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ABSTRACT: Fluorescence correlation spectroscopy (FCS) was employed to study the diffusion of
molecular tracers in different polymer melts (polydimethysiloxane (PDMS), 1,4-cis-polyisoprene (PI), poly-
(vinylethylene) (PVE), and a symmetric PI/PVE blend) as a function of molecular weight (M) and
temperature (7). The single molecule sensitivity of the FCS technique precludes any modification of the
matrix polymer properties. In all studied systems, the small tracer diffusion coefficient D(M,,, T) senses local
segmental dynamics depending on the glass transition temperature T,(M,,) of the polymer matrix and not its
macroscopic viscosity. From the good representation of the D(7) data by the common non-Arrhenius (VFT)
function, we found that the activation energy (Bp) increases with tracer size (R) and for a given tracer the
value of Bp in Pl is almost 2 times bigger than in PDMS. The possibility to establish a direct relation between
D(T) and the segmental relaxation time 7(7) of the polymer matrix was critically addressed based on
experimental data in dynamically homogeneous (homopolymers) and heterogeneous (miscible blend)
systems and discussed in view of recent computer simulations of polymer/penetrant mixtures.

1. Introduction

The molecular and macromolecular tracer diffusion in undi-
luted polymer systems has been intensely studied over the past
several decades.'”® Apart from the fundamental interest, the
processes that take place in such systems have also technological
importance. The average molecular weight and its distribution,
for example, are among the physical properties influenced by the
diffusion-controlled termination step of free radical polymeriza-
tion reactions. In addition, molecular transport of small mole-
cules affects the mixing of plasticizers with polymers, the removal
of residual monomer or solvent from polymers through the
devolatilization process, and the formation of films, coatings,
and foams from the polymer—solvent mixture. Access and
control of the local friction in polymer-based systems are
very important since it is the main kinetic factor for hierarchical
larger scale motions, e.g., self-diffusion. For small molecule
diffusion in polymer matr1ces breakdown of Debye —Stokes—
Einstein (DSE, D ~ 5 1) scalmg has been revealed.’ > Further-
more, it was shown that the probe size, shape, and flexibility
significantly affected the magnitude and temperature dependence
of translational diffusion coefficients of probes in polymers.'*

So far, the diffusion of small molecules in polymer matrices was
mostly analyzed by free volume theories'”~'? and also discussed
in terms of the segmental dynamics of the polymer matrix.>” "'
The basic assumption in the free volume theories is that molecular
transport relies on a continuous redistribution of free volume
elements within the liquid and that the availability of free volume
within the system controls the molecular transport.” However,
such theories are considered to be sem1emp1r1cal and involve many
parameters that are not trivial to obtain in a rigorous way
Atomistic molecular dynamics (MD) simulations have the
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advantage that they provide a detailed molecular representation
of the mobility of molecules and have been used extensively in the
literature for studying penetrant dynamics in polymer/penetrant
systems'*'® (and references therein). In spite of the extensive
theoretical and experimental effort in the past decade, the
relationship between molecular probe diffusion and segmental
dynamics in polymer melts is still unclear. Whether the polymer
segmental dynamics associated with the primary o-relaxation can
be deduced from the probe diffusion remains an open question.
Among the several techniques utilized in this endeavor
are fluorescence recovery after photobleachm% (FRAP),>®
fluorescence nonradiative energy transfer (NRET),>* and forced
Rayleigh scattering (FRS)."” In the recent years, the fluorescence
correlation spectroscopy (FCS) has emerged as a powerful tool
for investigation of the diffusion of fluorescent molecules, macro-
molecules, or nanoparticles in various environments. The method
is based on measurement of the fluctuations of the fluorescent
light intensity caused by the excursion of fluorescent spemes
through an extremely small observation volume (<1 um?)
defined by the focus of a confocal microscope.'® A correlation
analysis of these fluctuations yields the diffusion coefficient of
the fluorescent species in the broad range 107°—10""° m?%fs.
Furthermore, FCS is a single molecule spectroscopic technique
free of intermolecular interactions and slow contributions, e.g.,
clusters, as compared to dynamic light scattering (DLS) and
X-ray photon correlation spectroscopy (XPCS), possessing in
addition species selectivity. Despite its great potential and high
versatility in addressing the diffusion and transport proper-
ties in complex systems, so far the utilization of the FCS has
been limited mainly to biological, i.e., aqueous environments.'’
Only recently FCS was successfully applied to study the size
and conformational changes of macromolecules in organic
solvents,”*! adsorbed Polzymers 2223 orafted gel 4 self-diffusion
in polymer solutions, colloidal suspensions,®® and thin
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polymer films.*! Furthermore, it was shown that FCS can address
the swelling of cross-linked polymer microbeads in organic
solvents®? and follows the process of radical polymerization of
styrene over an extensive conversion range.”

The first FCS study of tracer diffusion in polymer melts has
shown that the diffusion of a small tracer is related with the
microscopic friction of the polymer matrix. However, the
comparison was restricted to a single temperature, and devia-
tions from the simple Brownian behavior were reported.® Here
we undertake a systematic exploitation of the applicability
of FCS to measure absolute values of the diffusion coefficient
(D) of tracer with molecular radius, R, in polymer melts at
different temperatures (7) far above their glass transition
temperature (T,). Then we discuss a possible relation between
the tracer diffusion and the local segmental dynamics of the
polymer host. We establish the polymer specific properties
that determine D(R,T) using model poly(dimethylsiloxane)
(PDMS) and polyisoprene (PI) linear homopolymers with
different low and high molecular weights (M) covering the
range over which the glass transition temperatures Ty(M,,) are
still M, dependent. An attempt to map the o-relaxation time
7(T) of the polymer matrix using the experimental D(7T) needs
careful consideration since D(7T) corresponds to the long time
diffusion with tracer mean-square displacement (Ar*(¢))=6D¢
whereas at short times compared to 7(7) subdiffusive behavior
is feasible. Details of the experimental methods are given in the
following section. In the third section, the experimental results
on tracer diffusion are discussed, and a summary of this study
is given in the final section.

2. Experimental Section

2.1. Materials and Sample Preparation. Polydimethylsilox-
ane, PDMS (Alfa Aesar, Germany), with M, (g/mol) ranging
from 770 to 117K, 1,4-cis-polyisoprene, PI (PSS, Germany),
with M, =1.5K, and PI (in-house synthesis) with M, ranging
from 2.5K to 33K were used as host polymers. The glass
transition temperature, T, of all samples was measured by a
differential scanning calorimeter (DSC). The molecular char-
acteristics of the samples are listed in Table 1. A terylene
dye, N,N'-bis(2,6-diisopropylphenyl)-1,6,9,14-tetraphenoxy-
terylene-3,4:11,12-tetracarboxidiimide (TDI), and a perylene
dye, (N-(2,6-diisopropylphenyl)-9-( p-styryl)perylene-3,4-di-
carboximide (PMI), were used as molecular tracers in polymer
melts, as they are well dispersible in organic materials, provide
high quantum yield, and show good photostability.>* 3’ The
chemical structures of PMI and TDI are shown along with those
of the matrix polymers PI and PDMS in Scheme 1. Each tracer
was first dissolved in an organic solvent, i.e., tetrahydrofuran,
THF, with the concentration around 107> M, and introduced
into the host polymer. Pure solvent was added to aid the mixing,
and the solutions were mixed mechanically by magnetic stirrer at
speed of 1000 rpm for 5—6 h. After mixing, the solvent was
initially evaporated at 40 °C under vacuum for 3—4 h, and the
sample was further kept under vacuum at room temperature for
1—2 weeks. To ensure that the solvent was completely evapo-
rated, the FCS measurements were repeated after leaving the
samples in vacuum for another 2 weeks. In all FCS measurements
the absolute dye concentration (after solvent evaporation) was
controlled in a nanomolar range.

In order to study the diffusion dynamics of small molecules
in a miscible blend, poly(vinylethylene) (PVE) (PSS, Mainz,
Germany), with M, of 3.7K was mixed with 1,4-cis-polyiso-
prene (PI) with M, of 3.5K at 0.5 weight fraction. The prepara-
tion of the blend was done by dissolving both polymers in THF
and stirring the solution overnight. In this step, a terrylene dye
was added. Then the solvent was evaporated under vacuum for a
few weeks. The concentration of dye in the solvent free sample
was controlled to be in the nanomolar range.
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Scheme 1. Molecular Structures of (a) PMI, (b) TDI Dye, (c) PDMS,
and (d) cis-1,4-PI
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Table 1. Sources and Molecular Characteristics of the Polymer
Samples

M,
polymers source (g/mol) My /M, T,(°C)
PDMS Alfa Aesar, Germany 770 1.24 —136.0
2000 1.40 —129.5
4000 1.75 —127.8
6000 1.80 —127.0
14000 1.89 —126.1
28000 1.75 —125.8
63000 1.71 —125.4
117000 1.73 —125.3
in-house synthesis (MPIP) 5800 1.07 —127.1
11820 1.10 —126.5
20820 1.12 —125.7
33880 1.05 —125.8
59000 1.06 —125.8
66280 1.07 —125.4
PI-1,4 PSS, Germany 1450 1.10 —81.2
in-house synthesis (MPIP) 2580 1.21 —82.1
3420 1.07 =71.6
6770 1.06 —67.6
12670 1.04 —64.3
23000 1.06 —64.6
33000 1.09 —64.6
PVE PSS, Germany 3690 1.06 —=22.7

2.2. Techniques. Fluorescence Correlation Spectroscopy.
The FCS measurements were performed on a commercial setup
(Carl Zeiss, Jena, Germany) consisting of the module ConfoCor
2 and an inverted microscope model Axiovert 200. A 40x Plan
Neofluar objective with a numerical aperture of 0.9 and oil as
immersion liquid were used in this study. The terrylene dye was
excited by a HeNe laser at 633 nm, and the emission was
collected after filtering with LP650 long pass filter. In the case
of perylene dye, we used Ar ™ laser (488 nm) for excitation, and
the emission was collected after filtering with a BP530-600 band-
pass filter. For detection, an avalanche photodiode enabling
single-photon counting was used. The average photon count
rate was around 20—40 kHz. Since polyisoprene samples dis-
played intrinsic fluorescence when excited at A ~ 450—560 nm,
we used only terrylene dye with 4., ~ 633 nm as a tracer in PI. An
Attofluor cell chamber (Invitrogen, Leiden, The Netherlands)
with a microscope glass slide, with diameter of 25 mm and
thickness of 0.15 mm, was used as a sample cell. For temperature
control, a Linkam PE94 temperature control system (Linkam,
Surrey, UK) was mounted on the microscope. A thermal couple
wire was immersed in the sample to measure the actual tem-
perature. During FCS measurements, the temperature was kept
constant (AT < 0.5 °C). For each sample, measurements with
total duration of 10—60 min were performed. The final results
were obtained as an average of 3—4 experiments performed with
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different sample loading. To avoid malfunction of the objective
in the present experimental setup, the studied temperature was
allowed to range from 5 to 45 °C.

Dielectric Spectroscopy. Frequency- and temperature-depen-
dent dielectric measurements were performed using an experi-
mental setup of Novocontrol. The system was equipped with
an Alpha high-resolution dielectric analyzer and temperature
controller Quatro version 4.0. The samples were sandwiched
between two brass disks with diameters of 20 mm, forming a flat
parallel plate capacitor with thickness of 50 um, which was
maintained by Teflon strips used as spacers between the electro-
des. The value of ac voltage applied to the capacitor was equal to
1 V. Temperature was controlled using a nitrogen gas cryostat,
and the temperature stability of the sample was better than
0.1 K. The dielectric constant e*(w) = ¢/(w) — ie”’ (w) measured in
the frequency range from 0.01 Hz to 1 MHz was represented by
the empirical Havriliak and Negami equation’®

Ae(T, P)
1 + (iwtun(T, P)°)

eX(T,P,w) =e.(T,P) +

Go(T,P) (1)

iefw

where e.(7T,P) is the high-frequency permittivity, tyn(7,P) is
the characteristic relaxation time in this equation, Ae(7,P)=
&o(T,P) — e.(T,P) is the relaxation strength of the process under
investigation, o and y (with limits 0 <o, ay<1) describe respec-
tively the symmetrical and asymmetrical broadening of the
distribution of relaxation times, oy is the dc conductivity, and
g is the permittivity of free space.

3. Results and Discussion

3.1. Tracer Diffusion Coefficient. FCS is based on detect-
ing and analyzing the fluorescence light emitted by chromo-
phores diffusing through a small and fixed observation
volume element V, formed by a laser focused into the sample
of interest. As the fluorescent molecules diffuse in and out of
the observation volume they cause temporal fluctuations
of the detected fluorescence intensity 0F(¢'). For freely
diffusing fluorescence species, the autocorrelation function
G(1) — 1 ={(0F(!)OF({ + H){F({"))* can be written'’ as

G(1) =

Tr
1 1 —t/tT
+ [ + T }

1

it !

y

where N is the average number of diffusing particles in the
observation volume. Tr and 7, are the fraction and the decay
time of the triplet state, T is the diffusion time of the species,
and S'is the so-called structure parameter, S'= zy/x,, where z,
and xo represent the axial and radial dimensions of the
confocal volume, respectively. The diffusion time 7p is
defined as

Tp = X02/4D (3)

where D is the tracer diffusion coefficient. The experimental
G(1) (Figure 1) is well represented by eq 2, yielding N and
7p. However, as the value of x, depends strongly on the
geometrical characteristics of the optical setup and the
refractive index (ng) of the sample, a suitable calibration is
required. In aqueous environments, such calibration typi-
cally relies on the straightforward measurement of the
characteristic diffusion time of a dye molecule with known
diffusion coefficient, i.e., Rhodamine 6G."° In organic sol-
vents, however, no such simple means is available. Many dye
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Figure 1. Normalized autocorrelation functions for the diffusion of
(a) PMI in poly(dimethylsiloxane) (PDMS) and (b) TDI in polyisos-
prene (PI) with various molecular weights. The mean-square displace-
ment plots in the insets conform to the slope=1.

molecules tend to aggregate in organic solvents, and in
contrast to aqueous systems the dyes diffusion coefficients
are rarely known. To overcome these problems, recently it
was suggested that the calibration of the FCS observation
volume in a given solvent can be done by independent
measurements of the fluorescently labeled polymer diffusion
coefficient by DLS.?** Here we extend this procedure to
polymer melts using for calibration a solvent with similar
refractive index as the respective polymer. For the estimation
of x¢ in the PDMS melt with nppps ~ 1.4, we used tetra-
hydrofuran, THF (nryg ~ 1.4). The diffusion coefficient of
perylene-labeled polystyrene (in-housed synthesis, M, =
340 kg/mol) in diluted THF solution was measured by
DLS. Then the diffusion time 7 of the labeled PS in the
same solution was measured by FCS. Finally, the corre-
sponding value of x, for THF and hence PDMS was
determined from eq 3. In the case of PI (np;=1.5), a similar
calibration procedure was applied using toluene as a calibra-
tion solvent. In this way we have determined that for the
experiments performed with Ar " laser (excitation at 488 nm,
BP530-600 emission filter) xo=0.23 um in PDMS. When the
HeNe laser was used (excitation at 633 nm, LP650 emission
filter), we had x,=0.28 um in PDMS and x,=0.27 um in
PI. In all cases the value of the structure parameter was
S~ 10.

Figure 1 shows experimental G(¢) for a PMI diffusing in
PDMS and TDI diffusing in PI along with the representation
(solid lines) by eq 1. Owing to the ultra low fluorophore
concentration, FCS allows also a computation of the tracer
mean square displacement (Ar?(¢)) through®”

3 X()2 3 Z

P L <1 +2(A;~2(1))> - (1 +2<A,~2(t))> )
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Figure 2. Diffusion coefficients of (o) PMI and (M) TDI in polydi-
methylsiloxane (PDMS) matrices with different M, at 25 °C. The
variation of the distance (O) from the glass transition temperature,
T,, for the same PDMS samples is shown for comparison. Inset:
the ratio, D,, of the diffusion coefficients of perylene and terylene dye
(D= Dppp /Drp1) in PDMS matrices. The dashed lines are to guide the
eyes.

shown in the inset of Figure 1. For all examined polymers,
these double-logarithmic plots show a slope of 1 indicative of
a random Brownian diffusion of the two molecular tracers
over submicrometer length scales and hence long times in the
polymer matrices. We did not observed a measurable effect
of the polymer polydispersity in the range My/M,<1.8
(Table 1) that has, therefore, a minor influence on the tracer
diffusion coefficient.

The diffusion coefficient of the PMI and TDI in PDMS
(eq 3)is plotted against the polymer matrix M, in Figure 2. It
decreases with M, but reaches asymptotically a constant
value above a threshold value of M,. The molecular
probe diffusion does not follow the bulk polymer viscosity,
which increases strongly with M, above the critical M, for
entanglement, M. (5 ~ M4, when My> M, ~ 30K).%
Instead, D becomes independent of the matrix M, above
about 30K resembling the dependence of the glass transition
temperature Ty(My,) of the polymer matrix on its molecular
weight; T,(M,,) (K)=147.6(1—55.3/M,,), which is a rather
weak M, dependence. As seen in Figure 2, the variation
of the quantities T—T4(M,,) (T=298 K) and D with M,
looks alike and both quantities become asymptotically
independent of M,,. It is known that the former controls
the segmental mobility of bulk polymers, whereas for D(T)
molecular weight can have additional effects (see Figure 4).
Further, it has been shown by FRAP and fluorescence
nonradiative energy transfer experiments that probe size
(R) may modify the scaling D ~ R™" in polymer melts,>*’
thus rendering the dependence D(R,T,M,) very interesting.

We have compared the values of D for PMI and TDI in the
PDMS matrices of Figure 2. The chemical structures shown
in Scheme 1 indicate that TDI are significantly bigger than
PMI. This size disparity is reflected in the hydrodynamic
radii, Rpyp=0.53 nm and Ryp;=0.8 nm, as measured by
FCS in toluene solutions. Clearly, the smaller probe (PMI)
diffuses significantly faster than the bigger one (TDI) in all
polymer matrices. The ratio of the diffusion coefficients of
the two probes, D, = Dpyp/Drpi plotted vs matrix molecular
weight in the inset of Figure 2 increases with M, reaching a
constant value (~2.6) at sufficiently high M, for which
T, reaches its limiting high M,, value (7., = 148 K). As
expected for small tracers diffusing in pol¥mer melts and in
agreement with a recent XPCS study,4 these values of
D, differ significantly from the predictions of the DSE
equation, according to which the diffusion coefficient of
small molecules is reversely proportional to their hydrody-
namic radii (D ~ (yR)™"), and therefore the ratio of the
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Figure 3. Diffusion coefficient of (M) TDI in polyisoprene (PI) matrices
with difference My, at 25 °C. The variation of the distance (O) from the
glass transition temperature 7y(M,,) for the same PI samples is shown
for comparison. The dashed lines are to guide the eyes.

diffusion coefficients of the two dyes, D, = Dpwy1/Drpr1, should
amount to about 1.5 (dashed line in the inset to Figure 2).

In a different approach*® of a length-dependent effective
viscosity 7'(R) ( <#), the scaling relationship 5’ ~ (R/b)* was
proposed on the ground of Rouse dynamics and Gaussian
coil statistics, when the particle size R is less than the polymer
coil radius (but still bigger than the persistence length), i.e.,
7'(R) ~ N’ where N' = R*/b* is the number of monomers of a
chain portion of size R. Hence, the D/Dpgg ratio should scale
as R ~. Our data, although based on only two tracers, seems
to be in agreement with the latter approach.

In order to examine whether the observed characteristics
of molecular tracer diffusion in PDMS are general for
amorphous bulk polymers above T, we have also measured
the TDI diffusion coefficient in PI with different M. The dye
diffusion data plotted in Figure 3 reveal similar behavior
shown for the tracer diffusion in PDMS (Figure 2); i.e., D
closely follows the molecular weight dependence of the
polymer glass transition temperature; 7(M,,) (K)=209.5-
(1 —122/M,), which is clearly stronger than for T4(M,,) of
PDMS. For the consistency of these results, it is interesting to
note that the PI sample with the lowest molecular weight
(1.5K) has a slightly higher 7, than the PI sample with the
somewhat higher M, (2.5K) probably due to higher poly-
dispersity of the latter (Table 1). This trend is consistently
reflected in the plot of D vs My,. An inspection of Figures 2
and 3 shows that at temperatures well above T, the tracer
diffusion is about 30 times slower in PI than in PDMS.

We consider next the effect of temperature on the tracer
diffusion in polymer melts. For amorphous polymers, the
temperature dependence of dynamic quantities such as visc-
osity, self-diffusion, or segmental o-relaxation is typically
described by the non-Arrhenius eq 5. As shown in Figure 4a,
the temperature dependence of D for the two dyes in PDMS
(0.77K and 65K) and TD1in PI (1.5K, 3.5K, and 22K) in the
range 280—320 K far above T, can be well represented by the
well-known VFT equation

D = D, exp [ B } (5)

RH(T—Ty)

where D.. is the limiting high-temperature value of D, Ty=
T,—c5 is the ideal glass transition temperature, R* is the gas
constant, and the value of the constant ¢, was assumed to be
20 and 50 K for PDMS* and PL* respectively. The tem-
perature dependence of PMI diffusion in both polymeric
matrices is well represented by eq 5 (dashed lines in
Figure 4a) using only D.. and Bp as adjustable parameters.
The values of the activation parameters are listed in Table 2
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Figure 4. (a) Temperature dependence of the diffusion coefficient, D, of
PMI in (left-pointing A) PDMS-0.8 and (o) PDMS-65 and TDI in (O)
PDMS-0.8, (¢) PDMS-65, (right-pointing A) PI-1.5, (O) PI-3.5, and
(%) PI-22 where To(My,) = To(My,) — ¢2; ¢2=20 and 50 K for PDMS
and PI, respectively. This plot includes D of PMI (¥) and TDI in ()
PDMS and TDI in (@) PI melts from the room temperature measure-
ments of 2Figures 2 and 3. Dashed lines denote the representation of
the data by eq 5. (b) Superimposed tracer diffusion coefficients
D*=fpD(T) vs T — To(M,,) with the shifting factor fp(My) for PMI
in (v) PDMS, TDI in () PDMS, and TDI in (O) PI) given in the upper
inset. Lower inset shows the molecular weight dependence of PDMS
density, p(My,).

along with the fixed values of Tj. These characteristic para-
meters reveal some pertinent polymer and tracer specific
differences:

(a) The value of Bp is virtually independent of the matrix
M, as indicated by the parallel temperature dependence of
D in the two systems and this insensitivity of D to M,
variation applies for both dyes (in PDMS). Since Bp is
related to the activation energy necessary to create a hole
with size equal to the minimum size for displacement of the
penetrant molecule,® its value is expectedly found to be M,,
independent.

(b) The activation energy Bp does depend, however, on the
tracer size; Bp(R) amounts to 4.1 + 0.1 and 4.7 £+ 0.2 kJ/mol
respectively for the small (PMI) and larger (TDI) dye in
PDMS. If we envisage both tracers as rigid objects, then the
necessary free volume hole to enable diffusion is propor-
tional to the tracer size and hence the associated activation
energy should be higher for the larger tracer.

(c) Diffusion coefficient of TDI in PDMS is much bigger
(about 30 times, see Figures 2 and 3) than in PI at tempera-
tures equidistant from T',. The differences in the value of D..
(Table 2) cannot rationalize this disparity. Alternatively, the
effect is related to the activation energy, which value for TDI
in PI Bp=28.3 £+ 0.5 kJ/mol (Table 2) is almost twice bigger
than in PDMS. Notably Bp for PDMS is one of the lowest
values reported for polymers in the literature.*®

(d) The data shown in Figure 4a imply that there is an
additional M, dependence on D(M,,) which is not attributed
to Ty(M,,). Owning to the molecular weight dependence of
T, the isothermal tracer diffusion data of Figures 2 and 3
respectively for PDMS (solid down triangles for PMI and
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Table 2. Activation Parameters (Eq 5)

tracer polymer D.. (107%cm?/s) Bp (kJ/mol) Ty (K)*
PMI PDMS-0.8 18.34+0.07 4.14+0.1 116
PDMS-65 3.940.02 4.1+£0.1 128
TDI PDMS-0.8 15.61+0.12 4.74+0.2 116
PDMS-65 2.240.02 4.74+0.2 128
TDI PI-1.5 6.34+0.15 8.3+0.5 142
PI-3.5 5.940.04 8.3£0.5 152
PI-22 3.6+0.06 8.3+0.5 159

“Ty = Ty — ¢, ¢ = 20 K for PDMS and 50 K for PI.

solid diamond for TDI) and PI (solid circles for TDI) in
Figure 4a bridge nicely the gap between the two extreme M,
matrices. Hence, the extra M., dependence is attributed to
the limiting high temperature tracer diffusion D.. in eq 5.

This finding, along with the M-independent Bp (see (a)
above) allows a normalization of the data of Figure 4a by a
vertical shifting factor fp= D..(high M)/D..(M,,) where
D..(high M) denotes the asymptotic value of D., for the
highest M,, in Figure 4a. This successful superposition is
shown in Figure 4b, whereas the corresponding values of fp
are plotted in the upper inset of the same figure underlying
the characteristic D..(My,) for the two systems. This addi-
tional molecular weight dependence can be attributed to the
variation of density p with M, asindicated by the qualitative
agreement between p(M,,) and D..(My,) in PDMS visualized
in the two insets to Figure 4b. Apparently, the dependence of
D on the polymer density can not be solely accounted for by
the variation of T, with density.

Summing up this section, eq 5 describes well the depen-
dence of the tracer diffusion coefficient D(R,M,,T) on
temperature, matrix M, and tracer size with a M-depen-
dent prefactor, D..(M,,), a size-dependent activation para-
meter, Bp(R), and the anticipated M,-dependent glass
transition Ty(M,).

3.2. Does the Tracer Diffusion Relate to the Polymer Host
Segmental Dynamics? Figure 5 is a compilation of the seg-
mental relaxation times, 7 (solid squares),*’” and the tracer
diffusion coefficients (open squares) in PI-1.5K at different
temperatures. The former have been obtained from dielectric
spectroscopy (DS) experiments and are in good agreement
with molecular dynamics simulations. The data are shown in
an Arrhenius representation as in the original work.* Inter-
estingly, the D(T) data, which were well fitted with VFT
equation (eq 5) as discussed above, are represented reason-
ably well also by an Arrhenius type of plot. This is most likely
related to the relatively limited temperature range of our
experiments (5—45 °C) and the fact that all measurements
were performed at temperatures well above the glass transi-
tion of the polymers. The comparison shown in the main
Figure 5 indicates that over overlapping temperature range
the tracer diffusion coefficient D in the PI matrix and its
segmental relaxation time exhibit similar temperature de-
pendences. In the following we try to relate the measured
tracer diffusion coefficient D with the segmental dynamics of
the polymer matrix.

As discussed in section 3.1, the long time diffusion of a
molecular penetrant is an a priori unknown function of its
size and matrix M, and depends on temperature according
to eq 5. For the extremely low tracer concentrations of the
diffusant used in this study, the ideal temperature To(My,) is
undoubtedly a property of the host polymer matrix only,
whereas this cannot be generally assumed for the activation
parameter Bp. In the absence of specific penetrant—polymer
interactions, the two tracers (PMI, TDI) exhibit an activa-
tion energy which is independent of PDMS M, but depends
on the penetrant size.
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Figure 5. Temperature df;pendence of the segmental relaxation time
7 (M) of the bulk PI-1.5K*” and the tracer diffusion D (O) of TDI in the
same PI matrix at temperatures far above T,. The characteristic length
(4) (bpHY? ((bpy=6D1) is shown in the inset.

The tracer specific Bp(R) implies that the temperature
dependent factor in eq 5 is not determined solely by the
polymer matrix. For a given tracer however the Einstein
diffusion relation, (b*y=6D7, can be used®’ to define an
arbitrary average displacement length (6" for the time of
one segmental relaxation. Such a definition has been already
used in the literature®’ and is based on the (strong) assump-
tion that the short time diffusion of the tracer, Dy, is the same
as the long time diffusion coefficient, D. Furthermore, this
(b*)'? can be considered temperature independent only if
the activation energy for the tracer diffusion, Bp(R), is equal
to the activation parameter for the polymer segmental
relaxation, B.

Next we attempt a critical assessment of the two assump-
tions, i.e., () Bp(R) = B and (ii) Dy = D, through a direct
comparison of the experimental D and 7 for the PI sample of
Figure 5. The reported*® value of B for PI measured at
temperatures near 7T, is 1035 K (8.6 kJ/mol), very close to
the value of By, at temperatures far above 7, but smaller than
the value of B (~1570 + 60 K or 13 + 0.5 kJ/mol) evaluated
from the segmental times* at temperatures far above Ty; the
latter measurements are more difficult and subject to a large
error. Hence, the more precise D data at high temperatures
become very relevant and appear to relax assumption (i) in
the computation of (bp>)'/>. Noteworthy, the “average dis-
placement length” (bp°)'/? was reported” to depend strongly
on the type of the tracer and more importantly on the
distance 7" — T, reflecting the enhancement of dynamics
heterogeneity in the polymer host.

Concerning the second assumption, D, = D (see also the
Appendix), it should be stressed that FCS measures the
tracer diffusion coefficient D over a length scale of few
hundred nanometers, i.e., orders of magnitude larger than
the polymer segment dimension (Kuhn segment), b (inset to
Figure 5). It is well-known from molecular dynamics simula-
tions studies of ‘})olymer/tracer systems at temperatures far
above T, g14718’4 % that at shorter time scale the relation
between mean-squared displacement and time is strongly
nonlinear. In this respect the computation of (bp>)'"/* from
FCS data is somewhat ambiguous and should not be con-
sidered as a direct measure for the tracer displacement on the
extremely short time scale of the segmental relaxation.

Furthermore, a generalization of the molecular dynamics
simulations for a different polymer/penetrant system (PS/
EB, see Appendix) to the case of PI shows that the real
displacement of the tracer during the segmental relaxation
time is much larger than (bp>)"/*; in the initial subdiffusive
regime the effective tracer diffusion exceeds D. In the absence
of'a molecular theory, computer simulations can provide the
necessary system specific information.
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Figure 6. Temperature dependence of the segmental relaxation time
7 of PDMS with M, of 0.77K (M) and 65K (#) as measured by DS at
low temperatures and (open symbols) estimated by FCS at high
temperatures. Literature data for PDMS with M, of 1.4K (A) obtained
by dielectric spectroscopy at intermediate temperatures* are also
shown for comparison. Dashed lines denote the representation of the
DS segmental relaxation frequencies by VFT equation.

In spite of the above discussion, and since data about the
initial subdiffusive regime are rarely available, the rationa-
lization of the (hp>)'/* value for PI allows to estimate values
of 7 for other flexible melts far above 7,,. Here, we utilized
this semiempirical approach to estimate the missing values of
7 for PDMS at temperatures well above T, from the TDI
diffusion data (Figure 4); dielectric spectroscopy (DS) yields
the segmental relaxation times**>' of PDMS only near T,.
For a direct comparison with the present FCS results, we
have measured 7 of PDMS with M, of 770 and 65 K near T,
using DS.

Figure 6 shows these values of 7 along with the estimated
7 (= (bp>)/6D) at high temperatures. Apparently, a single
VFT cannot represent both sets and moreover the predicted
relaxation frequency (1/7) for the two PDMS melts at high
temperatures are slower than the extrapolated DS relaxa-
tion frequencies. While this discrepancy may originate
from the limitations of the used semiempirical approach,
it can be also attributed to different segmental dynamics of
PDMS at low and high temperatures. In fact, this is a
proposition made earlier based on the deviation from a
single VFT at intermediate temperatures,** as indicated in
Figure 6.

The proposed relation between long time tracer diffusion
and segmental relaxation times of the polymer matrix is not
fundamental as discussed in this section and will be further
addressed below. Nevertheless small molecule tracer diffu-
sion can yield an information on the segmental relaxation
and its temperature dependence after calibration of the
average microscopic displacement length, (bp>)"/2.

3.3. Tracer Diffusion in a Miscible Polymer Blend. It is
known that miscible polymer blends exhibit two distinct
segmental relaxation times due to local composition inho-
mogeneities inherent to the nanoscopic cooperative length
associated with the primary o-relaxation. Over larger length
scales the system is spatially homogeneous displaying a
single composition averaged glass transition temperature.
In fact, pulsed-field gradient NMR reveals a single average
friction in agreement with viscosity and T measurements.>>
We have selected the well studied 1,4-cis-polyisoprene (PI
M~ 3.5K, T, =201 K) and poly(vinylethylene) (PVE, M~
3.7K, T,=250 K) miscible blend,* in order to explore its
composition homogeneity by FCS tracer diffusion experi-
ments. Figure 7 shows that the experimental normalized G(t)
for the TDI diffusion in the symmetric PI/PVE blend is well
described by a single Fickian diffusion process (eq 2) as also
seen in the inset. The diffusivity in the blend is intermediate
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Figure 7. Normalized fluorescence intensity autocorrelation function
for the TDI diffusion in 1,4-cis-polyisoprene 3.5K (PI) (a), poly
(vinylethylene) 3.7K (PVE) (O), and their symmetric (50 wt %) blend
(O). The solid lines denote one component fits of eq 2. The mean-square
displacement plots in the insets indicate Fickian diffusion behavior.
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Figure 8. Tracer diffusion coefficient of TDI in PI, PVE, and the
symmetric (50 wt %) PI/PVE blend at 298 K plotted as a function of
the distance from the ideal temperature 7j. Dashed line is fitted with the
parameters shown in text. Inset: DSC traces for the three systems.

between its constituents being closer to the tracer diffusion in
PI at the same temperature.

This comparison is quantified in the VFT (eq 5) plot of
Figure 8 which shows the tracer diffusion coefficient D vs 1/
[T — Ty], where Ty = T, — 50 K and T, is the glass transition
temperature in the blend and its constituent components
obtained by the DSC traces (inset to Figure 8). Equation 5
represents well (dashed line in Figure 8) the experimental D
using D..=5 x 107 cm?/s and Bp=11.2 kJ/mol.

The diffusion coefficient in the blend is closer to the faster
component, PI, resembling the relation between the T,
values. The DSC trace is broader in the blend reflecting
composition fluctuations.

Conversely, the diffusion of the molecular tracer over few
hundreds nanometers senses an effective medium with a
single composition average T, conforming to the Fox—Flory
linear composition relation of the reciprocal 7.

4. Conclusions

We used fluorescence correlation spectroscopy to measure the
diffusion coefficient of small molecule chromophores in bulk
PDMS, PI, and PVE homopolymers with different molecular
weights (M,,) at temperatures well above the polymer glass
transition, T,. The unique, single molecule sensitivity of the
FCS technique allows studies at nanomolar tracer concentra-
tions, ensuring that the penetrants do not modify the matrix
polymer properties. For all systems we observed that the diffu-
sion rate does not follow the surrounding viscosity, which is
extremely increased for high-M,, polymers. Instead, the diffusion
coefficient D of small tracer is strongly correlated to the poly-
mer segmental dynamics while it keeps particle characteristics.
We found that the activation barrier Bp(R) in the temperature
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dependence of D(T,M,R) (eq 5) increases with the tracer size
R and is insensitive to the variation of matrix M.

For a molecular tracer (TDI), we found that the temperature
dependence of D in low molecular weight PI is similar to that
of the segmental relaxation time 7, as measured by dielectric
spectroscopy and depolarized Rayleigh scattering. Compar-
ing these two processes, the average displacement (b*)'/*=
(6D1)"? of the tracer during the period for reorientation of the
polymer segment was evaluated. We found (b*'* ~ 0.2 nm in
the studied temperature range of 5—45 °C. This value is
relatively small because of two reasons: (i) The TDI molecule
is still large, compared to the monomer of PI and PDMS;
we anticipate that with growing size of the additive (b*)"/>— 0.
(ii) There is no information about the short time dynamics (see
eq A-1in the Appendix) since D represents the long time tracer
diffusion (over a length scale few hundred nanometers) Never-
theless, using this value of (b*)!/%, we applied FCS to estimate
in a semiempirical approach the segmental relaxation time 7 of
several PDMS samples with different molecular weights at
temperatures well above their 7.

The global nature of the molecular tracer diffusion coefficient
D in the FCS experiment was examined in the case of the miscible
polymer blend PI/PVE . While such blend exhibits two distinct
o-relaxations we observed a single diffusion coefficient D for a
TDI probe. The effect is caused by the long length scale of the
FCS experiments (~500 nm) that average the two a-relaxations
contributions. Furthermore, the value of the diffusion coefficient
in the blend is closer to the faster component, PI, resembling the
relation between the 7, values.
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Appendix

Molecular Probe Diffusion and Segmental Dynamics in
Polymer Melts through Molecular Dynamics Simulations.
As it was discussed in the Introduction, any experimental
or simulation work that can yield information about the
dynamics of a tracer in a polymer matrix is of particular
importance. An empirical connection between the mobi-
lity of a specific penetrant (at fixed temperature) and the
dynamics of the polymer matrix has been proposed by
defining the average distance the penetrant moves for times
equal to the segmental relaxation time of the matrix, (b*)"/?
(see also section 3.2). Such an “average displacement length”
has been used in the past in the analysis of experimental data,
and it is defined as (b*)!/>=(6D7)"? with D being the long-
time diffusion of the penetrant and 7 the segmental relaxation
time of the polymer matrix.®’

In general, the above relation is not accurate since it is
based on the assumption that long time diffusion coefficient
of the penetrant is related in a very simple way to the
segmental dynamics of the matrix, which usually occurs at
much shorter time scales. On the contrary, it is well known
that the dynamics of polymers as well as polymer/penetrant
mixtures is non-Fickian in short time regimes, i.e., the mean-
square displacement, AR (AR = (R(7) — R(0)?), of a molecule
evolves with time as (AR) ~ * with a. < 1. For example, in
the small time regime (times shorter than the longest relaxa-
tion time) chain center-of-mass of polymers exhibits well
known non-Fickian subdiffusive behavior,”> > related with
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the correlation hole cage, where a=0.8. The corresponding
slope for the mean-square displacement of segments is about
0.5 for unentangled systems (Rouse model), whereas for
entangled systems it is more complicated exhibiting four
different power law regimes (reptation theory).>* For the
case of penetrant/polymer mixtures, the situation is even
more complicated since the subdiffusive behavior of the
penetrant is a result of the coupling between the tracer
molecule and the polymer matrix. A more accurate estima-
tion of an “average displacement length”, including informa-
tion about the mobility of penetrant at all times, can be given
through

B2 = (/0 6D(1) dz)l/2 (A-1)

where the time-dependent (effective) diffusion coefficient of
the penetrant is defined as D(7) ={(Ry(f) — Ry(0)?)/6¢ with
R(7) and R,(0) being the position of the tracer molecule at
time ¢ and 0, respectively, and the brackets denote the
statistical average.

It is clear that in order to use eq A-1 detailed information
about the mobility of the penetrant in the short time sub-
diffusive regime is needed. A direct way to obtain such
information is to use, if possible, detailed atomistic MD
simulations and accurately calculate the integral in eq A-1.
Then a detailed study combining the simulation results and
the experimental data it would have been possible. However,
this requires experimental measurements and detailed
atomistic simulations for exactly the same systems, and it is
beyond the scope of this work. What we present here is a
detailed analysis, along the lines of the above discussion, of a
polymer/penetrant system (polystyrene/ethylbenzene, PS/
EB) studied recently through MD simulations and NMR
experiments.” In more detail united atom (UA) MD simula-
tions of various PS/EB systems have been performed, and
the diffusion of EB has been calculated for various concen-
trations of EB and temperatures. In Figure 9 we present the
effective diffusivity of EB in a PS matrix (M, =10 000 g/mol)
for a PS/EB system with very low concentration of EB
(wgg=0.01) at T = 463 K. As we can see, the effective
diffusion coefficient of EB is higher at short times (subdiffu-
sive regime), whereas at longer times (Fickian regime)
reaches a time-independent value, which correspond to the
diffusion coefficient reported. Note that error bars in the
atomistic data are essentially zero in the short time regime,
whereas in the long time regime they are much larger (shown
with symbol). Apparently, the neglect of the short time
dynamics is expected to give a smaller value for (b?)!/? than
the real one.

In order to proceed and calculate (b*)!/> through eq A-1,
we also need an estimation of the segmental relaxation time
of the polymer matrix, 7. A common way to study segmental
relaxation is by calculating a time correlation function of a
vector, vy, representing a chemical bond or a bond vector
within a monomer. The reorientation of such a vector can be
studied by considering ensemble-averaged of the second
Legendre polynomial, P>(7) (P>(7) =>/»(cos*(8)) — '/»), where
0 is the angle of v, bond at time ¢ relative to its original
position and the segmental correlation time 7 is defined as
the integral of P,(7)/P»(0). In the case of PS/EB systems, 7=
2.8 + 0.5 ns at 463 K using for v, the CH—CH, backbone
bond in the united atom representation. And fromeq A-1, we
obtain (h*)"/? = 2.4 + 0.1 nm. Alternatively, if we know T,
(b'? can be directly calculated from the mean-square
displacement of the simulation trajectory; this gives of course
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Figure 9. Time-dependent diffusion coefficient of EB in PS matrix
obtained from UA MD simulations (wgg = 0.01, T = 463 K).

exactly the same result. This value is, as expected, larger than
the one predicted by using the long-time diffusion of
the penetrant (in that case (b*)"?=2.2 £ 0.1 nm). This
difference would be even higher for tracers larger than EB,
like those studied here experimentally (TDI and PMI). The
value of (b*)"/? predicted here is about the order of the Kuhn
length of the polymer matrix, bk (bx = 1.5 nm). We should
also note that the UA MD simulations performed here
predict about an order of magnitude faster diffusion of EB
molecules in the PS/EB systems, comparing to the real one
obtained from NMR measurements.>® However, at the same
time the segmental dynamics of the UA polymer is also about
the same order faster than the real one (i.e., the segmental
relaxation time is shorter).>® Therefore, we expect that the
value predicted here for (b*)'/? is very close to the real one.
Finally, as it was presented elsewhere,”® the intermolecular
monomer structure between EB and PS molecules shows a
structure for distances up to about 2 nm. This means that the
EB molecules move in a local cage of about 2 nm, and one
would expect that for such distances the penetrant would
exhibit non-Fickian diffusion.
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