
www.elsevier.com/locate/jnoncrysol

Journal of Non-Crystalline Solids 351 (2005) 2657–2667
Section 3. Dynamics of nano-confined systems
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d Dpto. Fisica de Materiales UPV/EHU, Apdo. 1072, E-20080 San Sebastiàn, Spain
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Abstract

Inelastic neutron scattering was employed over recent years to investigate the influence of spatial confinement on the dynamics of
glass-forming systems. We review the common phenomena observed by neutron scattering in such different confining hosts like por-
ous glasses, molecular sieves, clays or free standing polymer films, which impose a spatial limitation to the motion of small organic
molecules, oligomers or polymers. Near the glass transition temperature the mean squared displacements of the confined molecules
show clear deviations from the bulk behavior. The observed increase or decrease of the mean squared displacements confirms the
high relevance of the interface interaction near walls of confining media without excluding additional real confinement effects. We
show a new comparison of the mean squared displacement for PDMS and PMPS in bulk and in different type of restricting geom-
etries, which evidence a weak influence of the restricting geometry on the local methyl group motion, but a strong influence on the
glass transition dynamics, if wall interactions are taken into account. Strong wall interaction is also supported by the intermediate
scattering function, measured either by combining neutron backscattering and time-of-flight experiments to cover 3 decades in time
from ns to ps or by neutron spin echo, which reveal above Tg an increasing elastic fraction with decreasing pore size and a slowing
down of the dynamics. Furthermore we show that a reduction of modes below the Boson peak frequency is a more general feature of
confined glass-forming systems.
� 2005 Elsevier B.V. All rights reserved.

PACS: 64.70.Pf; 29.30.Hs; 61.25.Hq
1. Motivation

The influence of spatial confinement on the dynam-
ics of condensed matter is of wide interest for both,
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applications and fundamental understanding. Concern-
ing the latter and for the purpose of searching for a
possible correlation length underlying the physics of
glass formation – a possible signature of it could be
the Vogel–Fulcher divergence of transport properties
with decreasing temperature – it seems attractive to
study glass-forming systems in spatial confinement.
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This has been motivation for many experiments and
computer simulations on low molecular and polymeric
glass-forming systems in spatial confinement of pores
or films over recent years (see, e.g., Refs. [1–3]).

The idea seems simple: if a molecular motion is corre-
lated to the motion of molecules in its environment,
reaching out to a certain distance, then hypothetically
cutting out a smaller range around this molecule should
remove some constraints to motion. Spatial limitations
in pores or films could have such an effect. In the case
that the described constraints would lead to a slowing
down of the motion, one would expect the dynamics
of the molecules to be accelerated in a spatially limited
environment. If a growing correlation length with
decreasing temperature would be at the origin of glass
formation [4–7], then a spatial limitation should de-
crease the glass transition temperature Tg, because the
molecules would stay mobile down to lower tempera-
ture. In fact the glass transition might become sup-
pressed completely below a certain confining spatial
length scale.

Of course the described isolated ideal system does not
exist and there will always be an interaction of the mol-
ecules with the wall. If the effect of this wall would be to
block the molecules at the surface of our previously iso-
lated idealized system, then this could counteract the de-
scribed acceleration of dynamics or if the wall would be
highly mobile one could expect an additional accelera-
tion. In the course of years it became more and more
evident from experimental investigations and computer
simulations that wall interactions are of utmost impor-
tance and that Tg can move up or down due to such ef-
fects [8]. Just to cite a few examples: adsorption layers
are formed and measured in pores, which leads to a
slowing down of dynamics; a �lubrication� of the pores,
e.g., by silanization, avoids or diminishes the slowing
down. For free-standing polystyrene films the glass tran-
sition can shift downwards as much as 70 K from the
corresponding bulk value [9,10]. For low molecular
weight substances obtaining free-standing films is unre-
alistic, but recently microemulsion of the PG/AOT/dec-
alin type were proposed to possess nearly �free� surface
conditions [11]. In fact in such a soft confinement the
dynamics is accelerated. Finally we also should mention
that for nanoporous confinement the pore geometry or
the wall roughness can have an important influence on
the dynamics (e.g., [12]). Furthermore we should men-
tion in passing that the density within the pore may
change, an observation which was recently made by
small angle neutron scattering [13,14].

We describe in this paper some aspects where neutron
scattering can contribute to understand the influence of
confinement. We will shortly introduce the experimental
method of inelastic neutron scattering, its information
content and how the above-mentioned confinement ef-
fects would show up in general. Finally we compile re-
cent experiments on organic liquids and polymers in
different confining environments and compare them.
2. Inelastic neutron scattering

Neutron spectroscopy can give a detailed picture of
how atoms or molecules move on a microscopic scale.
The space and time information comes from the energy
and momentum exchanged during a scattering experi-
ment between the neutrons and the sample. The space
sensitivity distinguishes neutron spectroscopy from
some other spectroscopic methods, like dielectric spec-
troscopy. Until recently neutron and dielectric spectros-
copy were complementary in time range, neutrons
probing dynamics on a very short time scale of pico-
to nanoseconds and dielectric spectroscopy at seconds
to ls times. In recent years both techniques have im-
proved, reaching about 0.1 ls with neutron spin echo
spectroscopy and extending the dielectric spectroscopy
up to ps. Whereas the space sensitivity remains an
advantage of neutron scattering, the dynamic range cov-
ered with one dielectric spectrometer is by far wider.
This is also why both techniques are often combined,
especially in the field of research of the glass transition,
because relaxation processes are spread over an extre-
mely large time scale, and dielectric data, mainly spec-
tral shape parameters and relaxation maps, are often
used as input or for comparison to inelastic neutron
scattering.

The double differential cross section, measured in a
neutron scattering experiment, can be written as

d2r=dXdx¼ 1=4p �kf=ki rcohScoh Q;xð ÞþrincSinc Q;xð Þð Þ;
ð1Þ

ki and kf are the incident and final wave vectors of the
neutron beam, Q is the momentum transfer vector, x

the angular frequency to energy transfer
E
�h
, X the space

angle of detection, S(Q,x) the so-called scattering func-
tions and r the scattering cross-sections for coherent
and incoherent scattering, respectively.

The scattering law can then be expressed in terms of
correlation functions. S(Q,x) is related by Fourier
transformation (FT) to the intermediate scattering func-
tion S(Q, t):

S Q;xð Þ ¼ 1=2p
Z 1

�1
S Q; tð Þe�ixt dt. ð2Þ

Here again one has to distinguish a coherent variant of
the intermediate scattering function Scoh(Q, t) referring
to the two-particle correlations

Scoh Q; tð Þ ¼ 1=N
XN
i¼1

XN
j¼1

eiQ�rið0Þe�iQ�rjðtÞ
� �

ð3aÞ



Fig. 1. Confinement effect on the methyl group tunnel splitting of ring
deuterated toluene in bulk and confined in MCM-41. The inelastic
incoherent scattering function, measured on the backscattering spec-
trometer IN16, is corrected for the elastic scattering not arising from
methyl groups and is plotted on a scale of 3% of the maximum
intensity. The thin line is the measured Vanadium resolution function
of same geometry. The thick solid line corresponds to a model
calculation for the rotational rate distribution [25]. The observed
change can be ascribed to a surface layer in confinement which leads to
a change in the distribution of local potentials and of the tunnel
splitting for methyl groups [28].
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(h i denotes the thermal averages) and the self or inco-

herent variant Sinc(Q, t), respectively:

Sinc Q; tð Þ ¼ 1=N
XN
i¼1

eiQ�rið0Þe�iQ�riðtÞ
� �

. ð3bÞ

S(Q, t) is related by inverse FT to the van Hove pair-cor-
relation function

G r; tð Þ ¼ 1

2pð Þ3
Z 1

�1
e�i Q�r�xtð ÞScoh Q; tð Þd3Qdx

¼ 1

N

XN
i;j¼1

dðr� rið0ÞÞdðr� rjðtÞÞ

¼ qð0; 0Þqðr; tÞh i ð4aÞ

and the self correlation function:

GS r; tð Þ ¼ 1

2pð Þ3
Z 1

�1
e�i Q�r�xtð ÞSinc Q; tð Þd3Qdx

¼ 1

N

XN
i¼1

dðr� rið0ÞÞdðr� riðtÞÞ; ð4bÞ

where in Eq. (4a) q is the particle density operator (for
more details see, e.g., Ref. [15]).

The coherent and incoherent scattering cross sections
vary strongly with the kind of atom and can be as high as
rinc(H) = 80.27 b for hydrogen, compared to the usually
much smaller cross section for other atoms: rcoh(H) =
1.76 b, rinc(D) = 2.05 b, rcoh(D) = 5.59 b, rinc(C) =
0.0 b, rcoh(C) = 5.56 b, rinc(O) = 0.0 b, rcoh(O) = 4.23 b,
rinc(Si) = 0.0 b and rcoh(Si) = 2.16 b [16], just to name a
few elements studied in this work (1 b = 10�24 cm�2). In
most neutron scattering experiments on organic liquids
and polymers the incoherent scattering dominates largely
due to the high hydrogen content and therefore the self-
correlation function is measured in good approximation.
For accessing the pair correlation function one can use
completely deuterated molecules or one can use H–D ex-
change to enhance the contrast for certain molecular
motions.

Most of the experimental results presented here were
taken on neutron backscattering (BS) or time-of-flight
spectrometers (TOF), which measure S(Q,x). We also
show an example from neutron spin echo (NSE). NSE
measures directly S(Q, t)/S(Q, t = 0) [17]. The samples
discussed in this work were mostly protonated, thus
the incoherent scattering dominates and by the pre-
sented TOF- or BS-experiments the self-correlation
function is accessed. In one case the methyl groups of
toluene was protonated and the phenyl ring deuterated,
which amplifies the signal from the methyl group, in an-
other case the opposite deuteration was chosen in order
to enhance the center of mass motion of the molecule.
One fully deuterated toluene sample was used for NSE
were the pair correlation function is measured.
3. Information from neutron backscattering

Neutron backscattering instruments like IN10 or
IN16 at ILL, Grenoble, France are crystal analyser
spectrometers [18] which achieve very high energy reso-
lution in the range of 1 leV, corresponding to observa-
tion times of the order of t � h/E � 4 ns. These
instruments are typically used in two different experi-
mental configurations: first, in the elastic fixed window
(EFW) mode, in which only elastic scattering processes
(DE � 0; within the instrumental resolution) are counted
and second, in the spectroscopic mode, where a moving
monochromator is used to periodically apply a Doppler
shift to the incident neutron beam. On IN16 an energy
transfer range of ±15 leV can be accessed (see, e.g.,
Fig. 1).

We consider in the following only incoherent scatter-
ing. Under the assumption that all molecular motions
are frozen at cryogenic temperatures (e.g., T < 2 K) we
measure with neutron BS only elastic scattering intensity
I0. Neglecting zero point motions, the integral over the
self correlation function and thus the integral over
Sinc(Q,x) should be unity (see Eq. (4b)). At higher



Fig. 2. Elastic temperature scans on bulk PMPS (Mw = 2600 g mol�1,
Tg = 223 K), the silicate matrix (which contains a surfactant) and the
intercalated nanocomposite (25% PMPS), measured on IN16 [20]. All
data are normalized to the lowest temperature at each Q-value. Bulk
PMPS shows a two step relaxation, at low temperature due to methyl
group rotation and at high temperature due to the onset of dynamics
near Tg. The observed decay for the silicate arises mainly from the
surfactant. For the nanocomposite a weak methyl group relaxation
step can be recognized as well as the decay near the glass transition.
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temperatures vibrational motions will set on and the
incoherent elastic intensity I = I0exp(�aQ2) will drop
with temperature like the Debye–Waller factor
(DWF), where a is the mean squared displacement
(msd), expressed here as a = 1/3hu2i (often a = 1/6hu2i
is used). In the EFW mode we measure the elastic scat-
tering as a function of a sample property, e.g., tempera-
ture, and extract hu2ieff(T) (on the ns-time scale) from
the Q-dependence of these scans by fitting straight lines
to ln(I/I0) vs. Q

2. The resulting msd is most sensitive to
the low frequency vibrational modes, because in first
order and at higher temperatures

u2
� �

eff
/ kBT

Z xm

0

1

x2
gðxÞdx / T ð5Þ

holds, where g(x) is the density of states [15].
The temperature dependence of the msd should for

an harmonic solid at temperatures higher than the De-
bye temperature approach hu2i(T) � T. With increasing
temperatures other molecular motions set on and linear
DWF-fits are no longer strictly valid. The Q-dependence
is then modified by the �elastic incoherent structure fac-
tor� (EISF) (see e.g., [19]). The incoherent scattering law
for such local motions can be described by

SincðQ;xÞ ¼DWF AðQÞdðxÞ þ ð1�AðQÞÞ
X
i

LiðQ;xÞ
" #

;

ð6Þ
i.e., by a Q-dependent elastic component (with the EISF
A(Q)), giving information on the spatial extent of the
motion and a term involving one or several spectral
functions with a width being proportional to relaxation
frequency and a Q-dependence which gives further
information on the type of motion [19]. Even in such
case the above-mentioned gaussian fits at small Q-values
may capture an effective msd, because the initial decay
of the EISF is Gaussian-like at small Q. Detailed model
fits including a DWF and an additional EISF are of
course preferable. At even higher temperatures, where
diffusion sets on, the elastic signal disappears and the
msd evaluation is only valid after integrating over the
diffusional part of the signal. EFW scans or their con-
version into an effective msd are very powerful because
they give an overview over the onset of different dynam-
ical processes on the ns-time scale. Nevertheless a quan-
titative analysis is more difficult and the resulting
absolute value for the msd has to be taken with some
caution, because it presents an average over all sample
atoms. In all cases presented here the phonon density
of states and the DWF or msd are dominated by the
hydrogen atom contributions.

We show in Fig. 2 examples for elastic scans on poly
(methyl phenyl siloxane), PMPS (Mw = 2600 g mol�1,
Mw/Mn = 1.20, Tg = 223 K), on a silicate matrix and
on a nanocomposite containing PMPS. The upper panel
for PMPS reveals two steps at the higher Q-values [20].
The first step at low temperatures is due to rotations of
the methyl group attached to both polymer chains and
which become fast enough for time resolution of the
instrument [21,22]. The second step at higher tempera-
tures arises from fast and diffusional motions becoming
unfrozen near Tg [23]. From such scans the temperature
dependence of the msd is extracted as described above.
Examples for the temperature dependence of the msd
are shown for PMPS and poly(dimethyl siloxane),
PDMS, in the upper part of Fig. 3. This figure also illus-
trates the influence of averaging on the msd. A first eval-
uation of the msd near the first step from methyl-group
relaxation results in a much lower value of the msd for
methyl group protons in bulk PMPS (crosses) compared
to bulk PDMS (solid line). This is only because the aver-
age includes for PMPS the phenyl ring protons, which
are in this temperature range moving too slowly and
contribute to the elastic signal. After multiplication of
the hu2i values of PMPS by 8/3, the inverse ratio of
methyl group protons to the total number of protons
in PMPS, we get a good agreement for the methyl group
msd of PDMS and PMPS below Tg (compare, for exam-
ple, the bulk curves; solid line and crosses in the lower
part of Fig. 3).
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Fig. 3. (a) Pore size dependence of the mean squared displacement for
PDMS, Mw = 1000 g mol�1 (lines in upper group; up to down: bulk,
7.5, 5.0, 2.5 nm), and for PMPS (symbols in lower group: bulk (+),
7.5 nm (s), 5.0 nm (*) and 2.5 nm (n)). Vertical lines indicate Tg. The
divergence of the msd above Tg arises from the onset of fast relaxation
and diffusive processes. (b) Rescaled msd as described in the text,
showing a similar behaviour for the relaxation of methyl groups in the
temperature range up to about 150 K. Minor differences in the width
of the step may indicate different potential distributions for methyl
group rotation. Above Tg the msd for PDMS (dotted line) and PMPS
(n) confined into pores of 2.5 nm is reduced compared to bulk,
indicating a slowing down of dynamics. For intercalated PMPS a shift
of the msd divergence towards lower temperatures (acceleration) is
observed compared to the same bulk PMPS with Mw = 2600 g mol�1

(dashed line), indicating a speeding up of the dynamics. The divergence
in this case is also clearly broadened above Tg.
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From BS we obtain more precise spectral information
by fitting either the dynamical scattering law S(Q,x)
convoluted with the measured resolution function in fre-
quency space (e.g., Fig. 1) or by Fourier Transformation
(FT) of the spectra and fitting the intermediate scatter-
ing function S(Q, t) (an example will be given in
Fig. 6). As we will see below the BS spectra are often
combined with TOF data in order to see a large part
of the decay of S(Q, t), because for glasses the spectral
function is non-exponential or �stretched�.
4. Information from neutron time-of-flight spectrometers

TOF spectrometers offer a wide dynamic range (easily
several ten meV), but a more coarse energy resolution
(50–200 leV) than BS. The above-mentioned scattering
laws are of course valid for TOF spectrometers too
and the complementarities of resolution and dynamic
range to BS can be used to combine the FT of
S(Q,x)-spectra, i.e. S(Q, t) from TOF and BS which
range then over about 4 decades in time. An example
will be given in Fig. 6. We also want to add that due
to the large dynamic range and due to a large coverage
of Q-range one can on a TOF spectrometer measure the
phonon density of states g(x ). In incoherent approxi-
mation the one phonon scattering law is given by

SðQ;xÞ ¼ rinch i �h
2Q2

2 Mh iDWF
gðxÞ
x

nðxÞ þ 1ð Þ; ð7Þ

where the incoherent scattering cross section rinc, the
atomic masses M and the Debye–Waller factor are
averaged over all scattering atoms and nðxÞ ¼
expð�hxkT Þ � 1
� ��1

is the Bose occupation factor. For
hydrogenated materials the incoherent H-contribution
is by far the dominant term. Examples for the density
of states, presented as g(x)/x2 in order to stress devia-
tions from a Debye behaviour (g(x) � x2) will be given
in Fig. 8.
5. Information from spin echo

Neutron spin echo, in contrast to BS and TOF, NSE
measures S(Q, t)/S(Q, 0). Both, coherent and incoherent
scattering can be explored in principle, as long as one
component is dominating [18]. Here we show only an
example for coherent scattering, thus giving information
on the pair correlation function (see Fig. 7). With NSE
the intermediate scattering function can be investigated
over 2–3 decades in time without combining it with
other instruments or setups.
6. Methyl groups as a local probe of confinement effects

Methyl groups can locally reorient around the 3-fold
axis of the C–CH3 bond. At high temperatures, if the
thermal energy is sufficiently high to overcome the po-
tential barriers, e.g., V(/) = V0(1 � cos(3/))/2, classical
hopping over the barriers takes place and gives raise to a
quasielastic line in neutron scattering. At very low tem-
peratures, in the quantum regime, there is a tunnel prob-
ability to find the MG protons in either of the potential
minima and the torsional ground state is split. This tun-
nel splitting, which follows approximately an exponen-
tial dependence on the height of the barrier to
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rotation, presents an extremely sensitive probe of the
local environment at temperatures of �1 K and it has
often the correct energy to be observed by n-BS or
TOF. For crystals it leads then to sharp inelastic excita-
tions in S(Q,x) [24]. For glasses a wide distribution of
tunneling states is expected, and this inelastic scattering
appears then as �quasielastic-like� wings in the spectra
[25–27]. Therefore it is interesting to use the tunnel split-
ting also as a test probe for the local environment of liq-
uids confined into pores.

In fact it was found for toluene-d5 that the distribu-
tion of tunnel barriers clearly changes in confinement
[28], which can be seen by bare eye from the �quasielas-
tic� wing (Fig. 1). A quantitative data evaluation indi-
cates an important shift of the energy barriers to lower
frequencies, which was interpreted by taking two tolu-
ene phases into account: an unmodified bulk fraction
and a surface layer fraction of at least 7 Å thickness
[28]. Thus in this analysis there was no need to consider
an intrinsic spatial confinement effect on the local
methyl group tunneling of the frozen bulk fraction,
but a surface layer contribution was sufficient to explain
the difference between bulk and confined toluene in the
quantum regime.

At higher temperatures, in the classical hopping re-
gime, the study of a confinement effect onto the MG
dynamics becomes more difficult because of the onset
of other molecular motions near the glass transition
temperature Tg, especially if Tg is low like for toluene
(Tg(bulk) = 117 K). In some cases the methyl group
dynamics is separated from the dynamics setting on near
Tg. As an example we show in Fig. 2 the elastic scans
[20] for PMPS in bulk and confined in a nanocomposite
of PMPS intercalated in organically modified silicate
[29]. Bulk PMPS (Mw = 2600 g mol�1; Tg = 223 K)
shows a clear decrease of the elastic scattering below
Tg, which is due to the fact that the methyl group
dynamics becomes faster than the time of �4ns corre-
sponding to the experimental resolution. The second
step can clearly be associated with the dynamics setting
on above Tg. The additional scans in Fig. 2 show the
temperature and Q-dependence of the elastic intensity
for the silicate matrix (the observed decay can be as-
cribed to the protonated surfactant in the sample) and
for the PMPS containing nanocomposite.

Another polymer with a relatively good separation of
MG-dynamics and Tg-processes is PDMS [30–36]. In
Fig. 3 we compare the effective msd of PDMS and
PMPS in the T-range where methyl group rotations pass
the time window of IN16. The lines in the upper figure
belong to PDMS (Mw � 1000 g mol�1, Tg = 212 K)
and summarize again the [33–36] influence from confine-
ment in the low temperature range. PDMS shows in the
range below Tg (vertical lines) a much more pronounced
confinement effect on the methyl group motions than
PMPS, as described in Ref. [33].
In the lower part of Fig. 3 the effective msd values for
PMPS are multiplied with 8/3, assuming that only 3/8 of
the protons in PMPS participate in the observed relaxa-
tion. This allows for a better comparison of PMPS and
PDMS. The bulk PDMS (solid line in the lower figure)
and bulk PMPS (crosses and dashed line) superimpose
below Tg. Regarding the confined polymers, we present
in the lower part of Fig. 3 for clarity only the data for
the most extreme confinement within the 2.5 nm pores.
The confined PMPS data in the upper part of Fig. 3
did already superimpose with the bulk, thus a multipli-
cation with 8/3 is appropriate to superimpose PMPS
in 2.5 nm pores (D) with the other curves below Tg. As
expected from the upper panel in Fig. 3, the data for
PDMS in 2.5 nm pores (dotted line) will not fall on
the same curve. However, we find here that a rescaling
with a factor 1.5 will superimpose them again with the
bulk PDMS curve (solid line) in the low temperature
range. The factor f = 1.5 which has to be applied to
the data of PDMS in 2.5 nm pores might be rationalized
assuming a frozen surface layer. Under this premise we
can estimate that fs = 1 � 1/f = 1/3 of the protons are
frozen, whereas fR = 2/3 are contributing to the relaxa-
tion. For cylindrical pores with diameter 2.5 nm we cal-
culate then a frozen layer thickness of dS � 0.23 nm
(compared to 0.7 nm deduced for toluene from
tunneling).

Along the same line of interpretation we may then
conclude that PMPS, in contrast to PDMS, does not
form a surface layer in the pores or at least a much thin-
ner one. This would also be consistent with the interme-
diate scattering function S(Q, t), resulting from a
combination of TOF and BS at T = 120 K, which shows
for PDMS at long times a stronger confinement induced
elastic fraction than for PMPS [33]. An adsorption layer
would give a constant fraction for t ! 1 in S(Q, t) (see
Figs. 8 and 9 in Ref. [33]). An alternative explanation is
offered in the paper by Schönhals [33] in terms of a ten-
dency of PDMS to crystallize or to order locally near the
pore surfaces. On the other hand dielectric data showed
a separate peak for PMPS, which was interpreted as
arising from a surface layer and such an additional peak
was not found for PDMS. This controversial finding has
still to be clarified.

Finally we add to the lower panel of Fig. 3 an extre-
mely confined PMPS (Mw = 2600 gmol�1), intercalated
within the galleries of a nanocomposite (open diamonds,
e) and compare it to the same molecular weight bulk
PMPS (dashed line). In this case PMPS is enclosed in
a 2-dim confinement within a spacing of about only
1 nm. Here the scale factor can not be interpreted quan-
titatively, because the silicate host contains protonated
surfactants, the strong scattering of which was cor-
rected, but not rigorously. It should be noted, however,
that the quasielastic spectra of the pure silicate do not
show any relaxation process at temperatures around
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100 K [20], that is the surfactant molecules do not exhi-
bit any relaxation at these low temperatures as long as
there is no polymer present in the galleries. It seems also
that the step related to the methyl group rotation could
be somewhat broader.

Concluding on the methyl group rotation in the tem-
perature range below about 140 K and below Tg for all
polymers, all msd for PDMS and PMPS polymers in
bulk and confinement superimpose fairly well. This sug-
gests a similar activation energy for the MG rotation in
both polymers. Minor changes in the shape or the width
of the step may indicate a difference in distribution of
local potentials, which seem to be most pronounced
for the nanocomposite. For PDMS confined in 2.5 nm
pores a necessary scaling factor is rationalized by assum-
ing an adsorption layer of about 0.8 nm. For interca-
lated PMPS, due to experimental difficulties, an
arbitrary scaling factor was applied. The temperature
range above Tg will be discussed below.
temperature (K)

Fig. 4. Pore size dependence of the mean squared displacement of
toluene-d3 measured on IN10 in MCM-C16 (3.5 nm pore size) and
MCM-C10 (2.4 nm pore size) as a function of temperature. The methyl
group is deuterated in order to remove its relaxation contribution. A
continuous increase of the msd is observed even below Tg, measured by
DSC. The msd decreases with decreasing pore size and Tg shifts to
higher temperature [41].
7. Glass transition in confinement

Up to here we have used the methyl groups as a probe
for confinement. If we want to study the glass transition
dynamics itself, the scattering contributions from the
methyl group rotation may be disturbing and rather dif-
ficult to separate. With neutron scattering we can then
use the contrast variation and we can exchange the
methyl group hydrogen by deuterium. The contributions
to the scattering from the dynamics of the methyl groups
can thus practically be avoided.

This possibility was used in the study of the confine-
ment effect of toluene, by using toluene-d3 [37]. Fig. 4
shows an example of the temperature dependence of
the mean squared displacement for toluene-d3 in
MCM-41 matrices of different pore size. The data were
taken at the IN16 backscattering spectrometers at ILL.
The first observation is that no influence of the MG-
dynamics is seen on the elastic scan data, which possibly
should show up as a step in the low temperature range
(see above). The second observation is that there is no
clear divergence of the msd near the glass transition tem-
perature. A strong divergence of the msd near Tg is a
well known feature observed by inelastic neutron scat-
tering on glass-forming systems [23,38] and it is related
to the onset of fast ps motions and diffusion processes
at higher temperatures. For toluene-d3, where we study
mainly the phenyl ring dynamics, we observe a more
continuous divergence setting on already below Tg.
However, for a decreasing host pore size the divergence
of the msd is shifted towards higher temperatures. This
behaviour is opposite to what is expected from a true
confinement effect onto the glass transition, where an
acceleration of the dynamics with respect to bulk and
thus a decrease of Tg is expected. The explanation is that
toluene-d3 in these untreated pores interacts with the
pore walls and forms a more rigid layer [37]. The surface
interaction has the effect to slow down the molecular
motions and to transmit this slowing down quite far into
the pore volume, a view which is also supported by MD-
simulations [37]. For toluene in pores as small as 2.4 nm
these surface effects dominate over the finite size effects
(see Fig. 1 in [37]).

The importance of surface effects is also known from
studies of thin polymer films. A strong decrease of Tg by
as much as 70 K is observed for free standing PS films,
which do not interact with the surface but with air only
(see e.g., [9,10]). A Tg increase has been observed for
supported PMMA films on a much more strongly inter-
acting substrate. Here we continue to use the tempera-
ture dependence of elastic scans or of the msd as a
mean to analyze the relaxation on a ns-time scale. Neu-
tron backscattering experiments on IN16 on a stack of
140 free standing PS films (Mw = 1,250,000 g/mol) of
thickness 55 ± 2 nm, compared to a stack of 70 free
standing films with 107 ± 2 nm and bulk PS revealed
that the msd for the 55 nm films was higher than for
the thicker films [39]. Fig. 5 shows a comparison of
the temperature dependence for the different films
measured. Though this experiment was at the limit of
what is feasible for inelastic neutron scattering (total
sample thickness of �7.6 lm), it revealed a clear accel-
eration effect for the microscopic dynamics in these
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2-dimensionally confining films, in agreement with Tg

measurements [9].
Having seen the importance of surface effects on the

relaxations near Tg, we return to the lower part of
Fig. 3. The vertical lines indicate the glass transition
temperatures of PDMS and PMPS (two Tg values due
to differentMw). As can be seen from the figure, the con-
finement effect on PDMS is to reduce the msd drastically
(compare solid and dotted line) [33]. For PMPS in con-
fining pores there is no marked influence at all in the re-
gion of methyl group rotations, but a reduction or shift
of the msd divergence above Tg towards higher temper-
atures (crosses and open triangle). In contrast, for inter-
calated PMPS there is a pronounced acceleration of the
dynamics, the divergence of the msd being shifted down
in temperature (dashed line and open diamonds). In
spite of the uncertainty related to the subtraction of
scattering contributions from the surfactant, we can
speculate that the intercalated PMPS is in contact with
the highly mobile surfactant layer and therefore its
dynamics near and above Tg may be accelerated (differ-
ent subtraction procedures influence the msd mainly
above the temperature range shown, but are consistent
with an acceleration effect). In contrast, for PDMS an
immobile adsorption layer is formed, which slows down
the molecular motions. Interface effects thus strongly
influence the behavior in confinement and extend rela-
tively far into the confined volume. A closer look on
the high temperature data suggests that besides a small
acceleration there is an important broadening of the
relaxation phenomena in temperature [20].

Spectral information on the intermediate scattering
function from 4 decades in time can be obtained by com-
bining BS and TOF experiments. After inverse FT of the
dynamic scattering law S(Q,x) and after division by the
inverse FT of the resolution function R(Q, t), which is
usually measured at low temperature on the same sam-
ple, one obtains the intermediate scattering function
S(Q, t). An example is shown in Fig. 6 where data from
IN6 and IN16 are combined to depict the Q-dependence
of PMPS confined in 2.5 nm pores at T = 360 K, a tem-
perature range where segmental relaxation should be
visible. The disentanglement of the different dynamic
contributions to S(Q, t), that of the methyl groups
(probably very fast and contributing to the initial de-
cay), of the surface layer (which may become sufficiently
mobile at these high temperatures to be seen in the pres-
ent time window) and that of the segmental relaxation
(probably main contribution in the presented time win-
dow) will be subject of a future publication [40].

Finally we show an example for NSE measurements
on deuterated toluene [41]. In this case the intermediate
scattering function gives information on the pair corre-
lation function. Fig. 7 compares deuterated toluene for
the bulk and for three different pore sizes, 4.7 nm,
3.5 nm and 2.4 nm [41]. The measuring temperature
was T = 180 K for the bulk and for the different
confined samples, but the bulk measurement shown
(crosses) were taken on a TOF spectrometer (MIB-
EMOL at LLB, Saclay, France). Two aspects can be
clearly seen: first, at long times the intermediate scatter-
ing function reaches a finite value, an indication for the
existence of a surface layer, similar to what was shown
above for TOF/BS data on PDMS [24], and second, a
slowing down of the structural relaxation can be evi-
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1.26 Å�1. Symbols: toluene-d8; Bulk (·), 4.7 nm pores in SBA-15
(filled circles), 3.5 nm pores in MCM-41 (filled squares) and 2.4 nm
pores in MCM-41 (triangles). Crosses are TOF data from MIBEMOL.
Lines are fits with a stretched exponential function plus an elastic
fraction due to interface [41].

B. Frick et al. / Journal of Non-Crystalline Solids 351 (2005) 2657–2667 2665
denced by fitting the curves (dotted lines) with stretched
exponential functions (structural relaxation) including
an elastic fraction (adsorbed layer).

As the last topic we want to mention the behavior of
the Boson peak (Bp) of confined glass-forming systems.
The origin of the Bp and its relevance for the under-
standing of the glass transition is still debated. Therefore
experimental results testing the change of the Bp as a
function of parameters like pressure [42–44], molecular
weight [45] or spatial confinement [46–48] are needed.
The most pronounced influence of spatial confinement
Fig. 8. Density of states g(x) divided by x2 showing the behaviour of
the Boson peak of PDMS at T = 100 K in confinement. Compared are
bulk (filled circles), PDMS in 7.5 nm pores (open triangles), PDMS in
5 nm pores (filled squares) and PDMS in 2.5 nm pores (open
diamonds) (after [48]).
on the Bp is the reduction of low frequency modes below
the Bp maximum. A possible origin was discussed in
terms of cut-off frequencies for transversal sound veloc-
ities in spatial confinement, but gave only qualitative
agreement, and a consideration of a surface layer could
only explain half of the suppression effect [46]. For
PDMS at T = 100 K the observed low frequency sup-
pression in confinement was weak for pores of 5.0 nm
and 7.5 nm, but very pronounced for pores of 2.5 nm
size. Fig. 8 shows the dynamic scattering law for PDMS,
where the suppression effect can be seen clearly for the
smallest confinement of 2.5 nm. A similar suppression
effect is seen for PMPS [49]. Thus an investigation of
the Boson peak suggest as well that both contributions,
a real confinement effect and an additional surface layer
have to be taken into account [48].
8. Discussion

Inelastic neutron scattering data on the low molecu-
lar glass former toluene and the oligomers PDMS and
PMPS in small confining pores show clearly the exis-
tence of a less mobile surface layer. Methyl groups,
which can be considered as a local probe, sense the dif-
ferent environments. In the quantum region of methyl
group rotational tunneling the inelastic wing of the dy-
namic scattering law of toluene arises from a distribu-
tion of potentials, which can be measured by neutron
backscattering and which leads to an unambiguous con-
finement effect changing the apparent width of the sig-
nal. A combined surface layer of at least 7 Å and an
unmodified bulk phase describe the data well. In the
classical regime, where methyl group rotation leads to
a quasielastic signal, elastic scan data for PMPS and
PDMS can again be understood assuming the formation
of a pore surface layer for PDMS. From the elastic scans
a weak influence of the confinement on the methyl group
rotations would be expected if the surface layer is taken
into account. In fact the intermediate scattering function
of PDMS at T = 120 K (see Ref. [33]) shows only a
weak increase of the relaxation time with increasing
confinement.

In contrast for temperatures higher than bulk Tg,
there is a clear confinement effect on the effective msd
for all polymers, both confined in pores and in nano-
composites. The msd for PDMS and PMPS is reduced
with increasing confinement, whereas it seems to be in-
creased for PMPS intercalated in organically modified
silicates. The latter should be taken with care, because
the protonated surfactant also contributes to the
dynamics in the temperature range above 180 K
(Fig. 2, middle) [20]. Due to the strong contribution of
the surfactant dynamics it was not possible as yet to
clearly separate the contribution of PMPS in the mea-
sured quasielastic spectra. Moreover, when deuterated
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(instead of protonated) surfactants were utilized to
organophilize the montmorillonite clays, the PMPS did
not intercalate within the silicates. For this we turned
to hydrophilic homopolymers (like polyethyleneoxide),
which can intercalate in the absence of surfactants; their
dynamics under confinement will be reported separately
[50]. Yet, PMPS is within the galleries in contact with a
highly mobile surfactant layer and therefore the deduced
acceleration effect seems plausible and can be compared
with the acceleration observed for PG enclosed in micro-
emulsion droplets [11]. An acceleration of the dynamics
increase of the msd is also found under free surface con-
ditions for a stack of free standing films of very high
molecular weight PS [39], though here the smallest film
thickness is about a factor 10 higher and the origin of
the observed acceleration may be even more complex
(see e.g., [10]). Due to lack of intensity it was not possi-
ble to observe the acceleration effect for the free stand-
ing PS films directly in the dynamic scattering law
S(Q,x). From other reasons the situation is similar for
the nanocomposites, where the msd seems to be
increased.

For the results of glass formers confined in pores the
measurement of spectra was in all cases possible and a
slowing down of the dynamics above Tg is always ob-
served on the time scale shorter than nanoseconds. This
can be deduced from both, the msd and the intermediate
scattering function. In the case of the polymers shown
here, the contribution of the methyl groups complicates
a quantitative data evaluation, but it becomes feasible if
the methyl group dynamics is sufficiently well character-
ized. The most pronounced effect is seen for toluene-d3,
were the methyl group is deuterated to enforce the con-
trast for the center of mass motion of the molecule.
From the msd a clear shift towards higher temperatures
can be observed, which also corresponds to the observa-
tion by DSC. Unfortunately equivalent measurements
of the msd for toluene-d3 in bulk do not exist. Such a
strong shift is not detected for the msd corresponding
to PDMS and PMPS in confinement. The interaction
of toluene with the pore walls seems to be stronger than
in the case of oligomers. Also the layer thickness seems
to be larger for the aromatic molecule, which may indi-
cate a more effective ordering among the different tolu-
ene atomic layers leading to an increased coupling of
wall effects into the pore. Along the same line the stron-
ger tendency to order for PDMS compared to PMPS
[33] may explain the differences seen in both, the msd
and the intermediate scattering function for both poly-
mers. For an explanation why inelastic neutron scatter-
ing observes a slowing down of the dynamics for the
confined oligomers PDMS and PMPS and dielectric
relaxation finds an acceleration we refer to Ref. [33].
To resolve this apparent discrepancy a combined analy-
sis of neutron scattering and dielectric data is required
which is in progress [40].
9. Conclusion

Inelastic neutron scattering data on toluene, oligo-
mers of PDMS and PMPS confined in pores or layers
of nanocomposites and free standing polymer films all
show confinement effects on a time scale shorter than
nanoseconds. Wall effects are detected by analyzing as
a local probe the methyl group dynamics, which is espe-
cially sensitive in the quantum regime via the study of
the tunnel splitting. Mean squared displacements show
in the low temperature range only a weak influence by
spatial confinement after correction for a rigid surface
layer, consistent with the observation of an elastic frac-
tion in the intermediated scattering function. Above the
glass transition temperature, where structural relax-
ations are expected, the mean squared displacement be-
comes either reduced or enhanced, depending if the wall
properties are more rigid (adsorption) or more dynamic
(free surface, mobile interface). For toluene-d3 in un-
treated pores the decrease of the msd is observed to be
particularly strong and for a free standing film and a
nanocomposite an increase of the msd is suggested as
a function of decreasing spatial dimension of the con-
finement. The intermediate scattering function for deu-
terated toluene and for protonated PDMS and PMPS
in pores is clearly slowed down due to spatial restric-
tions, but a more quantitative result still needs a more
detailed analysis in order to separate wall effects from
intrinsic spatial confinement effects. In some cases the
dynamics of protonated methyl groups renders the anal-
ysis even more complex.
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