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ABSTRACT: We present molecular dynamics simulations of coarse-grained model systems of a glass-
forming polymer matrix containing fluorescent probe molecules. These probe molecules are either dispersed
in the matrix or covalently attached to the center or the end of a dilute fraction of the polymer chains. We
show that in all cases the translational and rotational relaxation of the probemolecules is a faithful sensor for
the glass transition of the matrix as determined from amode-coupling analysis or Vogel-Fulcher analysis of
their R-relaxation behavior. Matrix and dumbbell related relaxation processes show a clear violation of the
Stokes-Einstein-Debye laws. In accordance with recent experimental results, the long time behavior of
single molecule spectroscopy observables like the linear dichroism is not susceptible to distinguish between
center-attached and end-attached fluorophores. However we show that it is different from the behavior of
dispersed fluorophores. We also show that the difference between the two attachment forms does show up in
the caging regime of the relaxation functions and that this difference increases upon supercooling the melt
toward its glass transition.

Introduction

Understanding the mechanisms responsible for the tremendous
slowing down of the mobility when approaching the glass tran-
sition is one of the most important challenges in modern soft
condensed matter physics, both for low-molecular-weight and
polymeric materials.1-5 Rotational motions of both backbone
segments and side groups are the principal relaxation mechanisms
inamorphouspolymers. Such relaxationprocesses havebeen studied
experimentally in the vicinity of the glass-transition temperature
Tg by viscosity,6 compliance,6 quasi-elastic neutron scattering,7

NMR,8-10 photon correlation spectroscopy,11,12 dielectric
relaxation,13-15 photobleaching,16 and second harmonic generation
techniques17,18 to name and cite but a selection of the studies
performed. It has been established that above the glass-transition
temperature, the R-relaxation is the primary relaxation process
for the collective motion of polymer segments.

Because it allows bypassing the ensemble averaging intrinsic to
bulk studies, single molecule spectroscopy (SMS) constitutes a
powerful tool to assess the dynamics of heterogeneous materials
at the nanoscale level.19-22

On the one hand, by following the temporal evolution of the
fluorescence lifetime of singlemolecules with quantum yield close
to unity, this observable revealed highly sensitive to changes in
local density occurring in a polymer matrix.23-28 Using free
volume theories, the lifetime fluctuations were related to hole
(free-volume) distributions and allowed the determination of the
number of polymer segments involved in a rearrangement cell
around the probe molecule as a function of temperature,23,26

solvent content,24 and film thickness.25 On the basis of a micro-
scopic model for the fluctuations of the local field,27 a clear
correlation was established between the fluorescence lifetime

distributionsmeasured for single molecules and the local fraction
of surrounding holes both in the glassy state and in the super-
cooled regime for various molecular weight oligo(styrene).28

Furthermore, fluorescence lifetime trajectories of single probe
molecules embedded in a glass-forming PS melt were shown to
exhibit strong fluctuations of a hopping character. Using MD
simulations targeted to explain these fluctuations,29 the lifetime
fluctuationswere correlatedwith themeta-basin transitions in the
potential energy landscape of the polymer matrix, thus providing
a new tool for the experimental study of long-standing issues in
the physics of the glass transition. Finally, the interaction between
the probemolecule and the polymermatrix can also be investigated.
The interaction between several conformers of a given fluoro-
phore andpoly(styrene) (PS) polymer chainswas investigated.30-32

The existence of different conformations, stabilized owing to
favorable interactions with the surrounding polymer matrix, lead
to specific spectroscopic responses, i.e., specific fluorescence
lifetimes and emission spectra. The type of conformer found in
the matrix and its interaction with the surrounding chains
governed the local packing of the matrix and thus allowed one
to probe the local free volume.

Ontheotherhand, single-molecule rotational imagingalsoproved
to be very powerful in probing the local dynamics of polymers.
By using two-dimensional (2D) orientation techniques, the in-plane
(of the sample) projection of the transition dipole moment of the
single molecule (SM) (the so-called linear dichroism d(t)) has
been followed in time and its time correlation function Cd(t) has
been computed and fitted by a stretched exponential function f(t)=
e-(t/τ)β.33-36 These investigations have allowed to identify static
and dynamic heterogeneity in the samples;37,38 i.e., SMs exhibit
τ and β values varying according to (i) their actual position in the
matrix and (ii) the time scale at which they are probed, as a result
of the presence of different nanoscale environments. Zondervan
et al.39 investigated the rotational motion of perylene diimide
in glycerol. Observations of environmental exchanges were very
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scarce. They assumed that glycerol consists of heterogeneous
liquid pockets separated by a network of solid walls. This was
supported by rheology measurements at very weak stresses of
glycerol and o-terphenyl.40 With 3D orientation techniques, the
emission transition dipole moment of a SM has been recorded as
a function of time.41-44 In particular, the distribution of nano-
scale barriers to rotational motion has been assessed by means of
SMmeasurements45 and related to the spatial heterogeneity and
nanoscopic R-relaxation dynamics deep within the glassy state.
Owing to the high barriers found in the deep glassy state, only few
SMs were able to reorient, while somewhat lower barriers could
be overcome when increasing the temperature.

However, in all investigations described here above, the local
dynamics of the polymers was ascertained through the behavior
of single molecules inserted as dopants in the host polymer. Very
scarce studies of the motion of the polymer chains themselves
have been reported.46,47 Bowden et al.46 prepared several poly-
mers with a perylene diimide dye at the end or in the middle of
each polymer chain, and the orientation of the labeled segments of
polybutadiene (PB) chains in amatrix of poly(methylmethacrylate)
(PMMA) was detected using a fluorescence polarization modu-
lation technique. However, the PMMA matrix used in those
experimentswas glassy and reorientationoccurred for only 5%of
the dye-labeled polymers. Since the dye was intimately attached
to the polymer backbone, the orientation of the dye reflected the
motion of the local portion of the polymer chain. The extent to
which the dye orientation could be used to infer the overall
motion of the entire polymer molecule still has to be elucidated.

It is clearly of interest to further study segmental polymer
motion in less rigid environments, such as melts and rubbers.
Gravanovich et al.47 investigated the dynamics of various dye-
labeled polymer chains in similar but unlabeled polymer chains in
the melt. Their experiments notably allowed for the analysis of
the importance of factors such as the position of the dyemolecule
in the chain, the chemical identity of the dopant and matrix
polymers and the pumping intensity on the observed rotational
dynamics of the dye. Using autocorrelation analysis of both the
total emitted intensity and the orientation angle, a few conclu-
sions were reported: (i) there was no distinguishable difference
in the characteristic correlation times between center- and end-
positioned dyes; (ii) molecules in the rubberymatrix displayed the
longest correlation times while those in the low-viscosity host
displayed the shortest times; (iii) the laser illumination intensity
had little impact on the intensity autocorrelation decay times, but
higher intensity did lead to shorter correlation times in the angle
autocorrelation analysis. This seemed to indicate that high inten-
sity provided more thermal energy for the molecules to reorient.
The authors47 further concluded that the dye molecule is quite
large compared to the size of a monomer so that the innate
motion of the chain might be altered. As such, while the observed
motion of the dye molecules might not be representative of un-
hindered polymer motion, these dyes certainly behave as report-
ers of the local environment surrounding their position at either
the chain end or the chain center. The similar behaviors exhibited
for end- and center-labeled dyes on the rather long time scales
addressed in the experiments might suggest that differences
between the mobilities of chain ends and chain centers had been
averaged out on the long time scale, but might still be observable
at shorter times. The authors suggested further experiments to
examine untethered fluorophores in these polymer melts to
compare their behavior to those built into the polymer backbone.
By following such parameters as the in-plane dipole moment and
the overall brightness of the fluorophore over time and versus
temperature can lend insight into dynamic processes that occur
within the polymer host.

The aim of our current paper is precisely to shed some light on
the dynamical behavior of fluorophores positioned in the center,

at the end and simply mixed to polymer chains, to investigate the
difference between these behaviors and the bulk relaxation of
the polymer itself. For probe molecules dispersed into a glass-
forming polymer matrix we have analyzed in detail their ability
to faithfully monitor the glass transition of the host matrix. We
have shown that the probes record a change in mechanism from
rotational diffusion to large angular jumps48 on approaching the
mode-coupling critical temperature of the polymer melt, have
analyzed how the coupling between probe and melt depends on
the size and the mass of the probe49 and have shown that the
probes are sensitive to chain length effects in the glass transition
of thematrix.50 These studies have employedmolecular dynamics
simulations of a bead-spring dumbbell dissolved in a bead-spring
polymer melt as a coarse-grained model system for probe mole-
cules in a polymermatrix.We are employing the samemodel here
but nowattach the probe dumbbell into a polymer chain, either at
the end or in the center of the chain.

In the next section, we will explain our simulation model and
the way the simulations were performed, and the ensuing section
will discuss our results for the translational and rotational
dynamics of probes in a polymer matrix, comparing free probes
to end-attached and center-attached probes. A final section will
then present our conclusions.

Methods

WeperformedMDsimulations of a system containing 48 bead-
spring chains of 25 effective monomers. A dumbbell is also
inserted in the system to act as a reporter of the behavior of the
local environment, mimicking a single molecule as used in single
molecule spectroscopy (SMS). The dumbbell has been either
inserted as a free dopant (further named free) in the system or
covalently linked in the middle (further named center) or at the
end (further named end) of one chain of the simulation box,
keeping the total number of beads to 25. While our aim is not
a chemically realistic modeling of a particular material since
we wish to elucidate the generic behavior of polymer melt plus
probe molecule systems, the mass of the beads have been chosen
tobemB=1 for themonomersof the chains andmA=2.25 for the
monomers of the dumbbell in order to closely match the experi-
mental conditions47 for which the probe molecules are always
heavier than a dimer in the chains. A cubic simulation volume
with periodic boundary conditions is used throughout. The inter-
action between two beads of type A (probe) or B (monomers) is
given by the Lennard-Jones potential
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where rij is the distance between beads i, j and R,β ∈A,B. The LJ
diameters used are σAA= 1.22, σBB= 1.0 (unit of length) and
σAB=1.11, while ε=1sets the scale of energy (and temperatureT,
since Boltzmann’s constant kB = 1). These potentials are trun-
cated at rcut

Rβ=27/6 σRβ and shifted so that they are zero at rij=rcut
Rβ.

Between the beads along the chain, as well as between the beads
of the dumbbell, a finitely extendable nonlinear elastic (FENE)
potential is used
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with parameters k=30, R0=1.5.51 This model system (without
the probe) has been shown to qualitatively reproduce many
features of the relaxation of glass-forming polymers.51-59 In the
MD simulations, the equations of motion at constant particle
number N, volume V, and energy E are integrated with the
velocityVerlet algorithm60,61 with a time step of 0.002, measuring
time in units of (mBσBB

2/48ε)1/2. All NVE simulations have been
performed after equilibrating the system in the NpT ensemble,
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using aNos�e-Hoover thermostat,61 keeping the averagepressure
at p=1.0 at all temperatures. These runs lasted up to 5�107MD
steps. Ten different configurations were simulated at each tem-
perature (T=0.47, 0.48, 0.49, 0.5, 0.55, 0.6, 0.65, 0.7, 1.0, 2.0), in
order to ensure goodstatistics.Note that themelting temperatureof
the crystalline phase of this model polymer has been estimated57

tobeTm=0.75while the critical temperatureTcofmode coupling
theory (where in our model a smooth crossover to activated
dynamics occurs) is about Tc=0.45.50 Thus, our data include
equilibrated melts as well as the moderately supercooled regime.

Results

We begin by analyzing the translational motion of the probes
and themonomers as observed in the simulation in themean square
displacement of the particles and in simulation and experiment in
the incoherent scattering function. The mean square displace-
ments of individual effective monomers is defined as

g1ðtÞ � 1

M

XM
i¼ 1

Æ½rBiðtÞ- rBið0Þ�2æ ð1Þ

when we average over all monomers within a polymer chain. The
long time behavior of the mean square displacement defines the
translational diffusion coefficient, Dt, by

g1ðtÞ ¼ 6Dtt ð2Þ
Weobtain the diffusion constant in this work by fitting this linear
law to the late time behavior of the mean squared displacement.
As we will see in Figure 1, this entails some systematic error
because our results for the late time displacement of the dumb-
bells are susceptible to large statistical fluctuations. For the chain
attached dumbbells there is furthermore an extended crossover
regime from Rouse-mode dominated to free diffusion behavior
and we can not claim in all cases that this crossover is completed
within our simulation time window. The incoherent intermediate
scattering function, Fq(t), is defined as

FqðtÞ ¼ 1

M

XM
i¼ 1

Æexp½iqB 3 ðrBið0Þ- rBiðtÞÞ�æ ð3Þ

In eq 3, the sum is extended over allM effective monomers in the
system, and rBi(t) is the position of the i’th monomer at time t,
while qB is the scattering wave vector. Being interested in the slow

dynamics associated with the cage effect,2 it is most useful to
choose q such that it roughly corresponds to the position where
the static structure factor S(q) of the melt has its peak, which is
(for the chosen conditions) q=6.9 (note that in the temperature
regime of interest, S(q) changes with temperature only very little.
Of course, analogous quantities to eq 1 and eq 3 can be imme-
diately defined for the dumbbell if the simulated system contains
one; the only problem then is that, due to the small numberM=2
(rather than M=1200), the poor statistics necessitates to carry
out multiple runs (as mentioned in the Methods, 10 independent
runs were hence performed). In Figure 1 we show results for the
mean square displacements for all monomers g1, of all chains
and for the dumbbells included in the melt for two temperatures.
The higher temperature, T=0.7 displayed on the left shows
the typical melt behavior in the polymer displacements. After an
initial inertia dominated period, lasting until t= 0.5, one observes,
in the monomer displacement, a crossover to a subdiffusive,
Rouse mode dominated regime, and at long times another cross-
over to the free diffusion limit, from which we read of the trans-
lational diffusion coefficient at that temperature. At the lower
temperature, T=0.5, depicted on the right, a plateau regime is
clearly visible in the monomer displacement extending about one
decade in time. This regime of caged dynamics is indicative of the
approach to the glass transition in the supercooledmelt.Whenwe
analyze themotion of the dumbbell as an indicator for the matrix
glass transition, we observe that it mirrors the matrix behavior
irrespective of whether it is free (red curves), center-attached
(green curves), or end-attached (blue curves). The free dumbbell
is not following the late stages of the Rouse mode dominated
dynamics and crosses over to free diffusion at an earlier time than
the chains. Both chain-attached dumbbells of course have to
participate in the Rouse mode dynamics of the chains. While at
the higher temperature the end-attached dumbbell seems to be
slightly faster than the center-attached one for displacements larger
than one monomer diameter, there is no discernible difference
between these displacements at the lower temperature. However,
wehave tokeep inmind the limited statistical accuracywe canobtain
with one dissolved dumbbell for the long-time behavior of cor-
relation functions, evenwhenwe average over 10 independent runs.

When we now look at the incoherent intermediate scattering
function shown inFigure 2, we can observe the same built-up of a
two-step relaxation behavior upon approach of the glass transition

Figure 1. Mean square displacements as a function of time for T=0.7
(left) and T = 0.5 (right). The black curves describe g1(t) for all the
monomers of all the chains for the bulk model system. The red, green
and blue curves pertain to similar information for the free dumbbell,
the dumbbell covalently linked in the center or at the end of one chain,
respectively.

Figure 2. Intermediate dynamic structure factor Fq(t) at the first max-
imum (q=6.9) of the static structure factor for the NVE simulations
performed at temperaturesT=0.7 (left) andT=0.5 (right). The black
curves describe Fq(t) for the chains in the bulk model system. The red,
green, blue curves pertain to similar information for the free dumbbell,
the dumbbell covalently linked in the center or at the end of one chain,
respectively.
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as discussed for the mean square displacements. At both tem-
peratures, all dumbbell scattering functions relax more slowly than
themonomer one. At the higher temperature there is an observable
difference between the free dumbbell and the end-attached
dumbbell on the one side and the center-attached dumbbell on
the other side, which relaxes more slowly than the other two for
times around the typical relaxation time (time to decay to 1/e)
which is about 5. We can see in Figure 1 that at these times the
spheres have moved over roughly 20% of their diameter and for
these time scales Figure 1 also displays a slightly slowermotion of
the center-attacheddumbbell thanof the end-attachedone, although
this feature, is hardly visible on the logarithmic scale of Figure 1.

Looking at the lower temperature, we see interesting differ-
ences developing in the mobilities of the dumbbells. In the inertia
regime, all dumbbells move in the same way and similarly to the
monomers of the chains. The inertial regimes end at around
t = 0.5. The extent of motion, however, is very different for the
different situations. The scattering function of the monomers
decays faster and to the largest extent through the inertial and
vibrational motion. Next comes the free dumbbell which relaxes
more slowly but to almost the same extent. The slower motion
can be understoodby a larger resistance that the dumbbell experi-
ences compared to two bonded monomers due to the increased
diameter of the spheres making up the dumbbell. The inertial
relaxation of the dumbbell is damped on the same time scale as
for the surrounding matrix, and the extent of its relaxation is
limited by that of thematrix. The chain-attached dumbbells share
the inertia time scale with the free dumbbell, but the extent of the
inertial relaxation is much smaller, that is, they are experiencing
about the same amount of spatial constraint, i.e., caging. The
end-attached dumbbell, however, is able to break out of the cage
earlier than the center-attached dumbbell, so its relaxation is
faster in the β-regime and early R-regime in the nomenclature of
mode-coupling theory. In the late alpha regime, i.e., for the final
50% of the relaxation the relaxation functions for both dumbbell
types agree again, however. This indicates that this regime is
determinedbyRousemode contributions affecting all parts of the
chain in a similar way.

To investigate the behavior of the end-attached and center-
attached dumbbells in this plateau regime in more detail, we plot
in Figure 3 their mean square displacements as well as the cor-
responding incoherent scattering functions at two slightly lower
temperatures,T=0.49 andT=0.47. AtT=0.49, we observe the
behavior discussed above forT=0.5: the end-attached dumbbell
breaks out of the plateau regime earlier than the center-attached
dumbbell. At T = 0.47, however, closer to the mode-coupling
temperature, this behavior has changed and the behavior of both
dumbbells is not longer distinguishable. This indicates that at the
onset of the caging (T= 0.5 and T= 0.49) chain connectivity
plays a stronger role than deeper in the caging regime (T=0.47)
where packing effects dominate.

We turn now to the rotational relaxation of the matrix and the
probes which is accessible through SMS techniques. Defining
uB(t) as a unit vector along the axis connecting the positions of
the two particles in the dumbbell at time t, one defines orienta-
tional time correlation functions in terms of

cosðθðtÞÞ ¼ uBðtÞ 3 uBð0Þ ð4Þ
via the Legendre polynomials Pl (cos θ) as

C l ðtÞ � Pl ðcos θðtÞÞ ð5Þ
and corresponding relaxation times

τl ¼
Z ¥

0

Cl ðtÞ dt

Here we have determined also analogous data for the orienta-
tional correlations of bonds in the polymer chain, which can be
defined in the same way by averaging the data over either the last
bonds or all bonds except the last ones in all polymer chains, to
compare to the two bonding situations of the dumbbells. Inmany
single molecule spectroscopy (SMS) studies, emphasis is put on
the measurement of the linear dichroism trajectories, d(t). In terms
of the single molecule emission intensity along two mutually
perpendicular polarization direction Ip and Is, d(t) is defined as

dðtÞ ¼ ðIp - IsÞ=ðIp þ IsÞ ð6Þ
In simulations, an equivalent quantity can be defined as62

dðtÞ ¼ ð7=8Þ½ðeB1 3 uBÞ2 - ðeB2 3 uBÞ2� ð7Þ
where eB1 and eB2 are unit vectors along the two in-plane orthog-
onal polarization directions of the system, and uB is the unit vector
along the dumbbell axis, as before.

As an example we display the second Legendre polynomial
autocorrelation function of bonds and dumbbells in Figure 4 for
the same two temperatures studied in Figure 1 and Figure 2. For
the bond-correlations, obviously the orientation of the less con-
straint bonds at chain ends decorrelates faster than in the center
of the chain. For the dumbbell we observe for both temperatures
a stronger decorrelation due to the short time inertial regime than
for the bonds. All dumbbell correlation functions are, however,
more strongly stretched in the β-relaxation regime than the bond
correlation functions so that their asymptotic decay occurs on a
longer time scale. Here the free dumbbell shows the fastest
decorrelation, followed by the end-attached dumbbell, and the
center-attached dumbbell has the largest relaxation time. In the
late R-relaxation regime, however, the dumbbell correlation
functions and the bond-correlation functions are more or less
parallel shifted with respect to each other, indicating that in this
time regime it is the relaxation behavior of the matrix which
determines also the relaxation of the dumbbells, irrespective of
whether they are free or chain-attached.

For all relaxation functions discussed above, we can define a
measure for the R-relation time τx of the various observables
(incoherent scattering function Fq(t): x = q, linear dichroism
Cd(t): x=d and second order Legendre polynomialsC2(t): x=2
autocorrelation functions by the condition

ðF=CÞxðt ¼ τxÞ ¼ 0:3 ð8Þ

Figure 3. Mean squared displacement (left side) and incoherent scattering
function (right side) of end-attached dumbells (red squares are for T=
0.49 and black circles are for T= 0.47) and center-attached dumbbells
(blue triangles are for T=0.49 and green diamonds are for T=0.47).
Error bars are from a Jacknife procedure of the simulation trajectory.
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For these R-relaxation times and for the translational diffusion
coefficient several predictions for their temperature dependence
exist in the literature, the most prominent ones being the mode
coupling law2

Dt � ðT=Tc - 1Þγ ð9Þ
or

τx � ðT=Tc - 1Þ- γ ð10Þ
and the Vogel-Fulcher relation63

τ ¼ τ0 exp½B=ðT -T0Þ� ð11Þ
Here τ0 is a prefactor setting the high-temperature time scale,B is
some effective activation energy, and T0 the Vogel-Fulcher
temperature. Comparing Figure 5 and Figure 6 we can see that
both theMCT law and the Vogel-Fulcher law provide a reason-
able description of our data in the simulated temperature range,
when we keep the MCT critical temperature Tc or the Vogel-
Fulcher temperature T0 fixed to their known values for the
pure polymer melt system. The essential parameters of these fits
are the exponent γ for the MCT power law (see Table 1) and a
measure for the fragility B/T0 for the Vogel-Fulcher law (see
Table 2). For the R-relaxation exponent γwe observe a grouping
of the fit values with significant scatter between the fits. However,
the fit values for the diffusion coefficient are smallest on average,
followed by the values for the orientation correlation functions
which are similar and, finally, the γ values for the incoherent
scattering function are largest. Such a difference in γ value has
been observed before comparing relaxation functions involving
different length scales,54 e.g., incoherent scattering functions at
different q-values. For our correlation functions this signifies that
the orientation correlations are susceptible to larger scalemotions
than the incoherent scattering function at the wave vector shown.
Addressing the scatter between the different fit values for the
different dumbbells, we can plot relaxation functions as functions
of time in units of the R-relaxation time (Figure 7).

Then we observe that the curves for the incoherent scattering
function for all dumbbells and for the temperatures T= 0.47,
0.48, 0.49, 0.5 basically scale on top of each other in the late β,
earlyR regime, and the same is true for the orientation correlation
functions C2 and Cd. Performing an analysis of these scaled

functions with an extended von Schweidler law

HðtÞ ¼ f - h
t

τR

� �b

þ hB
t

τR

� �2b

ð12Þ

H(t) standing for either Fq(t) or C2(t) or Cd(t), yields none-
rgodicity parameters of f=0.73 for the incoherent scattering and
f = 0.87 for the orientation correlation functions, as well as
von Schweidler exponents of b=0.57 and b=0.66. These in turn
yield γ=2.48 for the scattering and γ=2.26 for the orientation
correlations employing the exponent relations of MCT. These
values are well compatible with the exponents found from free
fitting of the temperature dependence of theR-relaxation times in
Figure 5. The variation in values reported in Table 1 is therefore
attributable to the statistical uncertainty of our data and not

Figure 4. Second order Legendre polynomials autocorrelation func-
tions as a function of time for T = 0.7 (left) and T = 0.5 (right). The
solid (dashed) black curves describeC2(t) for the bonds at the end (in the
center, respectively). The red, green, and blue curves pertain to similar
information for the free dumbbell, the dumbbell covalently linked in the
center or at the end of one chain.

Figure 5. Log-log plots of the translational diffusion coefficients Dt

(a) and of the relaxation times τq (b), τ2 (c), and τd (d) for the pure
polymer system (black circles), the free dumbbell (red squares), the
dumbbell covalently linked in the center (green diamonds) or at the end
(blue triangles) of one chain. All relaxation times have been determined
empirically by the requirement (F/C)x(τx) = 0.3. The parameters γ
obtained from the fits to a power law (see text) are given in Table 1.
There are no linear dichroism data (d) for the bulk model system
because of the lack of characterization technique in this case. In the case
of the orientational second order correlation function (c) for the bulk
model system,wedid differentiate the functionwhere onlymonomers at
the end (filled black circles) of the chains were taken into account from
the one where all the monomers except the ones at the end (open black
circles) of the chains were taken.

Figure 6. Same as Figure 5 but in a Vogel-Fulcher format.The values
of the Vogel temperature T0 and of the fragility parameter B/T0 are
presented in Table 2.
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indicative of a difference in behavior between the differently
attached dumbbells. However, the difference in γ value between
the incoherent scattering data and the orientation correlation
functions is significant and in agreement with what was discussed
before.54

For the fragility parameter from the Vogel-Fulcher law no
clear trends are discernible. Concerning the flexibility of the
Vogel-Fulcher law as a phenomenological fitting function and
the limited available temperature range fromour simulations, the
differences between the quoted B/T0 values probably just reflect
the uncertainty of the fitting procedure.

Figure 5 andFigure 6 confirm again our earlier conclusion that
the dynamics of the dumbbells, whether dispersed freely in the
polymer matrix or attached covalently to a chain is a faithful

probe of the glass transition in the matrix. Keeping the critical
temperatures fixed in our fits was just necessitated by the statis-
tical scatter, especially for the single dumbbell data. Averaging
experimentally over a sufficiently large ensemble of individually
measured SMS data will, however, be necessary to determine
critical parameters for the MCT law or the Vogel-Fulcher law
with sufficient accuracy. Independent of whether we choose to
analyze correlation functions in terms of theMCT or the Vogel-
Fulcher law, we can plot them versus scaled time, scaling by the
respective estimate for the R-relaxation time determined as de-
scribed above. Figure 8 shows such a plot for the linear dichroism
which is the quantity of central interest in SMS experiments. On
the left side of the figure we display single time traces of the
dichroism signal as obtained for the free, center-attached or end-
attached dumbbell (from top to bottom). All three look very
similar, with perhaps a subtle difference between the center-
attached and end-attached dumbbell on the one hand and the
free dumbbell on the other hand. The latter one seems to have a
fluctuation pattern somewhat more homogeneous in time than
the former two. This subtle difference is also observable in the
dichroism time-correlation function shown on the right side of
the figure. The curves for the chain-attached dumbbells are more
stretched than the one for the free dumbbell, although the
observed effect is rather small. One may speculate that this hints
at a larger dynamic heterogeneity for the chain-attached dumb-
bells increasing at lower temperature, especially going below the
mode couplingTc and approaching the calorimetric glass transition
temperatureTg.After all, it is this temperature regimewhere experi-
ments typically show an increase of dynamic heterogeneity.37

Dynamic heterogeneity is also at the origin of the breakdown
of the Stokes-Einstein and Stokes-Einstein-Debye laws in glass
forming materials, leading, e.g., to a power law relation between
translational diffusion coefficient and correlation time

Dt � ðτq=TÞ- ξt ð13Þ
We have documented this breakdown before49,50 for our model
system and showed that it occurs for the pure polymer and the
dumbbell within the matrix as a probe of the matrix glass tran-
sition in the same way. In Figure 9 we show a double logarithmic
plot of the translational diffusion coefficient as a function of
relaxation time over temperature. The exponents for the plotted
fit lines are given in Table 3. The exponent values for the pure
polymer and the free dumbbell have been reported earlier.50 They

Table 1. γ Parameters Obtained by Fitting the MCT Law to the
r Relaxation Times τq, τ2, and τd and to the Translational Diffusion
Coefficients Dt for the Pure Polymer System, the Free Dumbbell,

the Dumbbell Covalently Linked in the Center or at the End
of One Chaina

γ

Dt τq τ2 τd

bulk 1.93 2.44 2.21 (c), 2.17 (e)
free 2.03 2.51 2.18 2.32
center 1.55 2.25 1.96 1.85
end 1.87 2.58 2.32 2.24

aThe results of the fits were obtainedby fixing the critical temperature
TC = 0.45.

Table 2. B/T0 Parameters Obtained by Fitting the Vogel-Fulcher
Law to the r Relaxation Times τq, τ2, and τd and to the Translational

Diffusion Coefficients Dt for the Pure Polymer System,
the Free Dumbbell, the Dumbbell Covalently Linked

in the Center or at the End of One Chaina

B/T0

Dt τq τ2 τd

bulk 1.92 2.28 2.13 (c), 2.10 (e)
free 2.10 2.35 2.14 2.19
center 1.45 2.17 1.99 1.94
end 1.72 2.42 2.19 2.18

aThe results of the fits were obtained by fixing the Vogel temperature
to T0 = 0.37.

Figure 7. Incoherent scattering function (left side) and orientation cor-
relation functions (right side) plotted vs time scaled by the respective
R-relaxation time. The plots contain data for all three types of dumbbell
attachment and the temperatures T=0.47, 0.48, 0.49, 0.5. The red line
(light gray line) is an extended von Schweidler fit to the scaling regime in
these master plots (see text).

Figure 8. Left: Linear dichroism d(t) trajectories of a free dumbbell (red
curve), a dumbbell covalently linked in the center (green curve) or at
the end (blue curve) of one chain in a model system at a temperature of
T=0.5. Right: Corresponding (red squares, green diamonds, and blue
triangles, respectively) orientational time correlation functions Cd(t)
versus time scaled by the R-relaxation time τd of the linear dichroism.
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are about 10% larger than the values found for the chain-attached
dumbbells.

Conclusions

We have performed molecular dynamics simulations of a
model system for a glass forming polymer melt into which
fluorescent molecules are embedded. Our simulations mimic
recent experiments where a fluorophore is either dispersed into
the host matrix or where it is covalently bound into the center or
at the end of a dilute fraction of chains in the melt. These
fluorophores are studied by single molecule spectroscopy tech-
niques and are employed as probes of the glass transition of the
melt. Addressing single molecules offers the possibility to study
spatial and dynamic heterogeneity in the melt on a single molec-
ule level.

While the measurement of temperature dependence of differ-
ent translational and rotational autocorrelation functions for the
embedded fluorophores in principle allows to determine various
characteristic temperatures of the glass forming matrix such
as the mode-coupling Tc or the divergence temperature T0 of
the Vogel-Fulcher law, reducing the statistical scatter in such
measurements to a sufficient degree to allow for an accurate
determination of these temperatures requires a significant experi-
mental effort in averaging over a large sample of independent
molecules.

We had shown in earlier studies that a fluorescent molecule
dispersed into the polymer melt can be a faithful probe of the
glass transition in the hostmatrix.We showhere that this remains
true for chain-attached probes as well. Our findings for the
dichroism autocorrelation functions agree with the experimental
observation in ref 47 that they show no discernible difference for

different attachments in the chain. However, we would suggest
that experimentally such a comparison should be made to the
autocorrelation of dispersed dumbbells which should show a less
stretched decay, i.e., smaller dynamic heterogeneity.

While there are no discernible differences in the long-time
relaxation behavior of the chain-attached probes (late R-relaxation
times), there seem to be subtle differences on the time scale on
which the caging between neighboring chains in the melt occurs.
These time scales could not be probed in the SMS experiments so
far.46,47 End-attached and center-attached dumbbell are experi-
encing an equal localization scale in the caging regime, but the
end-attached dumbbell breaks out of this caging at a smaller time
scale than the center-attached one. We have shown this behavior
to occur upon approaching the mode-coupling Tc but experi-
mentally it might be still better observable at temperatures closer
to Tg which are not accessible in our simulations. On the one
hand, the corresponding time scales then are larger and on the
other hand, our results indicate that the difference between the
relaxation behavior of the two types of chain-attached dumbbells
increases upon cooling.
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