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Investigations on the diffusion of small molecules or particles in polymeric materials are important

to numerous technologies and can also be used to gain insight on polymer chain dynamics. Systems
where the probe size is comparable to (or smaller than) a characteristic length of the polymer chain,
the tube diameter for example, are of particular interest because the diffusion coefficient of the
probe can be orders of magnitude larger than the value predicted by the Stokes-Einstein relation.
In the present study, we employ the optical technique known as forced Rayleigh scattering to study
the diffusion of a molecular probe (dye) in several entangled polymer melts over a wide range of
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length and time scales. The probe size is much smaller than the tube diameter for the systems
studied. We find the diffusion coefficient is larger by four to five orders of magnitude than the
Stokes-Einstein prediction. More interestingly, we observe anomalous, non-Fickian, diffusion where
the value of the measured diffusion coefficient can abruptly change by as much as 50%. We suggest
that this unexpected behavior occurs when the time scale for diffusion is larger than the relaxation

time associated with the constraint release mechanism for polymer chain dynamics.

1 Introduction

The diffusion of small molecules or particles in polymeric mate-
rials is important to numerous technologies.m For example, diffu-
sive transport occurs in polymer synthesis and processing, and is
critical to the performance of packaging materials, membranes,
drug delivery systems. The diffusion of small probes, either
molecular or nanoparticle, can also be used to gain insight on
polymer chain dynamics.

In a low-molecular weight liquid (solvent), the diffusion of
small molecules or colloidal particles (solute) is well understood.
For such systems, the translational motion of the solute is gov-
erned by the balance between the thermal energy (collisions)
and viscous forces (drag) due to solvent molecules. This balance
results in the mean-square displacement of the solute having a
linear dependence on time, or so-called Fickian diffusion. As a
result, the diffusion coefficient D can be estimated? using the cel-
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ebrated Stokes-Einstein equation:

kgT

where 7 is viscosity of the solvent, R is the (effective) radius of
the spherical solute, and kg is the Boltzmann constant.

It is less clear that the Stokes-Einstein equation is valid for
the diffusion of small molecules or particles in polymeric materi-
als. For example, the diffusion of molecular probes (dyes) in poly-
mers near the glass transition temperature show deviations from
that can be several orders of magnitude.®® More recently,
the diffusion of nanoparticles in polymers has received consid-
erable attention.™ The diffusion coefficient D for such systems
shows a strong dependence on the size of the nanoparticle 2R
relative to the Edwards polymer tube diameter a, which has val-
ues a ~ 5— 10 nm for entangled polymer melts. For 2R/a > 1,
the diffusion coefficient follows the prediction of (I). This indi-
cates nanoparticle diffusion is coupled to the dynamics of entan-
gled polymer chains, which have well-known dependencies on
temperature and molecular weight. However, for systems where
2R/a ~ 1 both experimentsZ1% and theoretical predictions 112
indicate that D has a strong dependence on 2R /a with values that
can be several orders of magnitude larger than predicted by (I).
For systems with 2R/a < 1, nanoparticle diffusion is decoupled
from the polymer chain dynamics and the particle experiences a
dramatically reduced viscous drag from the polymer chain seg-
ments that surround it.

Diffusion coefficients of small molecules and particles in poly-
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mers can be 10 orders of magnitude smaller than those in or-
dinary, low-molecular weight, liquids. Consequently, a number
of optical techniques have been developed that probe smaller
length scales and therefore allow for the measurement of D
in polymeric materials. These techniques include fluorescence
correlation spectroscopy (FCS),213113 photon correlation spec-
troscopy (PCS),1¢ fluorescence recovery after photo bleaching
(FRAP), 1718 and forced Rayleigh scattering (FRS).12722 Each of
these techniques have their (dis)advantages, and typically the
length scale for the diffusion measurements is varied by less than
a factor of 10.

For two-component ideal mixtures, mass diffusion typically is
assumed to be governed by Fick’s law. For constant density sys-
tems, Fick’s law for the diffusive mass flux of species A can be
written as

ja=—DVpa, 2)

where p, is the mass density of species A and D is the (binary)
diffusion coefficient. Substitution of in the species A mass
balance that governs pa (x,7) leads to the diffusion equation

a2 (%) -
dt ox dx )’

Studies of diffusion in polymeric systems often use solutions of
subject to appropriate initial and boundary conditions to in-
terpret experiments designed to measure D. In some cases, ex-
perimental observations are inconsistent with predictions from
this simple model, which may be due to factors such as the ne-
glect of moving boundaries, convective mass transport, or non-
equilibrium conditions at interfaces. Alternatively, these obser-
vations of so-called anomalous diffusion may be the result of a
failure of Fick’s law . 26128

The Deborah number is a useful dimensionless quantity to de-
scribe the rheological behavior of viscoelastic fluids.22%31 This di-
mensionless group is defined as De = 1,/1r, where 1, is a charac-
teristic time for stress relaxation in a polymeric system, and g is a
characteristic time for the flow under consideration. In mean-field
theories for entangled linear polymers, 7, is the time required for
a polymer chain to diffuse a distance equal to its contour length
while constrained by a tube, or slip-links, that represent the pres-
ence of other chains.®2 For De < 1, a viscous fluid response is
observed, for De > 1, the response is elastic, and for De ~ 1, the
response of the material is viscoelastic.

The Deborah number concept has also been applied to diffu-
sion in polymer systems=? defining Dep = 7,/7p as the diffusion
Deborah number, where tp = L?/D is a characteristic time for a
diffusion process, and L is a characteristic length. For systems
with Dep ~ 1, viscoelastic diffusion is anticipated where diffusive
transport is coupled to the relaxation of polymer chains. In such
cases, Fick’s law (2) is no longer valid and the diffusive mass flux
depends on the time evolution of the concentration field 243> The
strong dependence of both 7, and D on concentration make sys-
tematic experimental studies of viscoelastic diffusion a challenge.
In addition, since D for polymer systems can be quite small, the
practical range of L is limited.

In the present study, we examine the diffusion of a molecular
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probe in several polymer melts using Forced Rayleigh Scattering.
Using this optical technique, we are able to measure the diffusion
coefficient D of a dye over a length scale that can be varied by
two orders of magnitude so that the time scale for diffusion 7p
is varied by a factor of 10*. Since only trace amounts of dye are
needed, D should be constant and depend only on dye and poly-
mer chemistry. And, since 1 and 7, depend only on the polymer
chemistry and molecular weight, we are able to systematically
evaluate the Stokes-Einstein relation (1)) over a wide range of dif-
fusion Deborah numbers Dep. In the next section, we describe
the polymer-dye systems and principle of the experimental mea-
surements. This is followed by a presentation and discussion of
our results; the final section gives the conclusions of this study.

2 Experimental Considerations

2.1 Materials and Methods

Experiments were carried out on poly-isobutylene (PIB) and poly-
isoprene (PIP) melts with relatively narrow molecular weight dis-
tributions (Polymer Source Inc.). The weight-average molecu-
lar weight (My,) and poly-dispersity (My/M,) from the supplier
for the three samples considered is given in Table |1} Also given
in this table is the average number of entanglements per chain
Z =My /M., where M, is the entanglement molecular weight. 357

For all three materials, small amplitude oscillatory shear ex-
periments were performed using a parallel-plate geometry on a
strain-controlled rheometer (RMS 800, Rheometrics, Inc.). These
measurements yielded the complex shear modulus G* = G’ +:1G”
over a range of frequencies @, where G'(w) and G”(w) are the
storage and loss modulus, respectively. These experiments were
performed at several temperatures and, using time-temperature
superposition, were shifted to 298K to obtain the master curves
shown in Figure [1} These results are typical for well-entangled
(Z > 1) linear polymer melts. The behavior observed in Figure[T]
in the terminal region (G” > G') for the two PIB melts suggest the
presence of a high-molecular weight tail, which is consistent with
the somewhat larger (compared to the PIP melt) poly-dispersity
for these samples. The data in Figure [1| were used to estimate
the zero-shear viscosity 19 and mean relaxation time 7, that are
reported in Table

Here, we investigate the diffusion of a dye in the PIB and PIP
polymer melts using an optical technique described below. An
ideal dye for such measurements is the fulgide dye known as
Aberchrome 540 (AB540, Aberchromics Limited UK), which un-
dergoes a light-induced, reversible conversion between different
isomers having different optical properties.=8 As shown in Fig-
ure exposure to ultra-violet (UV) radiation causes the bleached
(colorless) isomer of AB540 to undergo a conrotatory ring clo-
sure converting it to the colored (red-orange) isomer. The col-
ored form is reversibly converted back to the bleached isomer by
exposure to radiation in the visible (VIS) spectrum. Both isomers
are thermally stable up to 100°C,2%38 and have diffusivities that
are similar.24 The effective radius R of AB540 is estimated to be
0.38 nm,? which relative to the tube diameter a & 6 nm for both
PIB and PIP polymers, gives 2R/a = 0.1.

Samples where prepared by first dissolving AB540 in cyclo-
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Table 1 Molecular weight distribution and rheological properties of the polymer melt samples at 298K*

sample M,, [kDa] My /My VAR No [kPa-s] T, [s]
PIB81k 81 1.18 12 360+40 2.0+0.2
PIB131k 131 1.24 20 890+90 10.£1
PIP145k 145 1.03 23 4545 0.3240.03

*PIB131k shift factor at 323K is 0.128. **Z = My, /M.; M (PIB) = 6.7 kDa; M. (PIP) = 6.4 kDa. 3017
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Fig. 1 Shear storage G’ (squares) and loss G” (circles) moduli versus
frequency o for PIB131k (black), PIB81k (blue) and PIP145k (green) at
298K.
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Fig. 2 Photoisomerism of Aberchrome 540 (AB540) showing bleached
(left) and colored (right) isomers and approximate wavelengths of radia-
tion to induce reversible isomerism.

hexane. Next, polymer was added to the solution such that the
weight percent of dye relative to the polymer was 0.025%, or
0.05%, and subjected to gentle mixing for several days. The
resulting solution having polymer concentration ~10% by mass
was passed through 5 um and 0.5 um Teflon filters into a shal-
low Petrie dish. The solvent was removed in a two-step pro-
cess: i) the bulk of the solvent evaporated at atmospheric con-
ditions for several days; ii) the remaining solvent was removed
by placing the semi-dry polymer film in a vacuum oven for sev-
eral weeks. The entire process took 3-4 weeks and was carried
out at room temperature taking care to prevent dust from con-
taminating the sample. Small amplitude oscillatory tests were
performed on the dried, dye-containing polymers and no differ-
ence in G* was detected between these results and those obtained
on the as-received materials (see Figure .

The optical technique for performing diffusion measurements

This journal is © The Royal Society of Chemistry [year]

Fig. 3 Absorption coefficient K as a function of wavelength A
for PIB131k-AB540 (0.025%) sample for different exposure times
to UV radiation (purple arrow) of wavelength 360 nm:
0,30,60,90, 150,210,330,450,690, 1050, 1410 s.

texp =

relies on the dye having the proper photochemical behav-
ior, which was characterized using a UV-VIS-NIR spectrometer
(Perkin-Elmer, Lambda 19). As shown in Figure 3| an initially
bleached PIB131k-AB540 sample (fxp = 0) has an absorption co-
efficient of K ~ 0 in the visible part of the spectrum A = 400 —
750 nm. The results for exposing the bleached sample to UV ra-
diation (Spectroline ENF-240C) with wavelength 360 nm and in-
tensity 0.9 mW /cm? for different exposure times texp are shown in
Figure From this figure we see that as the exposure time fexp is
increased, the absorption coefficient K increases for wavelengths
in the range A ~ 450 — 550 nm, while K ~ 0 for A > 550 nm, so
that the sample has a red-orange color. For the optical technique
described below, the absorption coefficient should be in the range
K =10-20 cm~! for A = 514.5 nm, which is achieved for expo-
sure times 500 — 1000 s. The photochemical behavior of AB540
was qualitatively the same in both PIB and PIP melts.

As noted above, the colored form of AB540 can be converted to
the bleached isomer by exposure to visible light. This is the basis
of the optical technique described below, where the sample is sub-
jected to a short, high-intensity, pulse of duration #, causing a de-
crease in the concentration of colored isomers, and hence change
in absorption coefficient AK = K(0) — K(#,). An example of this
is shown in Figure |4 for the case when a PIB131k with 0.025%
AB540 sample and K(0) =20 cm™! is subjected to a laser pulse
1, = 20 ms with wavelength 514.5 nm and intensity 0.8 W/cmz.
Similar tests with different laser pulse times f, and radiation in-
tensities indicate the bleaching reaction follows first-order kinet-
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Fig. 4 Change in absorption coefficient AK (black curve) as a function
of wavelength A for bleaching a PIB131k-AB540 (0.025%) sample with
initial K =20 cm™! by exposure to radiation of wavelength 514.5 nm
(green arrow) for a pulse time 7, =20 ms. The corresponding change in
refractive index An (red curve) was computed using the Kramers-Kronig
relation. The red arrow corresponds to wavelength 633 nm

ics, 4 which confirms the absence of any chemical interactions
between the dye and polymer. The refractive index n and absorp-
tion coefficient K are the real and imaginary parts, respectively, of
the complex (frequency-dependent) complex refractive index. As
such, n and K are related through the Kramers-Kronig relation.#1
Figure [4] shows the refractive index change An computed from
AK. We note that An ~ 1073 for A ~ 550 — 750 nm while AK ~ 0.

2.2 Forced Rayleigh Scattering
We employ the technique known as Forced Rayleigh Scatter-
ing,1?/ which sometimes is referred to as holographic grating re-
laxation, to study the diffusion of a dye probe in several poly-
mer melts. In our lab, we have used FRS to measure ther-
mal diffusivity (conductivity) in isotropic polymers, 4243 and
to investigate deformation-induced anisotropic thermal conduc-
tion in polymer melts subjected to step and constant rate shear
flows, 44748l cross-linked elastomers subjected to uniaxial elonga-
tion,#2%2 and in polymers quenched after uniaxial elongation in
the melt state.2372>

The FRS technique is shown schematically in Figure The
first step of FRS is the creation (writing) of an optical grating
by the intersection of two coherent laser beams with wavelength
AAT =514.5 nm and diameter w ~ 3.5 mm. The interference of
the beams produces a sinusoidal intensity modulation in the x-
direction with grating period A = AAT /2sin 6, where 0 is the an-
gle at which they intersect. We note that our FRS experiments
were designed such that the requirements for the plane grating
approximation1242 were statisfied: AAT /w< 1, 6d/4w < 1 and
Kd < 1, where d = 0.5,1.0 mm is the sample thickness. In our
experimental setup, we are able to achieve a wide range of grat-
ing sizes A from 0.5 —70 um. As shown in Figure [5, the dyed
sample is placed in the interference zone. Absorption of the mod-
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Fig. 5 Schematic of Forced Rayleigh Scattering (FRS) technique showing
the intersection of the writing beams (green) within the sample to form a
grating with wavelength A, and the reading beam (red) passing through
the grating resulting in a diffracted beam with intensity Ij.

ulated radiation at wavelength AAT = 514.5 by the uniformly dis-
tributed dye (AB540) results in the photochemical conversion of
the dye from its colored to bleached isomer (see Figure[2). Hence,
a square writing pulse of duration 7, creates a sinusoidal modula-
tion of the concentrations of the two isomers described by

Pa(r.t) = (pa) + 8pa () cos(2x/A) @

where (pa) is the average concentration and Jpa(¢) is the am-
plitude of the concentration modulation. Since A/w < 1, the
dynamics of the average concentration are decoupled from the
dynamics of §p4 so that substitution of (@) in (3)) and taking D to
be constant leads to

3pat) = 3pa(0)exp(—t/1) 5)

where Jpa (0) is the initial amplitude of the modulation (follow-
ing a pulse of duration 7,), and 1p is the characteristic time for
diffusion, or grating relaxation time, given by

A2

=D O

™

From (&) we see that measurements of grating relaxation time 7p
for a given grating period A allow for the determination of the
diffusion coefficient D of the dye AB540 in a polymer melt.

The second step of the FRS technique is detection (reading) of
the optical grating. The optical grating formed in the first step is
due to the sinusoidal modulation of the concentration of the two
isomers of AB540, which have different optical properties. Recall
that for A > 550 nm, both AB540 isomers do not absorb (K =~ 0)
(see Figure[3)), while changes in the concentration of the isomers
lead to a change in refractive index (see Figure [4). We exploit
this using a reading laser (see Figure[5) with wavelength AHeNe —
633 nm to detect the optical ‘phase’ grating where An o< §py .12
Hence, the reading beam is not absorbed by the sample so that
no photo-induced isomerism occurs and the concentration of the
AB540 isomers evolves as a result of diffusion alone, 20723125

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Examples of normalized photo-detector voltage (O) versus time for PIB131k-AB540 at 298K with pulse time #, =20 ms: a) grating size
A=10.5 um; b) grating size A=49.4 um. In each plot, the solid red curve in represents the fit to Eq. . The insets show the distribution of residuals
from fit with a Gaussian distribution (black curve) having the same mean and standard deviation of the residuals.

Our experiments satisfy the thick grating criterion:12 d /A > 1,
and we consider first-order Bragg diffraction with the reading
beam passing through the grating at angle ¢ /2 = AHeNe /2A (see
Figure [5). The intensity Ip of the reading beam diffracted by
the phase grating follows Ip o (An)?, which means that Ip o
exp(—2¢/1p). In addition to Ip, coherently and incoherently scat-
tered light with intensities Ic and Ig, respectively, which are
caused by dust and scratches in the sample, are also read by the
photo-detector. For the homodyne detection setup used here, the
total intensity striking the photo-detector is given by:1?

I =Ip+2+\/Iclpcosy+Ic+Ig, (7)

where y is the (unknown) phase angle between I and /. Hence,
the voltage output of the photo-detector can be expressed as

V(1) = Aexp(=2t/m) + Bexp(—t/t) +C, ®

where A, B, and C are constants. After obtaining C from the av-
erage voltage for ¢ > 1p, A, B and 1p are determined using a Lev-
enberg-Marquardt algorithm as described elsewhere.#2 We also
employed the regularization algorithm known as CONTIN®® to fit
the voltage decay to an arbitrary sum of exponentials, which re-
sulted in two terms having time constants separated by a factor
of approximately two consistent with the expression in (g).

The FRS setup employed here is similar to the one used in our
previous studies of thermal transport in polymers42-22 with sev-
eral important differences. In these previous studies, the thermal
grating relaxation time oy ~ 1073 s is many orders of magnitude
smaller than 7p. In this study, we cover a much wider range of
grating periods A, and pulses of the writing beam (Innova 90C-5)
of duration 7, = 10,20 ms are generated with a mechanical shutter.
Also, since 7p ~ 10— 10* s, a portion of the reading beam (JDS
Uniphase 1125) was split off before the sample and measured to
normalize the intensity of the scattered signal so that fluctuations
and/or drift in the incident beam were removed. The intensity of

This journal is © The Royal Society of Chemistry [year]

both the diffracted and reference beams was measured using sil-
icone photodiode receivers (New Focus 2001). Measurements on
all three polymer melts were conducted at 298 + 1K; for PIB131k
measurements were also conducted at 323 + 1K.

Representative examples of the decay of the photo-detector
voltage are shown in Figure[f] In both examples, the fit of
to the measured voltage appears to be good. These two exam-
ples show the extremes in the quality of the fitting procedure as
evident from the distribution of residuals with Figure [Ba show-
ing Gaussian distribution of residuals while Figure [6p shows that
the residuals deviate somewhat from a Gaussian distribution. Fits
for both PIB and PIB systems over the range of grating periods
investigated fall within this range in terms of fit quality.

3 Results and Discussion

We have measured the grating relaxation time 7p over a wide
range of grating periods A using the FRS technique for two PIB
and one PIP polymer melts with the dye AB540. Recall that
changing A only requires changing the intersection angle of the
writing beams. The results of these measurements are shown in
Figure|7| Included are tests with two pulse times 7, = 10,20 ms
for several grating sizes and no dependence on #, was observed.
From this figure, we see that 1p has a quadratic dependence on A
as required by @ The consistency of the results for the PIB81k
and PIB131k systems indicate that the diffusion coefficient is in-
dependent of polymer chain length. This suggests diffusion of
the molecular probe is decoupled from chain relaxation and is
consistent with theoretical predictions for nanoparticle-polymer
systems12 for well-entangled polymer melts. Furthermore, the
temperature dependence observed for the PIB131k results 298K
and 323K indicate a decrease in the effect of friction (increase in
D) on diffusive transport with increasing temperature. Similar
observations have been reported for nanoparticle-polymer sys-
tems.” Also shown in Figure [7] are results for the diffusion of
the dye rubrene in a broad molecular weight distribution PIB melt

1o |5
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(My, = 85 kDa) measured at 312K with FRAP.8 One would expect
Tp for this system to fall between the results for PIB131k at 298K
and PIB131k at 323K in Figure[7] The larger values of 7p (smaller
D) suggest the rubrene probe has a larger size compared to the
AB540 dye used in the present study.
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Fig. 7 Grating relaxation time 1p versus grating period A for diffusion
of AB540 dye from FRS measurements on PIB81k (), PIB131k (Q),
PIP145k () at 298K, and PIB131k at 323K (). Also shown are FRAP
datal8 for the diffusion of rubrene dye in PIB85k at 312K (A). The solid
line has a slope of 2.

Closer inspection of Figure|7|reveals for several systems an ap-
parent jump where 1p has a given value for multiple values for A.
These jumps are observed for PIB81k (298K) and PIB131k (298K
& 323K), but not for PIP145k (298K). It is important to note
that the quality of the fits to the photo-detector voltage for grat-
ing periods A near the jump were qualitatively similar to those
shown in Figure @ Deviations from 1p o< A2 have been reported
for diffusion in latex films, 2423125 which is expected given the
heterogeneous nature of these systems. Similar results have also
been obtained for the diffusion of nanoparticles in agarose solu-
tions.1 To our knowledge, the results in Figure [7| appear to be
the first reports of anomalous diffusion of a molecular probe in
polymer melts.

A clearer picture of these jumps can be seen in Figure |8 where
A? is plotted versus tp. The non-linear dependence of A% on
Tp is an indication non-Fickian diffusion; however, there are two
regimes where the diffusion appears to be Fickian. According to
@, the slope of the solid lines equals 472D, which indicate an
increase in D passing through the jump. These results, which
are presented in Table |2] indicate changes in D ranging from
14% — 55%. Also included in this table are rough estimates for
the grating relaxation time 7j; where the change in the value of D
occurs. Values for the diffusion coefficient D of AB540 in PIB and
PIP melts in Table[2measured using FRS are consistent with those
obtained for the diffusion of different molecular probes in well-
entangled polymer melts using FRAP1® and FCS!2 techniques.

In Figure [9] the measured diffusion coefficient D normalized
by the Stokes-Einstein prediction is plotted as a function of
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Table 2 Summary of measured diffusion coefficient D for AB540 in dif-
ferent polymer melts obtained from the slopes of the lines in Figure
75 is the estimated value of the diffusion time scale where the change in
D occurs.

polymer ___TK| _ D[um’/y] %0 Dlanr/y
PIB81k 298 0.011+£0.002 200+£25 0.017 +0.002
PIB131k 298 0.012+0.001 1500 4200 0.017 +0.002
PIB131k 323 0.097+0.001 200+25 0.110+0.001
PIP145k 298 2.58+£0.02

the diffusion Deborah number Dep = 7,/7p. From this figure it
is evident that the diffusion coefficient is from four to five or-
ders of magnitude larger than the continuum prediction of the
Stokes-Einstein equation. This behavior can be explained by the
small size of the probe (AB540) relative to the tube diameter of
the polymer chain 2R/a < 1, and is consistent with both experi-
ments and predictions for the diffusion of nanoparticles in poly-
mer melts.Z*12/ The collapse of results for PIB131k at 298K & 323K
indicates that the reduced local friction on the probe causes an in-
crease in the diffusion coefficient D as well as a decrease in poly-
mer viscosity ng such that nyD/T is approximately constant over
this small temperature range. Similarly, the results for PIB81k
fall below those for the PIB131k since the local friction experi-
enced by the probe is independent of polymer chain length, while
the viscosity 7ng is not. The results for rubrene diffusion in PIB
shown in Figure[7]lwould show a deviation of more than three or-
ders of magnitude from (I); this has been explained in terms of
rotational correlation time for the probe.l® The PIP141k results
in Figure [9] indicate the diffusion coefficient for probe is roughly
200,000 times larger than the Stokes-Einstein prediction . We
further note that the results in Figure [9] do not show evidence
of deviations from Ficks’ law (2), which one might expect for
Dep ~ 1. It is possible that viscoelastic diffusion is observed only
for polymer-solvent systems where the mutual diffusion process
results in the perturbation of polymer chain configurations.=2
The jumps in D observed in Figures[7]and [8]for PIB81k (298K)
and PIB131k (298K & 323K) are also evident in Figure @ Inter-
estingly, the jumps in the normalized diffusion coefficient shown
in Figure [9] occur for values of the Deborah number for diffu-
sion Dep = 1, /1p = 10~2. One explanation for this somewhat sur-
prising result is diffusion by a hopping mechanism,>2%2 which
has been suggested for the diffusion of nanoparticles in polymer
solutions and gels. An alternative explanation is based on the
so-called constraint release mechanism,©202 which alters the dy-
namics of polymer chain diffusion along its contour length. The
tube, or slip links, that constrain the motion of a polymer chain
along its contour length are the result of other chains, which
themselves are moving along their own contour lengths. Hence,
constraint release, which is sometimes referred to as tube dila-
tion, has the effect of enlarging the confining tube of a given poly-
mer chain. The relaxation time for constraint release is given by
TCR = erp. Estimates for 7cr obtained using the values of Z and
T, in Table yield values for 7R that are within a factor of roughly
three of the estimated values of 7 in Table 2l Given this semi-
quantitative agreement, it seems reasonable to suggest that the
jump in D occurs for 7cr /Tp ~ 1, and the increase in D is observed

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Diffusion coefficient D normalized by the Stokes-Einstein predic-
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when 7p 2 TcR. Assuming the constraint release mechanism leads
to an increase in the effective tube diameter, this would have the
effect of decreasing the ratio of probe size to tube diameter 2R /a.
Indeed, theoretical models for diffusion in nanoparticle-polymer
systems predict a dramatic increase in D with decreasing 2R/a for
2R/a < 1.2 This picture is also consistent with the absence of
a jump in D for PIP141k, which would require grating relaxation
times 7 ~ 10% s or larger, or grating periods A ~ 10? um, which
can not be achieved with our FRS setup.

4  Conclusions

We have measured the diffusion coefficient of a molecular probe,
the dye Aberchrome 540, in several entangled polymer melts us-
ing the optical technique known as forced Rayleigh scattering

This journal is © The Royal Society of Chemistry [year]

(FRS). These measurements were performed on polymers with
relatively narrow molecular weight distributions under the condi-
tion that the probe size was much smaller than the tube diameter,
that is 2R/a <« 1. Standard linear viscoelastic measurements on
these polymers were used to obtain the zero-shear rate viscosity
1o and polymer relaxation time 7,. The unique optical properties
of the dye allowed for straightforward interpretation of the FRS
experiments, and for the determination of the grating relaxation
time 1p for a wide range of grating periods A.

The dependence of 7p on A was quadratic as anticipated. How-
ever, an unexpected jump was observed for three sets of data
on polyisobutylene (PIB) melts such that the value of the diffu-
sion coefficient D changed by up to 50% at a particular value of
Tp. Observation of this anomalous, or non-Fickian, diffusion was
made possible by covering a range of diffusion time scales 7 that
varied by nearly four decades. This phenomenon was not ob-
served in measurements on a polyisoprene (PIP) melt. The mea-
sured diffusion coefficients D for both PIB abd PIP melts are from
four to five orders of magnitude larger than the prediction of the
Stokes-Einstein relation. This result is similar to those found both
experimentally and theoretically for the diffusion of nanoparti-
cles in polymer melts and is attributed to the viscous drag force
exerted on the probe being significantly smaller than the bulk
viscosity of polymer. Furthermore, we found no evidence of vis-
coelastic diffusion over a wide range of diffusion Deborah number
Dep = Tp / D.

Finally, we have made a connection between the change in dif-
fusion coefficient and the constraint release mechanism that can
be important to polymer chain dynamics. Constraint release leads
to an increase in the tube diameter and, hence, a decrease in the
relative size of the probe 2R/a. We argue that the observed in-
crease in diffusion coefficient occurs for diffusion times that are
larger than the relaxation time for constraint release 7cg, that is
for 7p 2 tcr. This hypothesis is consistent with estimates for 7cg
for the polymer melts considered in this investigation. Hence,

1o |7
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while the diffusive motion of small probes in entangled polymers
is decoupled from the dynamics of the entire chain, it appears that
the constraint release mechanism can have an appreciable effect
on the local environment experienced by the probe.
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