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ABSTRACT: Fluorescence correlation spectroscopy (FCS) was employed to study the effect of chain topology
on the small tracer diffusion in linear and star-shaped 1,4-polyisoprenes (PIs) at temperatures well above the glass
transition. In the linear polyisoprene, a Fickian diffusion behavior was observed that is characterized by a single
diffusion coefficient. In contrast, the diffusion of the same tracers in three-arm star PI was non-Fickian and could
best be described assuming two diffusionmodes. The fastmode diffusion has the samemagnitude and temperature
dependence as the tracer diffusion in linear PI. The slowmode present only in the star polymer is apparently related
to topological restrictions that cause retentionof the tracer.The temperaturedependenceof the retention time is very
similar to that of the polymer arm relaxation, indicating a direct correlation between the two dynamic processes.

Introduction

The diffusion of molecular tracers in polymers is of both
fundamental and technological importance and thus has been
intensely studied in the past two decades.1-9 It was demonstrated
that in contrast with the diffusion in simple liquids that is traditio-
nally considered within the context of continuum hydrodynamics
and described by the Stokes-Einstein equation (SE,D≈ T/η), the
translational diffusion coefficients, D, of molecular tracers in
polymermatrices scale with η-ξwith ξ<1,where η is the polymer
viscosity.1,3,4,6 Furthermore, the tracer size, shape, and flexibility
significantly affect the magnitude and temperature dependence
of D.3,4 To analyze the relation between the small tracers diffu-
sion and the properties of the polymer matrix, free volume
theories1,10-13 and more recently atomistic molecular dynamics
(MD) simulations14-17 were applied. It is now broadly accepted
that the diffusion of molecular tracers in a polymer matrix is
coupled to the polymer segmental dynamics, that is, to the
R-process associated with the glass transition. However, despite
the extensive theoretical and experimental efforts,2-4,6-9,18 the
exact length scale involved in this coupling remains unclear.
Practically all of the studies mentioned above were carried out with
flexible linear polymers, and the effects of the polymer topology on
the small tracer diffusion are not explored. For example, although
the way that star-branched polymers diffuse into linear and star
polymers has been investigated, we are not aware of any report on
how small tracer molecules diffuse in star polymers.

The dynamic properties of branched polymers are different
from those of linear polymers.19-25 In an entangledmelt of linear
chains the relaxation time (reptation time), diffusion coefficient,
and viscosity are given by
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Hereζ0, b, andυ0 are themonomer friction coefficient, length, and
volume, respectively.N andNe are the total number ofmonomers
and the number ofmonomers in an entangled strand, respectively.
In the case of entangled stars, the corresponding parameters are
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Here Narm is the number of monomers per arm. Reptation is
severely suppressed if the polymer has long arms. In this case, the
center of the star can be considered to be fixed, and relaxation is
only possible by contour length fluctuations, that is, by a process
where the polymer retracts its arm down the tube and exits from
the deformed tube.26 This process gives rise to the exponential
growth of the viscositywith the number of entanglements per arm,
Narm/Ne, and is predicted to be independent of the number of arms
in the star.

Techniques utilized to study small tracer diffusion in bulk
polymers include fluorescence recovery after photobleach-
ing (FRAP),2,27 fluorescence nonradiative energy transfer
(NRET),3,4 and forced Rayleigh scattering (FRS).1,8,28 In recent
years, fluorescence correlation spectroscopy (FCS) has emerged
as a powerful tool for investigation of the diffusion of fluorescent
molecules, macromolecules, or nanoparticles in various environ-
ments. FCS is based on detecting and analyzing the fluctuation of
fluorescent light emitted by fluorescence species diffusing
through a small (<1 μm3) observation volume formed by a laser
focused into the sample. Whereas it was initially developed and
used mainly in biological environments, that is, aqueous solu-
tions,29 in the recent years, FCSwas successfully applied tomany
classical polymer systems. In particular, the size and conforma-
tion of macromolecules in organic solvents,30,31 adsorbed poly-
mers,32,33 cross-linked networks,34,35 undiluted polymer
solutions,36-41 colloidal suspensions,42 thin polymer films,43

and bulk polymers7,9 were studied.*Corresponding author. E-mail: koynov@mpip-mainz.mpg.de.
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In this work, we explore, for the first time, the effect of chain
topology on the diffusion of small molecular tracers in melts of
linear and star-branched polyisoprenes (PIs). PI is a typical
amorphous polymer, and its dynamic behavior was previously
studied as a function of temperature44,45 and pressure.46,47 We
employ FCS to determine the diffusion coefficients of terrylene
dyes dispersed at nanomolar concentrations in matrices of linear
and three-arm star polyisoprenes. We found distinctly different
diffusional properties of the same tracer in the two topologies.
Whereas in the linear polymer, a Fickian diffusion behavior was
observed, in the three-arm star PI, the diffusion was anomalous
and could best be described by two diffusion modes. We discuss
the origin of the diffusionmodes in relation to the polymermatrix
dynamics.

Materials and Methods

Materials. Three-arm star polyisoprenes with arm mo-
lecular weights, Marm, of 10 and 28.8 kg/mol were purchased
from PSS, Mainz, Germany. In the text below, we refer to these
materials as SPI-10 and SPI-29, respectively. Linear polyiso-
prene, LPI-22, with Mw of 22 kg/mol was prepared by living
anionic polymerization. The molecular characteristics of all
polymer samples are listed in Table 1. A terrylene dye, N,N0-
bis(2,6-diisopropylphenyl)-1,6,9,14-tetraphenoxy-terrylene-3,4,
11,12-tetracarboxidiimide (TDI), was selected as a molecular
tracer because of its high quantum yield and good photo-
stability.48,49 The terrylene dye was first dissolved in tetrahy-
drofuran (THF) at a concentration of 10-5 M and then intro-
duced into the host polymer. Pure solvent was added to aid the
mixing, and the solution was mixed by a magnetic stirrer at a
speed of 1000 rpm for 24 h.Aftermixing, the solvent was initially
evaporated at 40 �C under vacuum for 3 to 4 h, and the sample
was further annealed under vacuum at room temperature
(25 �C) for 2 to 3 weeks. The final dye concentration in the
polymer matrix (after solvent evaporation) was in the 10-100
nM range.

Fluorescence Correlation Spectroscopy. Measurements were
carried out on a commercial FCS setup (Carl Zeiss, Jena,
Germany) consisting of themodule ConfoCor 2 and an inverted
microscope model Axiovert 200. A 40� PlanNeofluar objective
with a numerical aperture of 0.9 and oil as immersion liquidwere
used in this study. The terylene dye was excited by a HeNe laser
at 633 nm, and the emission was collected after filtering with a
LP650 long pass filter. For detection, an avalanche photodiode
enabling single-photon counting was used. The average photon
count rate was 30-40 kHz. An Attofluor steel cell (Invitrogen,
Leiden, The Netherlands) with a microscope glass slide of
25 mm diameter and 0.15 mm thickness was used as a sample
chamber. For each sample, a series of measurements of 60-90
min long were performed. The final results were obtained as an
average of 3 to 4 experiments carried out on different days. For
temperature control, a Linkam PE94 temperature control
system (Linkam, Surrey,U.K.)wasmounted on themicroscope.
A thermocouplewirewas immersed in the sample tomeasure the
actual temperature. During FCS measurements, the tempera-
ture, T, was kept constant (ΔT < 0.5 �C). Our experimental
setup allowed studies in the temperature range from 5 to 45 �C.

The time-dependent fluctuations of the fluorescence inten-
sity, δI(t), were recorded and analyzed by an autocorrelation
function G(t) = 1þ<δI(t0) δI(t0 þ t)>/<I(t0)>2. As has been

shown theoretically for an ensemble ofm different types of freely
diffusing fluorescence species, G(t) has the following analytical
form29
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HereN is the average number of diffusing fluorescence species in
the observation volume, fT and τT are the fraction and the decay
time of the triplet state, τDi

is the diffusion time of the ith species,
fi is the fraction of component i, and S is the so-called structure
parameter, S = z0/r0, where z0 and r0 represent the axial and
radial dimensions of the confocal volume, respectively. Further-
more, the diffusion time, τDi

, is related to the respective diffusion
coefficient, Di, through
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The experimentally obtainedG(t) can be fitted with eq 3 yielding
the corresponding diffusion times; subsequently, the diffusion
coefficients of the fluorescent species can be obtained from eq 4.
However, because the value of r0 depends strongly on the
specific characteristics of the optical setup and the refractive
index of the studied sample, a suitable calibration is required. In
organic solvents or polymer melts, the calibrating procedure is
not straightforward as in aqueous solution.29 Recently, it was
suggested that the calibration of the FCS observation volume in
a given solvent can be made by independent measurements of
the fluorescently labeled polymer diffusion coefficient by dy-
namic light scattering (DLS).36-38,41 Here we applied a similar
approach. The diffusion time of fluorescently labeled polystyr-
ene (Mw ≈ 340 kg/mol) dissolved in toluene was determined by
FCS, and its diffusion coefficient (in the same solution) was
measured by DLS. The value of r0 was then determined by eq 4,
yielding r0 = 0.32 μm. Because toluene and polyisoprene have
similar refractive indices (n ≈ 1.5), the same value of r0 was
assumed for the PI studies.

Differential Scanning Calorimetry (DSC).Thermal character-
ization of polymers was performed using a Mettler DSC-30
calorimeter. Experiments were conducted with cooling and
heating rates of 10 K/min. The glass-transition temperatures
(Tg) were determined from the second heating run at the
inflection point. All studied polymers (SPI-10, SPI-29, and
LPI-22) showed similar values of Tg. (See Table 1).

Dynamic Mechanical Analysis (DMA). DMA has been per-
formed using an ARES mechanical spectrometer (Rheometric
Scientific). Shear deformation was applied under condi-
tions of controlled deformation amplitude, which was kept
in the range of the linear viscoelastic response of studied
samples. A parallel plate geometry was used with plate dia-
meters of 6 mm, and the gap between plates (sample thickness)
was ∼1 mm. Experiments have been performed under a dry
nitrogen atmosphere. Frequency dependencies of the storage
(G0) and the loss (G0 0) parts of the shear modulus have been
determined from frequency sweeps measured within the fre-
quency range of 10-2-102 rad/s at various temperatures. Mas-
ter curves for G0 and G0 0 at a reference temperature, Tref, have
been obtained using the time-temperature superposition prin-
ciple, G*(ω,T) = G*(aTω,Tref), that is, by applying a single
frequency-scale shift factor, aT, at each temperature that allows
superposition of all viscoelastic data at temperature, T, with the
data at a reference temperature.

Dielectric Spectroscopy (DS). The sample cell consisted of
two electrodes, 20 mm in diameter, and the sample with a
thickness of 50 μm. The dielectric measurements were made at
different temperatures in the range of 133.15-453.15 K under
atmospheric pressure and for frequencies in the range from 3 �
(10-3 to 106) Hz using a Novocontrol BDS system comprising a

Table 1. Sources and Molecular Characteristics of the Polymer
Samples

polymers sample source Mw (g/mol) Mw/Mn Tg (K)

LPI-22 in-house synthesis (MPIP) 22 500 1.06 208.4
SPI-10 PSS, Germany 10 150a 1.02 208.6
SPI-29 PSS, Germany 28 800a 1.02 208.1

aArm molecular weight.
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frequency response analyzer (Solartron Schlumberger FRA
1260) and a broadband dielectric converter with an active
sample head. The complex dielectric permittivity ε* = ε0 - iε0 0,
where ε0 is the real part and ε0 0 is the imaginary part, is a func-
tion of frequency, f, temperature,T, and pressure,P, ε*= ε*(ω,
T,P).50 In the analysis, we used the empirical equation of
Havriliak and Negami51

ε�ðT ,P,ωÞ ¼ ε¥ðT ,PÞþ ΔεðT ,PÞ
½1þðiωτHNðT ,PÞÞR�γ þ σ0ðT ,PÞ

iεfω

ð5Þ
Here ε¥(T,P) is the high-frequency permittivity, τHN(T,P) is
the characteristic relaxation time in this equation, 4ε(T,P) =
ε0(T,P) - ε¥(T,P) is the relaxation strength of the process
investigated, R and γ (with limits 0 < R, Rγ e 1) describe,
respectively, the symmetrical and asymmetrical broadening of
the distribution of relaxation times, σ0 is the dc conductivity,
and εf is the vacuum permittivity. We have obtained master
curves for the dielectric loss ε0 0 at a reference temperature by
employing time-temperature superposition as ε*(f,T) = cTε*-
(a0Tf,Tref), where cT and a0T are vertical and horizontal shift
factors that allow superposition of all dielectric loss data taken
at different temperatures with the data at the reference tempera-
ture.

Results and Dscussion

Figure 1a shows normalized autocorrelation curves G(t) for
TDI diffusing at room temperature in three-arm star poly-
isoprene (SPI-10) and in linear polyisoprene (LPI-22). The two
materials are specially selected so that themolecular weight of the
linear polymer is approximately equal to the span (2Marm)
molecular weight of the star PI. The autocorrelation curve
measured in the linear polymer exhibits a single decay and can
be fitted with eq 3 using one component only (m=1). At the low
fluorophore concentration used in the FCS experiments, the
tracer mean-square displacement <Δr2(t)> can be obtained
through52
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The inset in Figure 1 displays the mean square displacement
<Δr2> versus time in a log-log plot. The data for the linear
polyisoprene show a slope of 1, which indicates free Fickian
diffusion of the TDI tracers. This finding reflects the spatial
homogeneity of linear polyisoprene at temperatures well above
Tg over the submicrometer length scale of the FCS experiment
and is consistent with a number of other reports on small tracer
diffusion in amorphous linear polymers.3,8,9,28,53 In contrast, the
log-log plot of the <Δr2> versus t for the TDI diffusing in the
star polyisoprene (Figure 1, inset) exhibits a slope that depends
on time, demonstrating noticeable deviation from Fickian beha-
vior. Such anomalous tracer diffusion was observed in several
amorphous linear polymers at temperatures close to Tg and was
considered to be evidence of spatial heterogeneity of the polymer
environment on a length scale on the order of 1μm.54,55However,
in the present work, all experiments were performed at tempera-
tures well above the glass transition, and thus the possible reasons
for the anomalous diffusion in the three-arm star PI should be
traced to its different topology as compared with the linear PI.
Indeed the presence of one additional branched chain at the
middle of the span polymer molecules leads to heterogeneity in
the three-arm star PI. The length scale of this heterogeneity (the
distance between the centers of two neighboring star macro-
molecules), however, is on the order of a few nanometers, that

means, much smaller than the FCS sampling volume (∼1 μm3),
and therefore cannot be a direct reason for the observed anom-
alous diffusion behavior.

To get better insight into this issue, we have attempted to fit the
autocorrelation curve measured for the TDI diffusing in the star
polyisoprene (Figure 1a). Two different approaches have been
commonly used to fit FCS autocorrelation curves in the case of
anomalous diffusion. The first one is based on the assumption
that the mean squared displacement is no longer directly propor-
tional to time but rather depends on tR yielding56-60
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The second approach is to use amulticomponent fit, for example,
to apply eq 3 withm=2. The latter approach assumes temporal
trapping of the diffusing fluorescent tracers in immobile sites
within the FCS observation volume that give rise to an additional
slower diffusion component.61-63Anumber ofmore complicated
expressions for the autocorrelation function in the case of
anomalous diffusion were also recently suggested.63-65

Applying eq 7 toour experimental data forTDI diffusing in the
SPI-10 did not produce a reasonable fit. In contrast, using eq 3
with two diffusing components (m=2) allowed a very good fit of
the experimental data (Figure 1a). In general, the two diffusing
components may reflect the presence of two different types of
fluorescent tracers. This possibility, however, can be excluded for
the following reasons. All studied polymer samples were carefully
examined before the addition of the TDI tracers and did not show
any autofluorescence at the used excitation/emission wave-
lengths. This means that the only fluorescent species in the
studied systems were single TDI molecules and eventually ag-
gregates of such molecules, for example, dimers, trimers, and so
on. However, aggregation is unlikely at the nanomolar TDI
concentration used in this study;moreover, in all experiments, the
observednumber of fluorescent tracers in the observation volume
was very close to the estimation based on the TDI concentration
used for sample preparation. Furthermore, there is no reason

Figure 1. (a) Normalized autocorrelation curves for the diffusion
of TDI in LPI-22 (Mw = 22 kg/mol) (0) and in SPI-10 (Mw = 3 �
10 kg/mol) (4). The solid lines represent the corresponding fits with eq 3
using m = 1 for LPI-22 and m = 2 for SPI-10. The inset presents the
dependence of the mean-square displacement on time. (b) Correspond-
ing time traces.
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why aggregates should be present only in the three-arm star PI
and not in the linear PI melts, especially taking into account the
fact that the measured molecular brightness of the fluorescent
tracers was practically the same in both PI topologies. Finally,
even if one assumes the presence of dimers or trimers in the star PI
only, their diffusion coefficients should be rather similar to that of
the singlemolecules and not two orders of magnitude smaller (see
below), as we have found. Another possible reason for the
appearance of slow component in the autocorrelation curves
may be the eventual photobleaching of the fluorescent tracers.
However the TDI tracers have an extremely good photostability
and have shown no bleaching over the extended periods of data
acquisition used for the studies of three-arm star PI. This is
illustrated in Figure 1b, which shows a typical time trace, that is,
the time dependence of the measured fluorescent intensity, I(t0),
during an FCS experiment. As can be seen, there is no decrease in
the count rate, even after 3000 s.

The two-component fit, therefore, indicates that although only
one type of fluorescence species exists (single TDI molecules),
they diffuse with two distinct rates in the star polymers. Similar
bimodal diffusion was also observed in the star polyisoprenes at
higher temperatures. Figure 2a,b presents the normalized auto-
correlation curves of TDI diffusion at different temperatures in
SPI-10 and SPI-29, respectively.

All autocorrelation curves reveal two distinct diffusion
times and can be nicely describedwith eq 3 using two components
(m = 2). The mean-square displacements, <Δr2> versus t in a
log-log plot, are again not merely proportional, but the slope
depends on time (Figure 2, insets).

By fitting the experimental autocorrelation curves obtained for
TDI diffusion in the star polymers with eq 1, two distinct
diffusion times were obtained, τ1 and τ2, representing the “fast”
and the “slow” modes, respectively. Furthermore, the fractions

of these two components (fi in eq 1) are found to be f1≈ 70% and
f2 ≈ 30%.

From the diffusion times, τ1 and τ2, the corresponding diffu-
sion coefficients, D1 and D2, can be calculated using eq 4. The
temperature dependence ofD1 andD2 forTDI diffusing inSPI-10
and SPI-29 are shown in Figure 3. For comparison, the tempera-
ture dependence of the diffusion coefficient of TDI in LPI-22 is
also plotted. At all temperatures, the value of the “fast” mode
diffusion coefficients,D1, in both star polyisoprenes is practically
the same as the TDI diffusion coefficient in the linear polymer.
This indicates that the fast diffusion mode observed in the star
PI originates from the same physical effects as the diffusion in
linear PI.

As previously discussed,2-4,6-9,18 the tracer diffusion in linear
polymers is correlated to the polymer segmental dynamics. Such
correlation will impose that our diffusion studies indicate similar
segmental dynamics in the linear and the star polyisoprenes. To
explore this issue further, we have studied the segmental relaxa-
tion dynamics of LPI-22, SPI-10, and SPI-29 using rheology and
dielectric spectroscopy.Themechanical spectraofLPI-22 and the
two star polymers display two major relaxation processes
(Figure 4). The high-frequency mode corresponds to the seg-
mental relaxation (τs = 2π/ωs). The mode at lower frequencies
corresponds to the chain (terminal) relaxation (τc= 2π/ωc) in the
linear PI and to the arm relaxation (τarm= 2π/ωarm) in the stars.

Figure 2. Experimental autocorrelation curves (symbols) and the cor-
responding fits with eq 3 using m= 2 (solid lines) for TDI diffusion in
(a) SPI-10 and (b) SPI-29 at different temperatures:0, 10 �C;4, 25 �C;
and O, 40 �C. The insets give the dependence of the mean-square
displacement on time. Slopes of 1 are shown for comparison.

Figure 3. Diffusion coefficients calculated from τ1 for TDI in linear
LPI-22 (9), SPI-10 (b), and SPI-29 (2). Apparent diffusion coefficient
calculated from τ2 for TDI in SPI-10 (O) and SPI-29 (4). Dashed lines
represent the result of a fit to an Arrhenius equation.

Figure 4. Left: Master curves of the storage modulus (G0) and loss
modulus (G0 0) of LPI-22 (9,0), SPI-10 (b,O), and SPI-29 (2,4)
constructed at a reference temperature of 215 K. The arrows show
the radial frequencies corresponding to the segmental (ωS), terminal
(ωc), and arm relaxation in the stars (ωarm). Right:Master curves of the
dielectric loss (ε0 0) of LPI-22 (top), the SPI-10 (middle), and the SPI-29
(bottom) at a reference temperature of 218 K. The different symbols
correspond to temperatures in the range from 218-258, 218-248, and
218-243 K for the LPI-22, SPI-10, and SPI-29, respectively. The
vertical line signifies the characteristic frequency for the segmental
process, whereas the arrow, indicated as fc, depicts the characteristic
frequency of the chain (terminal) relaxation in LPI-22 at the reference
temperature.



Article Macromolecules, Vol. 42, No. 22, 2009 9187

We should mention here that relating the low-frequency mode to
the arm relaxation is exact only in SPI-29. The low-molecular-
weight star SPI-10 is barely, if at all, entangled (PI entanglement
molecular weightMe≈ 6400 g/mol),66 and this relation is only an
approximation. In the same Figure, the corresponding dielectric
loss spectra for the three polymers are compared at a reference
temperature of 218 K. In the LPI-22, the two main processes
correspond to the segmental ( fs) and chain or terminal processes
( fc). Notice the breakdown of time-temperature superposition
that is more apparent in DS because of the broader frequency
range available.45,47

Independent of themethod, the segmental relaxations in linear
and star PI occur at similar frequencies at the corresponding
reference temperature. This is illustrated in Figure 5, where the
temperature dependence of τs evaluated from DMA and DS is
shown. The identical segmental dynamics in both topologies of
PI, combinedwith the identical TDI diffusion coefficient in linear
PI and the fast diffusion mode in star PI (Figure 3), constitutes
further evidence of the tracer diffusion being correlated to the
polymer segmental relaxation. The exact connection, however,
still remains unknown because of the length scale involved.

As discussed above, in contrast with the single decay of the
autocorrelation curve from tracer diffusion in linear PI, an
additional mode with a long time scale arises in the star PIs.
The major difference of the star polymers as compared with the
linear one is the additional branched point in the star center.
Furthermore, the dynamics of a star polymer with long
(entangled) arms, is different from that of a linear polymer (eqs
1 and 2). In a star polymer composed of f arms, reptation is
suppressed because the molecule would have to drag f-1 arms
along the tube of a single arm. Instead, the center of the star is

localized within a distance corresponding to the tube diameter,
and the star can relax only by arm retraction (eq 2).

In an FCS study, the observation length-scale is much larger
than any molecular scale. It is reasonable to assume, therefore,
that the star polymer does not diffuse through the FCS observa-
tion volume on the time scale of the FCSmeasurement.With this
assumption in mind, the bimodal distribution for a molecular
probe in the star PI can be understood as follows. Most tracer
molecules (>70%) can diffuse through the FCS observation
volume (<1 μm3) without any special restriction arising from the
star topology. These tracers give rise to the fast mode diffusion,
which is basically the same as that in the linear polymer. Some
tracers however, can be physically trapped in a certain point of
the polymer matrix and stay at this state (or diffuse extremely
slowly) for a certain time. Eventually, such tracers are released
and then join the normal fast diffusion channel. This trap-
ping-releasing process, which is not observed in linear PI, should
be related to the special topology of the three-arm stars, that is,
the existence of a branched point in the star center that can only
relax through the arm retraction process.

Such a physical picture imposes that the characteristic time of
the slow mode should be considered as a combination of a
retention time and a fast diffusion time. Because the slow time,
τ2, is about two decades longer than the diffusion time, τ1, the
contribution of fast diffusion is negligible and τ2 is approximately
equal to the retention time. The likelihood for a tracer to be
trapped in the observation volume is low, and thus most tracers
diffuse freely through the observation volume, as confirmed by
the high fraction (f1 ≈ 70%) of the fast process.

At this point, it is natural to explore the relation between the
retention time observed in the three-arm stars and the corre-
sponding arm relaxation. The latter can be extracted from the
slowest mode in rheology (arm relaxation). Its temperature
dependence isdepicted inanArrhenius representation inFigure 6.

The τarm(T ) conforms to the Vogel-Fulcher-Tammann
(VFT) equation

τarm ¼ τ0 exp
B

T -T0

� �
ð8Þ

Here τ0 is the characteristic time at high temperatures, B is the
activation parameter, and T0 is the freezing temperature. The
temperature dependence of the retention time, τ2, obtained from
FCS for both star polymers is directly compared with τarm(T)
obtained from rheology. From Figure 6a,b, it is seen that the
retention time is around two orders of magnitude slower than the
arm relaxation time. However, whereas both processes are
different in magnitude, they exhibit similar temperature depend-
ences (Figure 6). In addition, the ratio of the retention times for

Figure 5. Segmental relaxation times of star and linear PI as measured
by dynamic mechanical analysis (DMA) and dielectric spectroscopy
(DS) plotted in the usual Arrhenius representation.

Figure 6. (a) Temperature dependence of the retention times corresponding to the FCS “slow”mode, τ2 (2), and of the arm relaxation (obtained from
rheology), τarm (0), for the SPI-29; τ2 shifted by a factor 2.3 (4) is also shown for comparison. (b) Temperature dependence of the retention times
corresponding to the FCS “slow” mode, τ2 (b), and of the arm relaxation (obtained from rheology), τarm (0), for the SPI-10; τ2 shifted by a factor of
2.5 (O) is also shown for comparison. Lines are fits to the VFT equation.
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the TDI diffusing in the stars, that is, τ2
SPI-10/τ2

SPI-29 ≈ 0.03, is
similar to the ratio of τarm

SPI-10/τarm
SPI-29 corresponding to the

arm relaxation process in rheology. Therefore, the temperature
andmolecular weight dependencies suggest that the slowmode in
FCS follows the arm retraction in the star polymer.

Conclusions

We used FCS to explore the effect of chain topology on the
small tracer diffusion in linear and star-shaped PI at temperatures
well above the glass transition. The unique, single molecule
sensitivity of the FCS technique allows us to perform studies at
nanomolar tracer concentrations, ensuring that the tracers do not
modify the matrix polymer properties. In the linear polyisoprene,
a Fickian diffusion of TDImoleculeswas observed, characterized
by a single diffusion coefficient. This finding reflects the spatial
homogeneity of the linear polyisoprene at temperatures well
above Tg on the submicrometer length scales of the FCS experi-
ments and is consistent with a number of previous reports on
small tracer diffusion in amorphous linear polymers. In contrast,
the diffusion of the same TDI tracers in three-arm star PI was
non-Fickian on the length scale of the probing volume (<1 μm3),
and the corresponding FCS autocorrelation curves can best
be described by assuming two distinct time constants. The fast
mode corresponds to a tracer diffusion coefficient that has the
same magnitude and temperature dependence as the tracer
diffusion coefficient in linear PI. This finding can be considered
to be further evidence of the tracer diffusion being linked to
the segmental dynamics of the host polymer, which is identical in
the star and linear PI. The slow mode, which was found only
in the star polymers, is related to topological restrictions that
may cause retention of the tracer. The temperature and mole-
cular weight dependence of the retention timewere very similar to
those of the arm relaxation in the stars, suggesting a common
origin.
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