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Solvation dynamics of a triplet state probe is used to explore the dynamics of supercooled propylene
carbonate �PC� when modified by the presence of poly�methyl methacrylate� �PMMA� in viscous polymer
solution. In the PMMA weight fraction range 0 to 0.32, the relaxation time for dipolar solvation increases by
a factor of approximately 1500, if evaluated at a constant temperature. This is equivalent to a shift of the PC
glass-transition temperature Tg by +6.4 K as a result of geometrical restriction by the presence of 32 wt. %
PMMA. In terms of the estimated average PC-PMMA distance, the relaxation time approaches the bulk value
much more rapidly compared with size effects of confinement in porous glasses or microemulsion droplets.
The interpretation of this feature is that a reduced PMMA concentration not only increases the average
PC-PMMA distance, but also changes from a solid to a more open topology of the confining material. Accord-
ingly, the slowest dynamics in these mixtures are not found near a single polymer chain, but only in the more
concentrated polymer environments where a larger fraction of the cooperative volume is immobilized by
macromolecules.
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I. INTRODUCTION

Supercooled liquids combine the irregular structure of
normal liquids with viscosities which can be more reminis-
cent of the solid state.1 In the viscous regime near the glass
transition temperature Tg, it requires a considerable distance
between two molecules for them to relax independently.
Such a length scale inherent in the supercooled state of liq-
uids is often associated with the size � of cooperatively re-
arranging regions �CRR’s�,2 or with the domain sizes related
to dynamic heterogeneity.3–5 In either case, length scales
around a few nanometers are typically reported.6,7 As a re-
sult, it is not surprising that such liquids are particularly sen-
sitive to geometrical confinement if the spatial restriction
approaches the several nanometer range. Confinement effects
on molecular liquids near their glass transition have been
investigated extensively,8–12 but no unifying picture has
emerged from the observations yet.13,14 As in the original
observation, confinement effects are often reported as a
change in the glass transition temperature Tg.15 For practical
purposes, Tg is usually defined by a threshold value of the
viscosity ��=1012 Poise� or of the relaxation time ��0

=102 s�.16 Therefore, a certain confinement induced �Tg

translates into a concomitant change of the time scale of
structural relaxation or viscous flow, provided that amplitude
and correlation pattern are approximately preserved.17 Such
changes in the time scale of molecular motion will alter the
transport properties of liquids near surfaces, interfaces, or
membranes and in restricting geometries such as rocks, clay,
or other porous materials.

Among many others techniques, solvation dynamics ex-
periments have been employed in order to gain further in-
sight into the effects geometrical confinement has on the dy-
namics of liquids.18–20 The triplet state variant of this optical
technique is specifically designed to address the slow relax-
ation features of viscous liquids near their glass
transition.21,22 In recent studies, we have used triplet state

solvation techniques for studying the dynamics of confined
liquids at the liquid/solid interface,23 and for comparing hard
versus soft boundary conditions.24,25 These observations
could all be rationalized on the basis of modified dynamics at
the interface, with the effect penetrating into the liquid on a
length scale which agrees with that of cooperativity. The
interfacial relaxation times were around three decades away
from the bulk counterpart, slower in the case of “hard” con-
finement and faster in the case of “soft” confinement. Effect
other than those related to the surface, i.e., true “finite size”
effects, did not need to be considered. Dramatic changes of
the relaxation time at interfaces are restricted to the cases of
supercooled liquids,26 while more fluid system display
smaller relaxation time changes,27 which do not extend away
from the surface.28 This can be attributed to a reduced length
scale of cooperative effects at the higher temperatures, where
� is not expected to exceed the dimensions of a molecule
significantly.29

Near a solid interface, e.g., in a porous glass, a significant
fraction of the cooperative volume of the liquid is replaced
by immobile material, leading to the strongly altered dynam-
ics mentioned above. On the other hand, a single guest mol-
ecule has little or no effect on the surrounding dynamics,
even if its mobility is greatly reduced relative to the liquid.
Polymer solutions at different concentrations provide inter-
mediate situations, allowing one to assess the impact of the
size of a rigid obstacle �in terms of the fraction of coopera-
tive volume� required for the dynamics to change by orders
of magnitude.

In the present work, we ask whether the case of moder-
ately hard confinement in terms of polymer solutions can
also be rationalized on the basis of certain interfacial condi-
tions which extend few nanometers into the liquid. As a re-
sult of a dielectric study of the dynamics of a molecular
liquid as part of a polymer solution, Svanberg et al. have
suggested that the solvent relaxation time changes systemati-
cally as a function of the distance from the polymer chain.30
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In order to provide a straightforward comparison with our
previous results, triplet state solvation technique are applied
again to explore the confinement effects in a polymer solu-
tion, propylene carbonate in poly�methyl methacrylate�. It is
assumed that the macromolecules act as semirigid barriers to
the mobility of the molecular solvent, which is probed by the
solvation dynamics experienced by a suitable chromophore.
However, randomly scattered polymer chains will not
modify the relaxation behavior in the same way as the solid
surface of a porous glass. Experimental control over the av-
erage length scale of confinement is by the polymer concen-
tration. However, the effect of reducing the polymer content
is twofold: it allows for larger solvent pools or larger average
distances of the solvent to the nearest polymer chain, and it
changes the topology of the confining material from a more
connected enclosure to a more open structure. Therefore, the
effect of polymer concentration will not necessarily map
onto a pore size diameter like dependence of a true three-
dimensional geometrical restriction.

II. EXPERIMENTS

The technique of triplet state solvation dynamics requires
a dipolar probe dissolved at a low concentration in the sys-
tem under study.22,31 For the present case of a solvent with
substantial polarity, quinoxaline �QX, Aldrich, 98%, further
purified by sublimation� is employed as a suitable chro-
mophore at a concentration around 2�10−4 mol/mol with
respect to the molecular solvent. Poly�methyl methacrylate�
�PMMA, Aldrich, �5% toluene� with both higher and lower
molecular weight �Mw=996 kg/mol and 120 kg/mol� has
been used as polymer component. The polymer was heated
to 450 K under vacuum to eliminate moisture and other vola-
tile impurities before any measurement. Propylene carbonate
�PC, Aldrich, 99.7%, anhydrous� was used as received. The
glass transition temperature of PC near Tg=160 K is much
lower than that of PMMA near 380 K. The mixtures of PC
�with QX added� with PMMA were prepared and allowed to
equilibrate at room temperature for extended periods of time.
Heating up to 330 K was required for the higher PMMA
concentrations to increase the mobility and accelerate the
process of dissolving in PC. At elevated PMMA concentra-
tions the viscosity of the mixture becomes extremely high,
which limits this investigation to samples from pure PC to
about wPMMA=32% PMMA content. The sample is filled into
a copper cell with fused-silica window for the optical experi-
ments. This cell is mounted to the cold stage of a closed
cycle He refrigerator �Leybold, RDK 10-320, RW 3� and the
temperature is measured and stabilized by a controller �Lake
Shore, LS 330� equipped with calibrated diode sensors �Lake
Shore, DT-470-CU-13�.

The key observable in a triplet state solvation study is the
time resolved phosphorescence emission spectrum of the
probe QX, because the time dependent redshift of the optical
emission provides direct information on the solvent
dynamics.32 Details of the technique and interpretation have
been supplied elsewhere.17,19,21,22 In brief, a frequency
tripled Nd:YAG laser �Continuum, SLI-10� operated at
�exc=355 nm is used to excited the probe molecule at a rep-

etition rate of �1 Hz. The phosphorescence emission is dis-
persed by a triple grating polychromator �Acton Research,
SpectraPro-275� and registered by a MCP intensified diode
array camera �EG&G, 1455B-700-HQ� with controller
�EG&G, 1471A�, gating options �EG&G, 1304�, and syn-
chronization facilities �SRS, DG-535�. The system is wave-
length calibrated and across the typical redshifts of approxi-
mately 300 cm−1 the spectral sensitivity is sufficiently flat so
that uncorrected emission data is used. The time resolution is
defined by gating the camera with gate delays between 10 	s
and 1 s, and the gate width being set to 
10% of the delay
time. Spectra are recorded by accumulating the signals from
typically 300 excitation pulses. The time resolved solvation
dynamics experiments all refer to the T1→S0�0−0� emission
of the probe QX, recorded at logarithmic time increments.

III. RESULTS

In order to determine the relaxation behavior of the sol-
vent, the time resolved T1→S0�0−0� emission spectra are
analyzed in terms of Gaussian profiles, which provides the
average emission energy ��̄�t�� as a function of time. The
limiting values at short and long times determine the total
redshift ��̄= ��̄�t=0��− ��̄�t→ � ��, which is ��̄bulk

=355 cm−1 for bulk PC. This comparatively large value for
the probe QX originates from the large dipole moment
��5 D� and dielectric constant ��83� of PC in its viscous
regime. Scaling the average emission energies to their limit-
ing values yields the solvation �or Stokes-shift� correlation
function

C�t� =
��̄�t�� − ��̄����
��̄�0�� − ��̄����

, �1�

which reflects the �normalized� structural relaxation behavior
of the liquid.

An example for the time and temperature dependence of
C�t� is shown in Fig. 1 for the QX/PC/PMMA sample at a
concentration of wPMMA=6.25%. The solvent response is
best characterized by fitting the resulting C�t� curves with
suitable relaxation functions. In the case of viscous liquids,
C�t� decays deviate strongly from purely exponential pat-
terns and often follow a stretched exponential or Kohlrausch-
Williams-Watts �KWW� functions

C�t� = exp�− � t

�0
�	 . �2�

Such a fit quantifies the characteristic relaxation time scale
by �0 and the degree of nonexponentiality by the exponent 
with 0�
1. Within the limited experimental temperature
ranges, the stretching exponent  is not expected to change
significantly with temperature, and the KWW fits in Fig. 1
thus use a common exponent =0.4. The main effect of
temperature is to alter the relaxation time constant �0, which
amounts to a factor of �5 per Kelvin in the present example.

Typically, the time scale of structural relaxation in super-
cooled liquids changes in a super-Arrhenius fashion. In many
cases, the value of �0 depends on temperature according to
the Vogel-Fulcher-Tammann �VFT� law
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log10��0/s� = A + B/�T − T0� . �3�

In the case of our PC/PMMA mixtures, VFT like behavior is
observed in Fig. 2, consistent with the position and curvature
of dielectric relaxation data for bulk PC.33 The dashed line in
this graph represents a VFT fit to the bulk PC solvation data,
using the parameters A=−16.0, B=405 K, and T0=133.4 K.
As obvious from Fig. 2, the dominant effect of composition
is to shift the curves towards longer relaxation times as the
PMMA content is increased. Within the limitations of the
solvation experiment, this frustration effect is not strongly
dependent on temperature. In order to quantify this compo-
sition dependent feature with a single variable, a temperature
T�=162 K is selected for which relaxation times are avail-

able across the entire experimental range of compositions.
The relaxation times determined at this particular tempera-
ture are compiled as �0� in Table I.

Other relevant composition dependent results also com-
piled in Table I are: the total redshift ��̄ experienced by QX
in the mixture, the glass transition temperature Tg based upon
the �=100 s criterion, the above relaxation time �0�, the
KWW or stretching exponent  derived from analyzing the
C�t� functions, and the logarithmic relaxation time �0 relative
to the bulk value, log10��0 /�bulk�. The composition effect on
the relaxation time �0� is shown in Fig. 3, while the depen-
dence of the total redshift ��̄ and of the KWW exponent 
on concentration are plotted in Fig. 4.

It should be noted that two different molecular weights
have been used in this investigation. At low PMMA concen-
tration, a high molecular weight was required to prevent
phase separation which became obvious by the opaque ap-
pearance of the sample. At high PMMA content, a low mo-
lecular weight accelerated the processes of dissolving and
flowing. The dependence of Tg on molecular weight can be
accounted for with the equation Tg=Tg���−K /Mn,34 where
the constant K is of the order 105 K g mol−1 and Tg���
=378 K for PMMA. Accordingly, there is only a small Tg
shift of about 0.5–1 K between the Mw=996 kg/mol and
120 kg/mol PMMA samples. In order to check whether mo-
lecular weight altered the properties of the system, samples
with the same concentration for the higher and lower mo-
lecular weight were made. They showed identical dynamics
within the experimental uncertainty.

IV. DISCUSSION

Experimental approaches to the effects of geometrical re-
striction and proximity of interfaces on liquid dynamics have
used many different techniques,10–12,35–41 confining
geometries,42–44 and surface properties.14,19,45 Therefore, it is
not surprising that the confinement situation is not entirely
characterized by a reduced spatial dimension like pore diam-
eter. In fact, many observations demonstrate the importance
of the particular condition at the boundary or interface,
where the liquid under study is in contact with the confining
material. In the case of porous glasses, surface treatment has
been shown to alter the dynamics of the liquid, with only
little change in the size.20,46 A particularly clear case is our
recent comparison of hard and soft boundaries, where the
glass transition shift can be several Kelvin positive or nega-
tive for the same size of the confinement, but with the inter-
face being a rigid glass or more fluid than the confined
liquid.25

Additional relevant features are the dimensionality of the
geometrical restriction and the topology of the confining
material.47 In the present context, topology refers to the
structure of the confining geometry, e.g., solid surface, more
open network such as a polymer gel, or just the occurrence of
small immobile obstacles within the liquid. An uninterrupted
rigid surface can increase the relaxation time by several or-
ders of magnitude relative to the bulk liquid.23 On the other
hand, individual molecules which are somewhat larger than
the liquid constituents can be practically immobile on the

FIG. 1. Time resolved solvation correlation function C�t� for
QX in a 6.25% PMMA in PC mixture. The symbols are experimen-
tal results for different temperatures as listed from top to bottom
curve. These data are used to determine the values for �0 and 
according to Eq. �2�. The resulting KWW fits are represented by
solid lines and calculated using a common value of =0.4 and the
relaxation times �0 compiled in the legend.

FIG. 2. Temperature dependent solvation times �0�T� of QX in
PC/PMMA mixtures of various compositions between 0 and 31.8 %
PMMA weight fraction as indicated in the legend. Errors of log10���
range from 0.1 around �=0.1 s to 0.6 at much faster and slower
times, with the latter cases relying more on fixing the remaining
parameters. Symbols represent the experimental results, solid lines
serve as guide only, the dashed line is a VFT fit to the bulk PC data
with A=−16.0, B=405 K, and T0=133.4 K.
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time scale of the liquid’s structural relaxation, but their im-
pact on the dynamics of the neighboring liquid molecules is
negligible. The latter notion is justified by observing that
solvent dynamics are bulklike even in the vicinity of probes
which do not reorient on this time scale.48,49 Here, the mo-
lecular obstacle can be considered rigid, but its overall size
or contact area with the liquid is insufficient to alter the
dynamics significantly because only a small fraction of the
cooperative volume is modified. Polymers or other macro-
molecular objects are intermediate between the two extremes
discussed above, and assessing their impact on confinement
is the topic of this discussion.

It is a common observation that solvent molecules have a
decreased mobility in the presence of polymeric molecules
with higher Tg values.50 To examine the polymer concentra-
tion effect on the relaxation time, we show the results of �0
versus PC weight fraction at T�=162 K in Fig. 3. The tran-
sition from the bulk PC liquid to the liquid strongly confined

to the polymer gel is not uniform. There are regions where
the relaxation times show a rapid increase, from pure PC to
about 13% PMMA and from 22% to about 32% PMMA
content. However, the relaxation time is almost independent
of the PMMA concentration in the region from 13% to 22%
regarding wPMMA. A very similar tendency has been observed
by Svanberg et al. by dielectric spectroscopy on PC/PMMA
gels.30 It is concluded that the larger �0�s reflect those of the
polymer chain segments in a solvent-altered environment
and the smaller �0�s relate more to the solvent mobility in the
presence of polymer chains.51 Compared with the dielectric
measurement, the solvation technique is expected to respond
more selectively to the dynamics of the PC molecules. The
reason for this is the predominantly dipolar nature of the
solvation of QX and the preferred solution in more polar
solvents. In the present case, PC will generate the higher
dipole density near QX. As a result, the range of the plateau
phenomenon is less pronounced in the present case.

TABLE I. Characteristic parameters for the solvent dynamics in PC/PMMA mixtures for various compo-
sitions. The columns refer to the weight fractions of PMMA �wPMMA� and PC �wPC�, the total redshift ��̄
experienced by QX in the mixture, the glass transition temperature Tg based upon the �=100 s criterion, the
relaxation time �0� at T�=162 K, the stretching exponent , the logarithmic relaxation time relative to the bulk
value, and the estimated average PC to nearest PMMA distance x.

wPMMA


%�
wPC


%�
��̄


cm−1�
Tg


K�
�0�

s�  log10��0 /�bulk�

x

nm�

0.00 100 355 155.0 0.016 0.40 0.00 -

6.25 93.7 319 155.5 0.028 0.40 0.24 0.66

10.0 90.0 297 156.3 0.077 0.36 0.68 0.47

13.3 86.7 275 157.0 0.20 0.34 1.09 0.37

13.8 86.2 227 157.2 0.27 0.34 1.22 0.36

21.8 78.2 240 157.3 0.27 0.34 1.23 0.23

28.0 72.0 215 159.0 1.68 0.35 2.02 0.17

28.8 71.2 176 160.0 6.53 0.25 2.61 0.17

31.8 68.2 227 161.4 24.6 0.31 3.19 0.15

FIG. 3. Composition dependence of the solvent relaxation time
�0 of QX in PC/PMMA, determined at a common temperature T
=162 K. Symbols represent the experimental results, the lines serve
as guide only. In this range of PMMA weight fraction from 0 to
31.8%, the relaxation time changes a factor of 1540, i.e., approxi-
mately 3.2 decades.

FIG. 4. Composition dependence of the total solvation redshift
��̄ �solid symbols� and stretching exponent  �open symbols� for
the solvation dynamics of QX in PC/PMMA. Within the present
experimental range, both values are considered temperature inde-
pendent. The connecting lines serve as guides only, the dashed line
shows wPC���̄bulk, with ��̄bulk=355 cm−1.
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Apart from the average relaxation time, the redshift am-
plitude ��̄ and the stretching exponent  are quantities that
change systematically with composition. With the addition of
PMMA, the solvation amplitude is reduced from ��̄bulk
=355 cm−1 to values around ��̄�200 cm−1 at 32 wt. %
PMMA. The dashed line in Fig. 4 shows wPC���̄bulk, sug-
gesting that the reduction of the polar �PC� component in the
mixture could account for this effect. As in many examples,
the dispersion of solvation times gauged by bulk=0.4 is
more pronounced than that of the dielectric relaxation.52 As
the polymer is added, relaxation time gradients and concen-
tration fluctuations are expected to add to the dispersion,
which widens the distribution of relaxation times and re-
duces  to 0.3. In terms of dielectric relaxation data, pure PC
displays an unusually high exponent �0.73�relative to its
fragility�, so that concentration fluctuations become very
apparent.30 With the solvation dynamics counterpart, bulk
=0.4, as an upper limit for the composition dependence, the
changes of  with wPMMA are much smaller in a solvation
study.

For assessing the effect of the cooperativity length scale �
in this polymer solution, a translation from composition to an
average PC-PMMA distance is required. However, the struc-
ture of polymers in solution is too complicated for a straight-
forward but realistic approach to the distribution of solvent
molecule to polymer chain distances. In order to provide an
estimate, we assume the picture that the macromolecules are
parallel and equally spaced cylindrical rods in the liquid.
Assuming a volume fraction P of PMMA in a liquid volume
which is cubic with side length L, then the volume occupied
by the polymer within the cube is

PL3 = n�r2L . �4�

Here, n is the number of polymer chains in the cube, r
�0.25 nm is the radius of the PMMA chain. In this approxi-
mation, the nearest center-to-center distance D between two
polymer chains is simply

D =
L
�n

=��r2

P
. �5�

If the chromophore QX is uniformly dissolved in PC, the
average distance x of one QX molecule to the nearest poly-
mer chain is about half of that between two polymer chains
after subtracting the radius r of the polymer chain. Table I
includes these calculated distances x for the experimentally
realized compositions. The value D for the 31.8%
PMMA/PC sample is consistent with the polymer-polymer
center of mass distance of 0.8 nm obtained from quasi-
elastic neutron scattering experiments for a 30 wt. %
PMMA/PC sample.53 A more detailed scrutiny of polymer
concentration effects has to go beyond a simple distance de-
pendence: As the polymer content increases, the effective
dimensionality of the confining topology will change from
one- to more three-dimensional restrictions. In parallel, the
more pronounced effects of binary and ternary contact points
in a polymer solution gain importance. In a detailed struc-
tural study, Svanberg et al. have obtained the complex de-
pendence of the “mesh” size in a polymer solution on its

concentration.54 The resulting rapidity of the change of size
with weight fraction is supportive of our above simplified
estimate in the present composition range of interest.

The main implication of the above calculation is shown in
Fig. 5, which shows that the relaxation time of PC increases
sharply as the proximity to the polymer chain becomes more
important. Empirically, the data can be described by the ex-
pression log10��0 /�bulk�=5.8 exp�−x /0.2 nm�, included in
Fig. 5 as solid line. Two features of this graph are important:
the total range of observed relaxation time change is 3.2
decades, and thus very similar to the total changes seen or
estimated in other cases of confinement,55 and the curve falls
off much steeper than expected on the basis of typical values
for the length scale of cooperativity, ��2±1 nm. In previous
work on confined 3-methylpentane,25 we have explored the
dynamics of nanoconfined and interfacial supercooled liq-
uids near their glass transition temperatures using porous
glasses. By specifically measuring the dynamics of the inter-
facial layer at the pore wall,23 it was found that the relaxation
time is 3.3 orders of magnitude longer than that of the bulk
liquid. Judged by the pore size effect, this frustration effect
decreases gradually across the first few nanometers distance
away from the interface. For supercooled propylene glycol in
hard and soft confinement of porous glass microemulsion
droplets, the observations are again consistent with a �3
decade change of the time scale at the interface and bulklike
dynamics a distance � away from the surface.55 The dynam-
ics of PC in the highest PMMA concentration is again about
3 orders of magnitude slower compared with the bulk PC
case. The 32 wt. % PMMA concentration might be similar
to the situation of interfacial dynamics in pores, where one
side of the environment is rigid �PMMA� while the remain-
der is mostly liquid �PC�. Interestingly, a similar effect has
been derived from a confined binary Lennard-Jones model of
a liquid by Scheidler et al.,56 which also displays a gradual
change in relaxation time by three orders of magnitude as the
surface is approached.

At distances further away from the polymer strands, the
frustration effect of the PC/PMMA interface naturally de-

FIG. 5. Logarithmic ratio of the solvent relaxation time �0 �T
=162 K� relative to the bulk value �bulk, plotted versus the esti-
mated PC to nearest PMMA distance x. Symbols represent the ex-
perimental results, the solid line shows the relation log10��0 /�bulk�
=5.8 exp�−x /0.2 nm�, the dashed line marks the bulk level �0

=�bulk.
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creases. Previous studies concerned with the distance depen-
dence from a surface were consistent with the cooperativity
governing how the change in dynamics fades as the distance
from the interface increases.25,55 The basis for this picture is
that the distance � at which two molecules can relax inde-
pendently should be also relevant for the separation between
a molecule and a surface required for independent motion.
However, the distance dependence in Fig. 5 appears to be
significantly different than what has been observed for con-
finement to porous glasses or microemulsions. In order to
explain the origin of the steepness characterized by the “1/e”
length of 0.2 nm, we note that the increase of the average
distance is not the only consequence of varying the compo-
sition. At a lowered PMMA concentration, the amount of
immobile material is not only more distant from PC �on av-
erage� but also more scattered and less interconnected.
Therefore, it becomes evident that at a given distance from a
molecule, a certain surface coverage is needed to generate
the dramatic confinement effects observed in nanoscale
pores. Because this surface coverage decreases with polymer

concentration, the abscissa in Fig. 5 is not a true spatial scale
and the relaxation time reverts to the bulk value much more
rapidly than on a real distance scale. Contrary to the picture
advanced earlier �Fig. 7 of Ref. 30�, we conclude that even
the immediate proximity to a macromolecular chain is not
sufficient for increasing the time scale by a factor of 1000 or
more. Figure 6 provides an attempt to emphasize this view
schematically, suggesting that the very slow dynamics will
be found only near clustered polymer chains �top right situ-
ation�. A better understanding and insight than currently
available is needed for a more quantitative treatment of this
interesting problem.

V. SUMMARY AND CONCLUSIONS

We have performed a triplet state solvation dynamics
study of viscous propylene carbonate subject to the confine-
ment effects imposed by the presence of up to 32 wt. % of a
polymer, poly�methyl methacrylate�. Consistent with a pre-
vious dielectric study of PC/PMMA, we observe a change in
the solvent’s relaxation time by 3.2 orders of magnitude
across the 0 to 0.32 PMMA weight fraction range. The extent
of relaxation time change �factor of 1000–2000� appears to
be a common feature for the frustration effect in the imme-
diate vicinity of a rigid surface. A striking result is the rapid-
ity with which the dynamics revert to bulk behavior as the
PMMA concentration is reduced. This finding is not compat-
ible with a pure PC-PMMA distance effect, where the length
scale � of cooperativity governs the size or concentration
dependence. Instead, close proximity to a polymer chain is
assumed to generate only a fraction of the total change in
dynamics, whereas a higher amount or surface coverage of
the more rigid macromolecule is required around a solvent
molecule in order to reduce its mobility by �3 orders of
magnitude. Therefore, reducing the polymer concentration
increases the average PC-PMMA distance and changes the
confining topology from connected and extended rigid sur-
faces towards more molecule-sized immobile obstacles.
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