bulk, and Bartels et al.1?
find the same relationship with narrow-distribution hy-
drogenated or deuterated polybutadiene in bulk. Lastly,
Kumagai et al.!® find a power of -2.7 for tritium-labeled
polystyrene in bulk by the radioactive tracer technique.
Several measurements of the self-diffusion coefficient in
bulk polymers have also been made with microscopic
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techniques. Tanner** finds the molecular weight exponent
to be 1.7 with fractionated poly(dimethylsiloxane) using
the NMR technique, while Kimmich and Bachus!® and
Fleischer® find a power of —2 for both polystyrene and
polyethylene using the NMR technique in each case.
Smith et al.?! report a —~1.7 power law with fractionated
poly(propylene oxides) by fluorescence photobleaching
recovery, and Antonietti et al.22 find a power of 2.2 for
narrow-distribution polystyrene by forced Rayleigh scat-
tering. Unfortunately, comparisons of the absolute mag-
nitudes from these experiments are difficult due to the
disparate conditions and polymers used by various workers.

Turning to measurements on polymer solutions where
both the concentration and molecular weight dependencies
can be tested by microscopic techniques, a much smaller
set of measurements have been performed. Léger et al.'8
report D, = M~2¢71" for anionically prepared dye labeled
polystyrenes in benzene solution in the scaling region, and
they find no significant deviations from the scaling theory
predictions. Callaghan and Pinder? find ¢1% for poly-
styrene in carbon tetrachloride over a limited concentration
region using the NMR technique. Amis and Han? using
the quasi-elastic light scattering technique find ¢ for
a decade or less in concentration and M2 for a limited
range of molecular weight if ¢17 is assumed for poly-
styrenes in tetrahydrofuran. Finally, in the only reported
©-solvent measurements, Amis et al.?5 find M2 and ¢ for
the concentration ranges measured for polystyrenes in
cyclohexane at 35 °C, again using quasi-elastic light
scattering. As for the absolute value of D, at comparable
concentrations, Callaghan and Pinder?® find good agree-
ment with Léger et al.!® in a limited test, while Amis and
Han* find their D, values to be about 1 order of magnitude
below those' of Léger et al.!5 for polystyrenes in good
solvents. However, at larger polymer concentrations, both
Callaghan and Pinder®® and Amis and Han?* show the
concentration dependence of D, getting stronger as the
concentration increases, and Amis et al.?® find that their
©-solvent measurements of D, agree with their good solvent
data at large polymer concentrations. As stated earlier,
eq 1 does not predict a well-defined power law of con-
centration whereas the scaling argument gives rise to the
power of —1.75 in good solvents and -3 in 6-solvents within
the applicable concentration region. Among various results
listed above, Léger et al.!® and Amis and Han?* address
most specifically both the molecular weight and concen-
tration dependencies with polystyrene over 1 decade and
2 decades in molecular weight range, respectively. From
this brief listing of the results from different groups using
different techniques, it is apparent that the self-diffusion
coefficient of a linear polymer must be examined in detail
relative to molecular weight and concentration, particularly
the progression from semidilute to concentrated solution
to bulk.

The experimental method of our choice is the same as
that of Léger et al.,'® which is variously called forced
Rayleight scattering (FRS)!5%27 or the holographic grating
technique.?? A brief discussion of the technique is given
as follows. Using the interference fringes produced by
crossed laser beams, a harmonic distribution of the two
states of a photochrome, the shifted and unshifted, is
generated with a certain spatial regularity due to the fringe
spacing, which ranges from a few microns to 100 um.
Subsequent erasure of the grating arises from two sources;
the shifted photochrome has a finite lifetime and hence
returns to the initial unshifted state by intramolecular
reconversion, and the two states of the photochrome are
mixed by diffusion. If the first is slower compared to the
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second mechanism of erasure, the time dependence of the
grating disappearance should be a direct measure of the
diffusion kinetics of the photochrome. Appearance and
disappearance of such gratings are monitored by using a
third laser beam which is diffracted by the gratings, and
the diffraction intensity is monitored as a function of time.
Thus, an appropriate photochrome attached to polymer
chains should afford a means to measure the self-diffusion
coefficient of the polymer chains. Hence the most difficult
problem for this method is the preparation of appropriately
labeled polymer samples. The photochromic label used
by Léger et al.’%, (1-(4-iodobutyl)-3’,3’-dimethylindolino-
6-nitrobenzospiropyran), while giving a rather large con-
trast appropriate for FRS measurements of this type due
to its large photochromic shift, requires a UV laser for
photochromic shifting, and its shifted state lifetime is only
about 35 s. Since we have some experience with both the
chemistry and the use in FRS measurements of azobenzene
derivatives, we choose 4-(bromomethyl)azobenzene as our
dye label, expecting a photochromic shifted state lifetime
of several hours,? allowing us to measure D, as small as
101110712 ¢m?/s. The use of a photobleachable label,
which was recently demonstrated,?2%% would extend the
range to some practical limit of D, ~ 10713 cm?/s but is
not necessary for our purposes.

In contrast, the NMR technique is limited by the spin—
spin relaxation process to D, = 107 cm?/s,? and therefore
is not useful at higher polymer concentrations. In the
quasi-elastic light scattering (QLS) experiments, the slow
relaxation process observed in semidilute solutions has
been ascribed to the self-diffusion of the polymer chains
in these solutions,'624?5 but other reports cast doubt on
this assignment, giving no alternative explanation for its
origin.3*! Although QLS experiments have the potential
advantage of sampling the shortest distance scale, defined
by k = (4wn/Ay) sin (8/2), at this point they can only be
considered a probe of some dynamic property of a polymer
solution and hence not a definitive method to probe
self-diffusion.

Our focus here is to examine the self-diffusion coefficient
of dye-labeled polystyrene as a function of concentration
and molecular weight more completely than what Léger
et al.’® have done at larger polymer concentrations. In
doing so, we hope to elucidate the polymer dynamics in
this region as well as the applicable range for the scaling
predictions for solutions in good solvents. In addition, we
contrast the behavior of the self-diffusion coefficient in
cyclohexane at 34.5 °C, a ©-solvent,* for some of the same
polymers with the behavior in a good solvent over a nar-
rower concentration range.

Experimental Section

1. Polymer Synthesis and Labeling. All polystyrene samples
used were prepared by standard anionic polymerization techniques
under high vacuum in two sequences. One series was labeled on
one end, and a second series was labeled on both ends or in the
center. Both procedures are described below. The resulting
polymers were characterized by size exclusion chromatography,
commonly called gel permeation chromatography (GPC), using
high-performance liquid chromatography equipment and 10¢-,
10%-, 10%, and 103-A u-Styragel columns (Waters Associates,
Milford, MA). Tetrahydrofuran (THF) was used as the eluant,
and the system was calibrated with narrow dispersity polystyrene
standards (Pressure Chemical Co., Pittsburgh, PA). The molecular
weight assigned to each sample was the peak molecular weight
observed by GPC. The dye content of each sample was deter-
mined spectrophotometrically on a Cary 118 spectrophotometer
(Varian Associates, Palo Alto, CA). The characteristics of the
samples are summarized in Table L.

(a) Single-End Labeling. Polystyrenes A, B, and C were
prepared with sec-butyllithium as a monofunctional initiator.
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Table I
Characteristics of Polystyrenes Used
label label content
sample M x 1073¢ position  (labels/chain)
A 32 end 0.25
B 46 end 0.38
C 105 end 0.23
D 130 center 2.0
E® 130 ends 1.4
F? 360 center 1.0

4 GPC peak molecular weight. ? Bach sample showed a
very small low molecular weight shoulder peak in GPC,
presumably due to the presence of some monofunctional
initiator,

Styrene was polymerized at room temperature in benzene for
about 24 h. Each sample was then divided approximately in half,
with one portion terminated with methanol and the other portion
saved for dye labeling. We found that using the 4-(bromo-
methyl)azobenzene to terminate the polystyryl anion directly
always resulted in a side reaction, yielding a mixture of the
dye-labeled polystyrene and a polystyrene fraction with twice the
molecular weight and no dye attached. The relative quantities
could be varied with different termination conditions, but the
dimer fraction was always present. Having attributed the dimeric
termination to the metal-halogen exchange reaction as in poly-
styryllithium with benzyl chloride,* we decided to moderate the
reactivity of active chain ends by changing them from carbanions
to oxyanions before the termination with 4-(bromomethyl)azo-
benzene. The procedure was first to replace half (by volume) of
the polymerization solvent (benzene) with THF and next to add
a 5-fold molar excess of ethylene oxide in cyclohexane (3/1 by
volume), which was allowed to react with the polystyryllithium
for about 3 min at -77 °C. Finally, a THF solution of 4-(bro-
momethyl)azobenzene was added to the solution at a 2-fold molar
excess and allowed to react for about 20 h at room temperature
and 1 h at 50 °C. The exchange reaction between the bromo dye
and polymeric alkoxide lead to a methylazobenzene-labeled
polystyrene molecule and lithium bromide in solution. All steps
through termination were carried out under high vacuum. After
termination, the seals were broken, and each polymer was purified
by repeated precipitations from THF into methanol and dried
under high vacuum. The resulting polymers were comparable
in their molecular weight distributions to those of the Pressure
Chemical standard polystyrenes as judged by GPC, and there was
no detectable difference in GPC peaks between the molecular
weights of labeled and unlabeled chains in each sample.

(b) Double-End and Center Labeling. Samples D, E, and
F were prepared from the bifunctional initiator (2,4-hexadie-
nyl)lithium according to the procedure reported by Morton et
al.* and Rubio® with two goals in mind. We found that the dye
labeling on higher molecular weights from the first series was
insufficient for FRS measurements, and we wanted to test the
dependence of these measurements on the position of the label
in the polymer chain. Therefore, after polymerizing the styrene
in benzene for 5 h at room temperature, we divided each sample
in thirds. One fraction was terminated with methanol as above,
and the second fraction was end labeled by a procedure similar
to that given above except that a 180-fold excess of ethylene oxide
was added and allowed to react for 11 h at -5 °C. At this point
a gel had formed, and a 90-fold excess of the dye was added to
react for 8 h at room temperature. These fractions were then
treated in the same manner as the samples in the first series.
These samples, however, showed a low molecular weight shoulder
peak in the GPC trace, presumably due to a small fraction of
initiator that terminated on one end before polymerization. The
low molecular weight material was estimated to be less than 5%
of each sample by weight. The third fraction was terminated with
methanol, precipitated, and dried as above in preparation for
labeling in the center of the polymer chains,

Center labeling was accomplished by hydroxylating® the re-
maining double bonds in the initiator segment,3% converting the
hydroxyls to alkoxides, and reacting the alkoxide groups with
4-(bromomethyl)azobenzene as in the previous termination steps.
The hydroxylation step was carried out by dissolving the bi-
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functionally grown polystyrenes in a THF /methanol/water
mixture (83/11/6 by volume) and adding a 4-fold molar excess
of osmium tetraoxide along with about a 300-fold molar excess
of 4-methylmorpholine 4-oxide. This mixture was allowed to react
for 25 h at 65 °C, after which the polymer was precipitated in
excess methanol and dried under high vacuum. The hydroxylated
polymers were then dissolved in THF and reacted with a Na/K
amalgam for 3 h at 40 °C under high vacuum to convert the
hydroxyl groups to alkoxide ions. The remaining amalgam was
filtered away, and the polystyrene alkoxide was allowed to react
with a 60-fold molar excess of 4-(bromomethyl)azobenzene for
14 h at 40 °C before the vacuum was removed. As previously,
the polymers were purified by repeated precipitation from THF
into methanol and dried under high vacuum. No detectable
difference was observed in the molecular weights of the three
different fractions by GPC.

Since a dual-detector GPC experiment (with a refractive index
detector and a visible absorbance detector at A = 430 nm) in-
dicated that the center-labeling procedure was more effective on
the low molecular weight shoulder peak (presumably having the
initiator segment on one end of the chain), sample D was frac-
tionated to remove the low molecular weight species. This was
accomplished through phase separation by lowering the tem-
perature of a cyclohexane solution of sample D. This procedure
was repeated three times to remove any one-end-labeled polymer,
although we believe that the small amount of low molecular weight
material present would not make a detectable difference in our
measurements.

(c) Synthesis of 4-(Bromomethyl)azobenzene. 4-
Methylazobenzene. Following the procedure of Burns et al.,*”
6.3 g (0.06 mol) of p-toluidine in 15 mL of absolute ethanol was
mixed with 6.3 g (0.06 mol) of nitrosobenzene in 15 mL of glacial
acetic acid and stirred for 3 h at 40-50 °C and overnight at room
temperature. Dark crystals formed, settled out, and were filtered.
They were washed with 1 N HC], followed by washing with 1 N
NaOH and with distilled water. Subsequently, they were dissolved
in an equivolume mixture of absolute ethanol and 95% ethanol
warmed to about 60 °C and recrystallized by cooling. These
crystals were washed first with a 70-80% (by volume) ethanol
solution and finally washed with a 30% ethanol solution. Collected
crystals were dried under high vacuum overnight at room tem-
perature. The yield was about 70%.

4-(Bromomethyl)azobenzene. We followed the procedure
of Nanya.*® The above compound (2.5 g (0.013 mol)) was placed
in a 100-mL round-bottom flask with a reflux condenser, and 54
mL of carbon tetrachloride, 2.28 g of N-bromosuccinimide (NBS),
and 0.043 g (1.39 mol %) of benzoyl peroxide were added in the
same. The mixture was gently stirred to allow refluxing of CCl,
at 80-85 °C under illumination of an ultraviolet lamp (Hanovia)
for 2 h. The unreacted NBS at the conclusion was filtered out
and a majority of the CCl, was distilled out of the filtrate at 82-90
°C. The remaining solution was cooled to crystallize the product,
which was subsequently recrystallized from benzene. The yield
was about 30%. Characterizations were performed by optical
spectroscopy, NMR, and melting point (61-64 °C).

2. Sample Preparation for FRS. Solutions for FRS mea-
surements were prepared gravimetrically in small sample vials,
and after the samples were dissolved completely (usually after
several days), the solutions were transferred with a disposable
pipet to the FRS cells, which were immediately capped, cooled
in a dry ice-2-propanol bath, and sealed. Some of the highest
solution concentrations were prepared by controlled evaporation
of a more dilute solution in the FRS cell, and then the cell was
sealed. THF (Gold Label grade, Aldrich, Milwaukee, WI) was
used as received after filtering through 0.2-um poly(tetrafluoro-
ethylene) filters (Schileicher & Schuell, Inc., Keene, NH). Benzene
had been purified by distillation, and the cyclohexane was distilled
over CaH, (Aldrich) before use. Dust was removed from the
polymer samples by filtering dilute (approximately 1%) solutions
in THF through 0.5-um poly(tetrafluoroethylene) filters
(Schleicher & Schuell), which were then precipitated with filtered
methanol and dried under high vacuum before use. The FRS cells
were Pyrex spectrophotometer cells (some made in-house and
others from Precision Cells, Hicksville, NY) of 0.5-, 1-, or 2-mm
path lengths with 6- or 8-mm-o.d. Pyrex tubing attached to allow
for sealing the cells. Two special cells that were equipped with
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stopcocks were used for the cyclohexane solutions, and these cells,
once filled, were maintained at 45 °C before FRS measurements
were performed at 84.5 °C. The measurements of D, in good
solvents were done at ambient temperature (approximately 22
°C), but temperature control was required for the measurements
in cyclohexane. This was accomplished with the sample cell holder
described elsewhere,?® which was controlled to within 0.2 °C at
34.5 °C. The dye-labeled polymers were not blended with un-
labeled polymer due to the relatively small FRS signal afforded
by our dye, except for a test of dye label concentration at one
molecular weight and concentration.

3. FRS Measurements. We used two different optical con-
figurations for generating and detecting the transient gratings.
One was described in a previous work,® and the other is the
arrangement used by Léger et al.’> While we found no difference
in the diffusion coefficients determined for a solution in either
geometry, as a practical matter, the arrangement used by Léger
et al.!1® was far superior for these measurements. For the ex-
periments, where the dye concentration is low and the contrast
between unshifted and shifted states at the probing or reading
wavelength is small, longer path length cells must be used to obtain
sufficient contrast to diffract a measurable amount of light. It
is then imperative to bring the reading beam in at the Bragg angle
relative to the thick grating to maximize the diffracted intensity.
Hence, most of the data was collected with the configuration of
Léger et al.l?

Working in either optical configuration, we followed the same
established procedure to acquire our data.®® The grating spacing,
d, was calculated from

d=X/(2sin (§/2)) (2)

where A is the wavelength of the grating generating (writing) beams
and @ is the crossing angle between the writing beams, determined
by measuring the spot separation at a known distance from the
crossing point. For these measurements, the 488.0-nm line of an
Ar ion laser, controlled at 40-mW output, was used to write the
gratings, which were then read with a 5 mW He/Ne laser at 632.8
nm. The writing beams were pulsed with an electromechanical
shutter, and typically at widths between 25 and 150 ms. We have
separately confirmed that the diffracted intensity relaxation time
was independent of pulse width. The transient signals were
acquired, accumulated, and analyzed with the electronics described
previously.3®3® We used the model function

V(t) = (Ae™t/" + B)? + C? (3)

to fit our data, where V(t) is the measured photomultiplier output
voltage as a function of time ¢, 7 is the characteristic time of the
decay, A is the preexponential amplitude of the diffracted optical
field, B is the coherent scattering background optical field, and
C? is the background intensity due to incoherent scattering and
stray light. The four parameters were determined by a nonlinear
regression analysis, and the fit quality was evaluated by visual
examination of the residuals plot. Fits yielding nonrandom re-
siduals were rejected. A typical data set and fit from the good
solvent measurements are shown in Figure 1, where the decay
begins immediately after the writing beams are turned off. An
example of ©-solvent measurements is displayed in Figure 2, which
is typical for all polymer concentrations, grating spacings, and
corresponding time scales. We are unable to give a plausible origin
for this slow growth of diffracted signal but simply note some of
the significant characteristics of the FRS experiments in cyclo-
hexane. The maximum diffracted intensity at any concentration
is at least a factor of 10 larger in cyclohexane and is obtained with
writing pulse widths of 3-40 ms, typically much shorter than for
the good solvent measurements. The rise in the diffracted signal
seems to change at the same rate as the relaxation process with
changing polymer concentration or grating spacing, and the signal
shape is roughly constant over the entire range of writing pulse
energies that gave measurable signals. On the other hand, the
dye label 4-(bromomethyl)azobenzene by itself in cyclohexane
at 34.5 °C gives a normal FRS signal such as in Figure 1. Knowing
that something unusual was taking place in the signal-generating
portion of these FRS experiments, we have chosen to analyze only
the longest time behaviors to extract the grating decay times 7.
We have systematically started the analyses at about 40% of the
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Figure 1. Rise and decay of the diffracted reading beam intensity.
The top portion of this figure shows the average value of the
photomultiplier output from four transients plotted as V(t) in
volts vs. time in seconds for a polystyrene in tetrahydrofuran using
sample A, M = 32000, at ¢ = 0.648 g/g. The background signal
for a few pretrigger time intervals is included to emphasize the
return of the signal to the base line. The shutter pulse position
is indicated by the arrow, and the pulse width of 67 ms is less
than the time interval between points of 4 s on this plot. The
writing beam crossing angle of 31.0 mrad corresponds to a grating
spacing d = 15.7 um. The best fit curve to the decay profile using
the model function as described in the text is drawn through the
data in the upper graph, while the normalized residuals from that
fit on the identical time scale are shown in the bottom graph,
indicating a good fit to the data by their random distribution.
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Figure 2. The same two plots as in Figure 1 for the average of
10 transients are shown for sample E, M = 130000, in cyclohexane
at ¢ = 0.150 g/g and d = 14.7 um. The position of the shutter
pulse is indicated as before, and the 6-ms pulse width is much
less than the 400-ms time interval between points. The signal
growth well after the writing pulse is clearly demonstrated; hence
we fit only the long-time portion of the decay starting at about
t = 2 s as shown by the fit curve and residuals plot.

maximum signal for each data set and found fits that lead to
random residual plots.
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Figure 3. Linear plots of 7 vs. d* for samples D and E, the M
= 130000 polystyrenes, in tetrahydrofuran, both at ¢ = 0.300 g/g.
The least-sguares fit line using all the data points yields D, = (5.1
* 0.7) X 107 cm?/s at the 95% confidence limit. The filled circles
represent the measurements on a solution of end-labeled poly-
styrenes, while the unfilled circles indicate the values found for
the center-labeled polystyrenes of the same molecular weight at
the same concentration. The agreement between these two data
sets indicates that D, is insensitive to the label position.

Having obtained the relaxation times at typically 10 different
grating spacings for a particular sample, we made a plot of r vs.
d? as shown in Figure 3, and the diffusion coefficient was computed
from the slope of the least-squares fit line through the data using
the relation

r = d?/4n*D, 4)

The least-squares analysis was executed without specifying the
intercept as the origin, and the 95% confidence interval was
calculated using the Student’s ¢t-distribution. The intercepts were
found to be indistinguishable from the origin within the confidence
limits and the uncertainties for the slopes were typically in the
10-20% range. The largest error bars were associated with the
lowest concentrations at each molecular weight.

Results

D, in THF and Benzene. Our results for the self-
diffusion coefficient of polystyrene in THF and benzene
are summarized in Table II and plotted in Figure 4 as log
D, vs. log ¢ to facilitate comparisons with theoretical
predictions. Also shown on the same graph as dashed lines
are the data of Léger et al.'® for three of the molecular
weights they studied, represented as accurately as we could
read the data off their graph. In addition, the infinite-
dilution diffusion coefficients for polystyrenes of the same
molecular weights calculated with the data of Mandema
and Zeldenrust® are plotted as additional reference points.
Following the profile of D, as a function of concentration
for any of the molecular weights we studied, it is clear that
slopes steeper than the —1.75 slope, predicted by scaling
arguments and represented by the data of Léger et al.,!®
are observed at polymer weight fractions greater than 0.2.
In fact, at the highest concentrations studied for sample
A, we find D, « ¢*3, We find it somewhat surprising that
Léger et al.'® did not observe some departure from the
-1.75 power law, especially for their 78300 molecular
weight sample, since the concentration profile for our
46 000 molecular weight sample (sample B) actually crosses
through their data at a weight fraction of about 0.35. The
difference in our observations cannot be attributed simply
to the difference in solvents, benzene in their work and
THF in ours; a measurement of D, for sample C was
carried out in benzene at a weight fraction of 0.404 (in-
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Table II
List of Labeled Polystyrene Self-Diffusion in THF

polymer wt
fraction D

0.223
0.281
0.403
0.479
0.474
0.470
0.584
0.648

0.048
0.112
0.200
0.296
0.378
0.449
0.544

s
13
6.
1.
0.
0.
0.
0.
0.
5
1
2
2.
1.
0.
0.

0.145 5.
2.
0.
0.
0.
0.
7
9
5
7.
3.
1.
1.
0.
0.
0.

sample X 10%, ecm?/s

e
o R
oo =1
°33t3<m”
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e
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0.250
0.306
0369
0.404°¢
0.461

0.024
0.041

0.070
0.097
0.152
0.197
0.258
0.300

0.161 + 0.07
0.222 17 0.05
0.283 0.062 + 0.004
0.352 0.013 £ 0.003

@ 1 part dye-labeled polystyrene blended with 3 parts
unlabeled polystyrene of the same molecular weight;
weight fraction represents total polymer content. 2 1
part dye-labeled polystyrene blended with 7 parts
unlabeled polystyrene of the same molecular weight;
weight fraction represents total polymer content. ¢ Solu-
tion prepared in benzene.
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dicated on Figure 4 by a unfilled circle), and this point
blends smoothly with our THF data for the same sample.
This point falls well below where an extrapolation of the
data by Léger et al.!® would place it. We also note that
other workers found this type of deviation from good
solvent scaling behavior at similar concentrations.?324

At concentrations below 20%, we find our data to be in
good agreement numerically with Léger et al.!® if the
diffusion coefficients can be scaled by M2, which we will
discuss further below. With our dye system we are unable
to probe the transition region from dilute to semidilute
solution very well, but our data are fully consistent with
their earlier results at lower concentrations.

Extracting the molecular weight dependence of these
self-diffusion data is a bit more difficult, since two of the
molecular weights examined are too small to exhibit scaling
behaviors before the concentration dependence of D, be-
gins to change rapidly at ¢ > 0.20. Of course, within the
context of the Doi-Edwards model, the M2 exponent is
only defined for fully entangled systems, which occurs at
higher concentrations than required for scaling behavior.
We test the predictions in two ways. If D, « M2, the
product M2D, should scale all of the data to a unique curve
asa functlon of concentration. We illustrate this test in
Figure 5A with a plot of log (M2D,) vs. log c. It can be seen
that one smooth curve represents the entire data set quite
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Figure 4. Plot of log D, in ¢cm?/s vs. log ¢ in units of weight
fraction (g/g). All of our measurements in good solvents collected
in Table II are shown here, and they are compared with some
representative portions of the concentration profiles for three
molecular weights from Léger et al.!® for terminally (both ends)
labeled polystyrenes by benzospiropyran in benzene solution. The
predicted infinite-dilution diffusion coefficients for each molecular
weight using the data of Mandema and Zeldenrust*® are also
indicated on the ordinate. The de Gennes prediction of D, « ¢™17
is represented by the data of Léger et al.'® at higher concentratlons
but tracing the concentration profile for any of the samples we
measured, it is obvious that slopes steeper than —1.75 are observed
at higher polymer concentrations. This is shown to be inde-
pendent of the two solvents used by the data point for M = 105000
at ¢ = 0.404 g/g in benzene (unfilled circle) that blends smoothly
with our THF data in the region where the slope is much steeper
than -1.75. For M = 32000, where the largest concentrations are
measured, the steepest slope of ~13 is observed. Symbols for the
various samples are identified on the plot, and the same symbol
is used for samples D and E, which differ only in the position of
the dye label, giving identical results for D, as shown in Figure
3.

well except for the lowest concentration of sample D and
the two lowest concentrations of sample B. These points
correspond to concentrations below ¢*, the concentration
for onset of semidilute behavior, in the scaling model, and
the M2 dependence is not expected in such a case. Al-
ternatively, a smooth curve drawn through the concen-
tration profile for one molecular weight in Figure 4 could
be shifted vertically to correspond with the profiles for
other molecular weights. These profiles should be parallel
only over the regions of concentration where both molec-
ular weights are above c*. If the vertical shift factors are
recorded for this curve-matching process and plotted
against M on a double-logarithmic scale, the plot seen in
Figure 5B is developed, using sample B as the reference
concentration profile. Clearly, our data are well described
by the M2 power law for all concentrations greater than
c* when analyzed in either manner.

D, in Cyclohexane. The self-diffusion coefficients
observed in cyclohexane at 34.5 °C are summarized in
Table IIT and shown graphically in Figure 6. To facilitate
comparison with our good solvent data, M2 scaling was
applied to generate two more complete concentration
profiles. Also, infinite-dilution diffusion coefficients in
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Figure 5. (A) Double-logarithmic plot of M*D, vs. c¢. All good
solvent measurements are plotted in order to show the molecular
weight dependence of D,. A single smooth curve can be drawn
as shown, in good agreement with all the data, except for the lowest
concentration for M = 130000 and the two lowest concentrations
for M = 46000, indicating that D, « M2 is a good fit to our data.
These three points correspond to solutions at concentrations below
c*, and M2 scaling is not expected to hold in that region. The
symbols for each sample are identified as in Figure 4. (B) Dou-
ble-logarithmic plot of the vertical shift factor of the concentration
profiles of D,(c) relative to the reference profile D,°(c) against
M. The vertical shift factor [D,(c)/D,°(c)] is calculated by drawing
a smooth curve through the concentration profile of sample B,
M = 46000, as plotted in Figure 4, and shifting this curve vertically
to best fit the profile at each of the other molecular weights while
recordmg the shift factor. Sample B is assigned the value for
Dy{c)/D°(c) of 0.8. The line drawn represents the M2 exponent
predlcted by the theories, and our data are consistent with such
a prediction.

cyclohexane are calculated from the data of King et al.#
for each molecular weight and plotted accordingly. The
cyclohexane concentration profile at M = 130000 appears
to be merging with the good solvent data at the highest
concentrations measured. Unfortunately, these solutions
phase separate at higher dye-labeled polystyrene concen-
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Table II1
Summary of Self-Diffusion Coefficients
Measured in Cyclohexane at 34.5 °C

sample wt fraction Dy x 108, em?/s
E 0.028 15=1
E 0.043 12:1
E 0.074 7.9: 0.3
E 0.103 5.2+ 0.3
E 0.150 2.9:02
F 0.043 3.8:0.38
F 0.060 2.4=0.2
1078 ¥ T
IO'7_—
.8_
10 F
b
Ds/em?/s [

10°%~ ® 130,000 PS/THF Vo
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Figure 6. This plot of log D, vs. log ¢ shows the ©-solvent
measurements from Table III along with the good solvent mea-
surements for the same samples. In addition, M~? scaling is used
to increase the concentration ranges spanned by good solvent
measurements at each of the molecular weights as indicated, and
infinite-dilution diffusion coefficients calculated from the data
of King et al.*! are also shown on the ordinate. The good solvent
and ©-solvent slopes predicted by de Gennes are drawn on the
good solvent data for each molecular weight. It appears that the
O-solvent data are merging smoothly with the good solvent data
near the point where a -3 slope fits the good solvent data for M
= 130000, but no conclusions can be drawn for the M = 360000
O-solvent data. The lines for —1.75 and —3.0 slopes on each good
solvent profile intersect at about ¢ = 0.17 g/g, and this can be
considered the crossover from semidilute to concentrated solution
and falls within the range predicted by Graessley.*®

trations at 34.5 °C. Earlier experiments® suggested that
these solutions should be stable at higher concentrations,
but considering the poor solvent quality of cyclohexane,
small perturbations, such as the presence of the dye moiety
or a small amount of methanol carried in by incompletely
dried polymer, might cause phase separation in these so-
lutions. This aspect will be investigated further in the
future. We are unable to draw any conclusions from the
much more limited data set for M = 360000, and there are
not sufficient data to evaluate the molecular weight de-
pendence at the O-condition.

Photochromic Lifetime. Several potential complica-
tions are tested for this dye system to establish the limi-
tations in our experiment. The shifted-state lifetime of
the photochromic dye was determined by measuring the
decay time for a portion of sample C evaporated to near
bulk in a 0.5-mm path length cell. The shifted-state
lifetime, 74, as determined by the procedure outlined above,
is found to be about 500 s, when a 5-mW He/Ne laser is
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Figure 7. Plot of 7 vs. d? illustrating the effect of the reading
beam intensity on the measured lifetime. The filled circles
correspond to a 0.5-mW reading beam, and the unfilled circles
to the 5-mW reading beam. The line drawn is the least-squares
fit to the filled circles only, and D, is calculated from the slope
to be (1.7 + 0.1) X 1071% ¢cm?/s, where the error range represents
the 95% confidence interval. Clearly, for d2 values greater than
150 um? the observed 7 with the 5-mW reading beam is sub-
stantially below that of the diffusion-controlled process repre-
sented by the filled circles. 7, calculated with eq 5 to analyze the
5-mW data plus the 0.5-mW data for d? values below 100 um? is
420 % 240 s at 95% confidence, in reasonable agreement with the
directly measured 7, of 500 s.

used as the reading beam (our standard configuration).
However, as shown in Figure 7, we find that reducing the
reading beam intensity extends the dye lifetime dramat-
ically, so clearly the He/Ne laser is causing some change
in the lifetime of the shifted state. The analysis scheme
proposed earlier'® to deal with dye lifetime effects is as
follows:

1/7pp = 1/7 + 472D,/ d? 5)

where 7, is the measured decay time. Equation 5 tends
to give somewhat lower values of D, than an analysis using
the linear portion of the 7 vs. d? plot. This test is per-
formed on data as in Figure 7, where eq 5 is used to fit the
5-mW illumination data plus the lowest d? values of the
0.5-mW data and compared to the 7 vs. d? analysis of the
0.5-mW data. The crucial point to be emphasized about
fitting data with eq 5 is that the determination of the
diffusion coefficient is most sensitively influenced by the
lowest d? value measured; however, it may be the only way
to treat some of the data. For example, the lowest con-
centration measured for sample F has to be treated in this
manner, since the diffracted signal is too weak to allow
reduction of the reading beam intensity.

Labeling Position and Concentration. Dye label
position and dye label concentration are also tested. In
Figure 3, the direct comparison of end- vs. center-labeled
samples can be seen for samples D and E, both at 0.300
g/g, indicating no measurable influence of label position
on the self-diffusion coefficient. Both of these samples are
used in defining different points in the concentration
profile for the 130000 molecular weight polymer shown in
Figure 4 and in Table II, and the smooth curve obtained
is a further demonstration of the invariance of D, with label
position. The dye concentration dependence was tested
for sample A at about 0.48 g/g. To do this, sample A was
blended with unlabeled polystyrene of the same molecular
weight at both 1/3 and 1/7 ratios of labeled to unlabeled
polystyrene, and these mixtures were dissolved -to ap-
proximately the same total polystyrene concentration as
the all dye-labeled sample. All three diffusion coefficients

Self-Diffusion of Polystyrene 789

are identical within the experimental uncertainty, as seen
in Table II. While unblended sample A gives a D, value
of 5.1 X 10° cm?/s (*4%), those blended by 1/3 and 1/7
gave the values of 4.7 X 10 cm?/s (£13%) and 6.5 X 107°
cm?/s (£23%), respectively. Thus there seems to be no
particular trend in D, values as we dilute the labeled with
the unlabeled chains, except the uncertainty becomes
greater. We do not, however, claim that these results
should be taken as conclusive evidence for the invariance
of D, with label concentration. There may well be some
label concentration dependence but it cannot be discerned
with these samples within our present measurement pre-
cision. To this extent, we put forth our observed D, values
as the self-diffusion coefficients of polystyrenes and not
just those of labeled polystyrenes. We finally note here
that the mole fraction of the dye relative to the monomer
concentration in these samples ranged from 7.8 X 107 to
1.1 X 10

Discussion

In comparing our work to predictions of the de Gennes
scaling theory and the Doi-Edwards theory as extended
by Graessley, we will first discuss the molecular weight
dependence and then the concentration dependence. The
only difference between the two theories in describing the
molecular weight dependence is that the Doi-Edwards
theory defines D, « M2 only for fully entangled solutions,
while scaling theory suggests this power law should hold
for solutions at concentrations above c*. Clearly, our data
are consistent with M2 at concentrations above c* as are
others.1%24% This indicates that the presence of entan-
glements is not necessary for establishing reptation as the
dominant translational motion within the context of these
theories, provided the M2 dependence is a stringent cri-
terion for the reptation mechanism. Of the solution
measurements to date, only Amis and Han? show signif-
icant deviations from the —2 exponent, and there is no way
to reconcile that difference at this point, beyond the
question of the assignment of the slow mode to self-dif-
fusion.

The concentration dependence of the self-diffusion
coefficient in the de Gennes scaling theory is explicitly
defined for two limiting solution conditions as mentioned
above; in a good solvent, D, « ¢™175, and in a 6-solvent, D,
« ¢730 Therefore, a comparison is easily made with our
data. Examining the data, as plotted in either Figure 5A
or Figure 6, reveals that a unique power law does not exist
for the concentration dependence over a wide range in
concentration, and the concentration profile is probably
best represented as a smooth curve such as the one drawn
through the data in Figure 5A. However, scaling theory
is successful in certain aspects. Knowing that the pure
polymer is a ©-condition, the good solvent behavior pre-
dicted by de Gennes is not expected to hold at large
polymer concentrations as noted by Callaghan and Pin-
der.?2 This implies that ¢™75 should best fit the data at
concentrations just above c¢* for the highest molecular
weights and therefore the lowest polymer mass concen-
trations. We find that to be the case with our data, and
that slope is only slowly varying up to about ¢ = 0.10 g/g.

As the mass concentration increases, the solution
properties should approach 6-like behavior, as has been
shown in static measurements by Daoud et al.** Graess-
ley*® predicted that the crossover should take place in the
range from ¢ = 0.05 to ¢ = 0.20 based on dynamic mea-
surements. As seen in Figure 6, the ¢17® and ¢ tangents
to the profile intersect within this range. There is no basis
for finding steeper slopes in scaling theory, but the theorv
should not be called upon to account for the tremendous
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change that the friction coefficient per subunit undergoes
as the solution approaches the glassy state.® For our
room-temperature measurements, concentrations at which
the system will vitrify are not far away on the logarithmic
scales used in Figures 4, 5A, and 6. Perhaps, in summa-
rizing this comparison, it should be stated that scaling
theory fails to predict the full concentration dependence
of a real polymer as expected, but the theory is reasonably
successful in predicting limiting values starting from rather
simple arguments.

As described earlier the concentration dependence of D,
is expressed in Graessley’s’ formulation of the Doi-Ed-
wards theory phenomenologically in terms of the concen-
tration dependence of the zero-shear viscosity, of chains
with molecular weight M., 7,(M,), but the measured
quantity is typically the zero-shear viscosity, 7o, as a
function of concentration for some molecular weight not
equal to M, Rearranging the relationships from the
Doi-Edwards theory, Graessley formulated the following
relationship between 7, and D,”

noDs = Gn°(R?) /36 (8)
and since Gx° « c2, we find
Dy/¢* « 1/n (7N

Thus, a plot of log (D,/c?) vs. log 1 should yield a straight
line with a slope of -1.0.

We try such a comparison between our data and the 7,
data of Jamieson and Telford* for a narrow-distribution
polystyrene of weight-average molecular weight M, =
390000 in THF at 30 °C which spanned the concentration
range from 0.024 to 0.205 g/g. We also make the same type
of comparison with the 5, data of Ferry et al.* for poly-
styrene with M,, = 370000 and a dispersity (M,,/M,) of
1.95 in xylene at 25 °C over the concentration range from
0.201 to 0.478 g/g. The comparison is made by scaling our
D, values for samples C, D, and E, by the M~ relationship
we found earlier, to the molecular weight of the polymer
used in the viscosity measurements and interpolating our
data when corresponding concentrations did not exist. For
the polystyrene of Ferry et al.,*’ we scale to the weight-
average molecular weight as being most representative of
the n, data. For these two comparisons, we find slopes
different from —1.0 for the plots of log (D,/¢? vs. log n,,
observing a —1.4 slope with Jamieson and Telford’s* data
and a ~1.1 slope with the data of Ferry et al.;* thus the
Doi~-Edwards theory cannot explain the concentration
dependence for these measurements.

Beuche et al.#6 showed earlier that

Dy/c = 1/m (8)

with data from polystyrenes in solution. More recently,
Amis et al.1 applied this test to QLS slow-mode diffusion
coefficients for a gelatin system without success, while
Chang and Yu®® found good agreement for the identical
system with D, values from FRS measurements. This
relationship is derived from the free-draining model of
Rouse theory for nonentangled sclutions® from the fol-
lowing two relationships:

D, =kT/n¢, 9)
and
_ $one (R%)
mo = 36M0( M ) (10)

where kT has the usual meaning, n is the degree of po-
lymerization, M, is the molecular weight of a monomer
unit, {, is the friction coefficient per monomer unit, and
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Figure 8. A demonstration of D,/c¢ « 7™ (zero-shear viscosity).
Our D, data combined with n, measurements by Jamieson and
Telford44 and Ferry et al.*5 are compared with the prediction of
Rouse theory. The filled circles are the n, data at corresponding
concentrations of Jamieson and Telford* for a narrow-distribution
polystyrene with M,, = 390 000 in tetrahydrofuran at 30 °C and
our D, data for M = 130000 scaled by M2 to the same molecular

§ht 390000. The unfilled circles are the 5, data of Ferry et
al.*® for a broader distribution polystyrene (M, /M, = 1.95) for
M,, = 37000 in xylene at 25 °C and our D, data for M = 130000,
and M = 105000 for ¢ > 0.30 g/g, scaled by M2to M = 370000,
except that the D, values matching the two largest 5, data were
interpolated with the aid of the plot in Figure 5A. A line with
slope —1.0 is drawn through each set of data, indicating good
agreement with the Rouse theory. Attempts to scale the 5, data
sets by ratios of solvent viscosities and temperatures fail to bring
the data to a single line.

the other parameters are previously defined. When the
comparison is now made to the two viscosity data sets, the
agreement is excellent as shown in Figure 8. It should be
noted that no corrections are applied for the effects of
differing solvent viscosities and temperatures, and at-
tempts to scale the viscosity profiles by viscosity and
temperature ratios fail to bring all the data to a single line.

The extension of the Doi-Edwards theory, being limited
to fully entangled systems, may have failed in this analysis
because of the limited number of entanglements in the
solutions where the comparison to viscosity data is made,
especially noting the better agreement in the higher con-
centration range. However, the agreement with the Rouse
theory prediction is much better over the entire concen-
tration range, and it is therefore a better representation
of the data than either molecular model.

One additional comparison with other kinds of data is
afforded by using the phenomenological approach used
recently by Amis et al.?® based mainly on works by
Graessley.*” In this description, the diffusion behavior is
divided into two distinct zones relative to the concentration
for the onset of entanglement behavior, c,, defined as

Ce = Me°p/M (11)

where M.,° is the molecular weight between entanglements
in the bulk polymer (18 000 for polystyrene®) and p is the
polymer density. At concentrations below c,, the self-
diffusion coefficient is assumed to be described by a freely
diffusing Rouse chain by using eq 9. For concentrations
above ¢, the motion is characterized by reptation with each
blob in a chain described by Rouse chain diffusion but
constrained to move along the contour direction of the total
chain. This leads to

ETMopM,°

= 12
: 3M2%c¢, 12
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Figure 9. Semilogarithmic plot of the friction coefficients ¢
against ¢. The monomeric friction coefficient {; calculated by
the procedure of Amis et al.?® and the tracer friction coefficient
&, from the FRS measurements of Landry and Yu*® for methyl
red in polystyrene solutions are both plotted, using the symbols
indicated. ¢, is the concentration for the onset of entanglement
behavior defined in eq 11, and eq 9 and eq 12 show how the
nonentangled and entangled ¢, values are calculated. The con-
centration profiles of {; above and below c, are shown to differ;
that above c, is slightly lower than that below c,, reflecting the
two-state nature of the model. At high polymer concentrations
the {; and ¢; profiles are shown to merge whereas at lower polymer
concentrations the two profiles diverge, possibly due to changing
hydrodynamic interactions in the polymer coils.

These two relations are used to caiculate {, for each con-
centration and molecular weight, which can then be com-
pared to data from other experiments, typically viscoelastic
measurements, where {; is most commonly calculated.
We have chosen to compare our self-diffusion data with
the tracer diffusion measurements of Landry and Yu® for
a small molecule, methyl red, diffusing in polystyrene so-
lutions in THF. The friction coefficient of the tracer
molecule is calculated by using the Einstein relation

D, =kT/$, (13)

and the combined data are shown in Figure 9 in a plot of
log ¢ vs c. As Amis et al, noted,? the {; values from en-
tangled and nonentangled solutions are grouped in sepa-
rate but parallel patterns with the entangled values slightly
lower over the concentration range measured, probably
reflecting the limited two-state nature of the model used.
Also, our data, being numerically comparable to that Léger
et al.,'® fall about 1 order of magnitude below the {’s
calculated by Amis et al. but follow a parallel trend. The
agreement of {;, to {; is quite good at larger polymer con-
centrations as expected, but at or near infinite dilution the
free dye has a much larger friction coefficient than the
corresponding monomer unit, presumably due to changes
in the hydrodynamic interactions in the polymer chains.
It should also be noted that the O-solvent data blend
smoothly in this analysis.

In summary, using the FRS technique we have measured
the self-diffusion coefficient of dye-labeled polystyrenes
at several molecular weights over a much wider range of
concentrations than has been done previously. In com-
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parisons of these data to two current molecular models for
polymer dynamics, we find that D, depends on M to the
-2 power, in agreement with the Doi-Edwards theory and
the de Gennes theory, but neither theory adequately de-
scribes the observed concentration dependence. The
concentration—viscosity dependence of D, appears to be
best described in terms of a Rouse theory relationship first
used by Beuche et al.*6 If the M2 dependence is a strin-
gent requirement to test the reptation model, then the
agreement of our data with the Doi~-Edwards and de
Gennes theories leads us to conclude that reptation is the
dominant mode of translation even in solutions without
entanglements. We also find that our measurements agree
well numerically with those of Léger et al.!® at low con-
centrations and that our concentration profiles parallel
those observed by Callaghan and Pinder® and Amis and
Han.?* Lastly, tracer diffusion measurements* are found
to be consistent with our self-diffusion coefficient mea-
surements when both are reduced in terms of friction
coefficients at larger polymer concentrations.
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ABSTRACT: Dilute solutions of a mixture of naphthalene donor and pyrene acceptor labeled polymers were
freeze-dried so that the chain molecules collapsed into globular particles. Pellets pressed from this material
were heated above the glass transition temperature, and the emission spectrum was followed as a function
of heating time. The interdiffusion of the polymer led to an increase in the nonradiative energy transfer.
Data are presented for three molecular weights of polydisperse poly(ethyl methacrylate) and one molecular
weight of poly(methyl methacrylate). The method is believed to allow studies of self-diffusion rates smaller

than those that can be investigated by other methods.

Introduction

The theoretical analysis of self-diffusion of long flexi-
ble-chain molecules by de Gennes? and by Doi and Ed-
wards® has stimulated a number of workers to devise
methods allowing experimental testing of theoretical
predictions. Klein and Briscoe* followed the diffusion of
deuterated polyethylene into normal polyethylene by in-
frared spectroscopy, and their results confirmed de Gennes’
prediction that the self-diffusion coefficient D should be
inversely proportional to the square of the chain length.
On the other hand, Gilmore et al., who followed the dif-
fusion of poly(vinyl chloride) into caprolactone by a com-
bination of scanning electron microscopy and energy-dis-
persive X-ray analysis, found D to vary inversely as the
first power of the molecular weight.

Since the dependence of the mean square diffusion
distance in a specified direction x? on time, ¢, is given by
x? = 2Dt, the ability to measure the very small diffusion
coefficients of high polymers depends critically on the
spatial resolution of the analytical technique employed.
In the method of Klein and Briscoe this resolution was on
the order of 102 cm, allowing estimates of D down to 7 X
107 ¢cm?s7L, i.e., those of polyethylene with M,, = 23 000
at 176 °C. Gilmore et al. were able to estimate D on the
order of 1073 cm?-s7L. In an ingenious method suggested

*Dedicated with affection and admiration to W. H. Stockmayer
on his 70th birthday.
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by Sillescu and Zimmer,® polystyrene deuterated in the
main chain only was to be precipitated, the particles were
to be imbedded in perdeuterated polystyrene and the
diffusion was to be followed by an NMR technique. With
particles having a diameter of 10 cm (isolated by size
fractionation), this technique was expected to allow mea-
surements of D on the order of 107¢ cm2-s71. Recently,
Smith? has described the application of fluorescence re-
distribution measurement after photobleaching for the
study of the diffusion at 25 °C of a dye of low molecular
weight in poly(methyl methacrylate) containing 18% re-
sidual solvent characterized by D = 1.6 X 1072 cm?-s7.,
The same technique has been used to study the self-dif-
fusion of polymers.®

We have used a principle similar to that suggested by
Sillescu and Zimmer but which employs a different ana-
lytical technique and allows, we believe, even smaller
diffusion coefficients to be studied. It has long been
known? that on freeze-drying dilute solutions of polymers
that are glassy at ambient temperatures the individual
polymer chains collapse into spherical globules. In a
previous study from this laboratory!® it was shown that
if part of the polymer is labeled with a fluorophore (the
“donor”) whose emission spectrum overlaps the absorption
spectrum of a fluorophore (the “acceptor”) carried by a
second portion of the polymer solute, the fluorescence of
the freeze-dried material reflects the original solution
concentration, i.e., the extent of the interpenetration of
the chain molecules. Thus, when a mixture of donor and

© 1984 American Chemical Society



