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ABSTRACT
The dynamics of propylene glycol (PG) and its oligomers 7-PG and PPG, with
MW=4000 (≈70 monomers), confined in a Na-vermiculite clay have been investigated
by quasi-elastic neutron scattering. The liquids are confined to single molecular layers
between clay platelets, giving a true 2D liquid. Data from three different spectrometers
of different resolutions were Fourier transformed to S(Q,t) and combined to give an
extended dynamical time-range of 0.3-2000 ps. An attempt was made to distinguish the
diffusive motion from the methyl group rotation and a fast local motion of hydrogens in
the polymer backbone. The results show that the average relaxation time <td> of this
diffusive process is, as expected, larger than the relaxation time <t> averaged over
all dynamical processes observed in the experimental time-window. More
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interesting, it is evident that the severe confinement has a relatively small effect on
<td> at T=300 K, this holds particularly for the longest oligomer, PPG. The most
significant difference is that the chain-length dependence of <td> is weaker for the
confined liquids, although the slowing down in bulk PG due to the formation of a 3D
network of OH-bonded end groups reduces this difference. The estimated average
relaxation time <t> at Q=0.92 Å-1 for all the observed processes is in excellent
agreement with the previously reported dielectric a-relaxation time in the studied
temperature range 260-380 K. The average relaxation time <t> (as well as the dielectric
a-relaxation time) is also almost unaffected by the confinement to a single molecular
layer, suggesting that the interaction with the clay surfaces is weak and that the reduced
dimensionality has only a weak influence on the time scale of all the dynamical
processes observed in this study.

PACS: 61.25.Em, 68.35.Ja, 61.12.-q

1.

INTRODUCTION

The structure and dynamics of molecular liquids and polymers have been studied
widely for decades. More recently, there is a growing interest in thin polymer films due
to their many technological applications in areas such as microelectronics, biomaterials
and medicine, where, e.g., the polymers are used to achieve certain desired surface
properties. An increased understanding, on the microscopic level, of polymers at
surfaces and in confined geometries would thus greatly assist in the development and
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improvement of new technologies. Furthermore, the structure and dynamics of
polymers confined in a true 2-dimensional geometry (such as the Na-vermiculite clay
used here) are also interesting from a theoretical point of view since they present an
opportunity to test several models and theoretical predictions for systems with a reduced
dimensionality.

Despite comprehensive studies1-38 of the structure and dynamics of liquids and polymers
confined in various host materials it has been difficult to reach consensus on how pure
geometrical confinement and surface interactions influence the system properties. The
present Na-vermiculite clay has been used as host material in some of these studies1-6,
similar clays have also been used7-14, but in the majority of the investigations porous
glasses have been used to confine the liquids and polymers in pores with a size of 2-10
nm. In many of these studies the experimental conditions have appeared to be rather
similar, but nevertheless the results often led to contradictory conclusions. Therefore,
some authors18-20 propose that the pure geometrical confinement effect slows down the
dynamics, whereas others22-29 have proposed that geometrical confinements always
speed up the dynamics and that only surface interactions can give rise to slower
relaxational motions compared to the corresponding bulk system. In the case of
polymers intercalated in clays the latter opinion has been supported by a simultaneous
slowing down of polymer segments which interact with the clay surfaces and a speeding
up of other polymer segments in the centre of approximately 20 Å thick polymer
layers.9,10
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Possible explanations for the apparently contradictory results in the literature are
reviewed by McKenna in Ref. 39. One of these explanations, as was also discussed
in more detail by Huwe et al.27 is that the density of the confined liquid is a key
parameter, since it is well known from numerous pressure studies that the
relaxation rate decreases with increasing density. Furthermore, Morineau et al.
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have shown that the density of liquids confined in crystalline porous materials can
be experimentally determined with great accuracy. Thus, if such measurements
show that the geometrical confinement gives rise to a reduced density compared to
the bulk liquid the dynamics is expected to be accelerated, whereas the opposite
behaviour might be the case if the density should be increased. The importance of
having a low density for fast dynamics was also pointed out by Manias et al.10 who
showed that the dynamics was strongly enhanced in regions of low density. Other
possibilities for the many diverging results are that the structural and dynamical
properties are extremely sensitive to a wide range of parameters, such as the size and
geometry (e.g. the dimension) of the confined space, the roughness of the surrounding
walls and the nature of the surface interactions (e.g. hydrophilic or hydrophobic). The
influence of the different parameters may also be strongly temperature dependent,
which makes the whole scenario very complicated, as discussed in Ref. 39.

In this study PG, its 7-mer (7-PG) and PPG with MW=4000 (≈70 monomers) were
confined in the 2D galleries of a Na-vermiculite clay to obtain ultra thin layers of the
liquids. The thickness of the liquid layers was only 5.5 Å in the case of PG and 3.7 Å
for 7-PG and PPG.3 In order to achieve the latter thickness the oligomers must form a
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flat monolayer with their methyl groups pointing in the direction of the clay surfaces.2
The slightly larger layer thickness for the monomers indicates that they should be
orientated either perpendicular to the clay layers or parallel to the layers, but with the
methyl groups pointing towards a clay surface.2 Since each macroscopically sized
sample consists of nearly a million of such ultra thin parallel layers the vermiculite clay
is ideal for producing truly two-dimensional liquids and polymers which are then
possible to investigate with conventional experimental techniques. However, there are
drawbacks with the naturally occurring vermiculite clays. Their inhomogeneous
distribution of different ions makes it often difficult to obtain homogeneous layers of
the intercalated liquids. In fact, for PPG and similar liquids it was evident from
diffraction experiments that some of the interplatelet layers were not filled at all.3,5 This
inhomogeneous distribution of the molecules resulted in considerably lower
macroscopic average densities (estimated from the long time limit of the S(Q,t)
presented in Fig. 2(b) to be approximately 0.33, 0.40 and 0.50 g/cm3 for PG, 7-PG
and PPG, respectively) and further made it difficult to estimate the effective
microscopic densities, which are of interest for the present results, of the intercalated
liquids.

The aim of this study is to elucidate the nature (i.e. how the molecules are actually
moving) of the dynamics of the confined liquids. In order to achieve this we have used
quasi-elastic neutron scattering (QENS) which makes it possible to study dynamics on
different length-scales and thereby to distinguish local, from non-local, e.g. long-range
translational diffusive motion. Furthermore, since different dynamical processes occur
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on different time-scales it is important to cover a wide dynamical range. This study is
therefore carried out on three different QENS instruments: The high resolution
backscattering spectrometer IN16 at ILL Grenoble France,40 The medium resolution
inverted geometry backscattering spectrometer IRIS at ISIS Rutherford Appleton
Laboratory UK,41 The larger energy transfer range Time Of Flight spectrometer FOCUS
at SINQ Paul Scherrer Institute Switzerland. The results from the IRIS measurements
on the bulk and confined monomers and 7-mers have been published previously in Ref.
2 (and 42, in the case of the bulk samples), and a preliminary analysis of all the
present data was given in Ref. 6. However, in the former case it was difficult to
obtain detailed information on the dynamics since the observed processes were
only partly present in the limited experimental time-window, and in Ref. 6 only the
relaxation time averaged over all dynamical processes present in the experimental
time-window was considered.

2.

EXPERIMENTAL

Vermiculite crystals (from Eucatex, Brazil) with area of about 30 mm2 and thickness of
approximately 0.3 mm were washed and then treated for about a year with 1 M NaCl
solution at 50oC, with regular changes of solution, to produce a pure Na-vermiculite.
The Na-vermiculite was thereafter dried in a vacuum furnace at 390 K for several days,
before the clay was submerged in PG, 7-PG and PPG, respectively. The clay samples
were stored in this way for several weeks in order to allow the samples to reach full
equilibrium, i.e. to let the maximum amounts of the liquids diffuse into the interlayer
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regions between the clay platelets. The prepared crystals were, after the surface liquid
had been removed, weighed and then put directly into sample containers of aluminium.

As mentioned above the QENS measurements were performed on three instruments.
IN1640 was used with Si(111) analyser and monochromator and an incident wavelength
of 6.27 Å with a total energy window of ±15 meV and a resolution of 1meV. This setup
gives a Gaussian shaped resolution function, and the energy transfer range is achieved
by Doppler-shifting the incident wavelength. The detectors were grouped into 10 groups
with Q values in the range 0.49-1.92 Å-1. In the case of IRIS,41 we used PG002 analysers
and an analyser wavelength of 6.67 Å with a total energy window of ±0.5 meV and a
resolution of 15 meV. The detectors were grouped into 10 groups with Q values in the
range 0.51-1.82 Å-1. Finally, the high energy transfer measurements (which were only
performed on the bulk and confined PG and PPG samples) were carried out on FOCUS,
where we used the PG002 monochromator and an incident wavelength of 3.99 Å using
an energy range up to 20meV, in up-scattering. The detectors were grouped into 8
groups with Q-elastic values in the range 0.57-2.62 Å-1.

By combining the three data sets a dynamical time-window of 0.3-2000 ps was
obtained. Since the total scattering of the samples is dominated by the large incoherent
scattering cross-section of hydrogen we essentially probe the self diffusion of the
hydrogens. Thus, we were, to a good approximation, measuring the incoherent structure
factor S inc(Q, w ) (i.e. the time Fourier transform of the intermediate self scattering
function SSelf(Q,t)) in our experiments.

7

The samples were orientated so that the clay platelets were at an angle of 135° to the
incident beam in order to make the elastic Q-vector parallel to the clay platelets for a
scattering angle of 90°. This implies that the direction probed in the measurements
is not the same for all scattering angles (i.e. Q-values). However, for most of the Qvalues the component parallel to the clay layers strongly dominate (and the quasielastic contribution from motions perpendicular to the layers is expected to be
rather low), which implies that we are mainly probing dynamics in the direction
parallel to the clay layers. The used sample geometry makes also the data points at the
highest Q-values less reliable due to the relatively high amount self-shielding of
neutrons, which are scattered in the direction parallel to the clay platelets and sample
container. In all measurements the samples were placed in flat Al-containers with an
internal thickness of 0.5 mm. The actual thickness of the samples (i.e. the thickness of
the vermiculite crystals containing the intercalated liquids) was in the range 0.3-0.5 mm.
The elastic scattering from the empty containers was less than 5% of the total scattering
from the samples. The corrections for absorption, background and can scattering were
performed using the ISIS standard program package IDA,43 also used for the subsequent
analysis of the corrected data The FOCUS data was corrected with an other IDA
package.44 On all instruments measurements were performed at the temperatures 300 K
and 340 K. Additional measurements at lower temperatures were performed on FOCUS
and IN16, and measurements at 380 K were carried out on FOCUS and IRIS (there was
no need to use the high resolution of IN16 at this high temperature since basically all
the dynamics was faster than its dynamical time-window).
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3.

RESULTS AND DISCUSSION

In our previous presentations of the results obtained on IRIS2,42 we observed, at least,
three dynamical processes on a pico-nano second time scale at room temperature. Two
of them were found to be weakly temperature dependent and Q-independent, where the
faster one, with an estimated correlation time of about 4 ps from the measurements on
IRIS, arises from a local motion of hydrogens in the backbone of the monomers and the
slower, by about a factor of ten, one is due to the methyl group rotation.2,42 The fast
process is more evident from the FOCUS data shown in Fig. 1. It can be seen there that
the quasi-elastic intensity of this local process is considerably stronger for confined
PPG than for confined PG, particularly at low temperatures where the process is well
separated from the other two processes. Thus, this local motion of hydrogens increases
when the monomers are connected to polymer chains (this effect is even larger for the
bulk samples). Since the third process, which describes the more long-range
translational or segmental motion of single or connected monomers, shows a strong Qdependence and non-exponential relaxation it cannot be covered in the dynamic timewindow of a single QENS instrument. Therefore, the measured S(Q,w) on the three
different instruments were Fourier transformed to intermediate scattering functions
S(Q,t) covering different time ranges. These functions were thereafter combined into a
single relaxation function over the total dynamic time-window 0.3-2000 ps (when data
from all the three instruments were used). At room temperature the three dynamic
processes were then almost entirely covered in this wide time-window. This is shown in
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Fig. 2, which shows such combined S(Q,t) for bulk and confined PG, 7-PG and PPG at
T=300 K.

In this paper we have tried to separate the segmental and/or translational dynamics from
the methyl group rotation and the fast local dynamics shown in Fig. 1. Thus, at T=300 K
the data shown in Fig. 2 have been described by three Kohlrausch-Williams-Watts
(KWW) stretched exponential relaxation functions45,46
È Ê t
S(Q ,t) = A1 expÍ- ÁÁ
ÍÎ Ët f

È Ê ˆ 0.9 ˘
È Ê ˆ b KWW ˘
ˆ˘
t
t
˙ + B,
˜˜˙ + A2 expÍ- Á ˜ ˙(1- A1 - A2 - B)expÍ-Á ˜
ÍÎ Ët r ¯ ˙˚
ÍÎ Ë t d ¯
˙˚
¯˙˚

0<bKWW < 1,

(1)

† where t , t and t are typical relaxation times for fast local motions, the methyl
f
r
d

group rotation, and the diffusive process, respectively. b KWW is a stretching
parameter, which was kept fixed to 1 (i.e. a single exponential function) in the case
of the fast local process and to 0.9 (in accordance with results reported in Ref. 47)
for the methyl group rotation. A1 and As are the amplitudes of the fast local
motions and the methyl group rotation, respectively, and B is the long time limit of
the three relaxation functions, which is zero for our bulk samples and about 0.45 for the
clay samples where we have immobile hydrogens in the clay platelets (a slight Qdependence of B exists due to the Debye-Waller factor of these immobile H atoms). In
the case of the methyl group rotation we fixed the correlation time to tr=44 ps for the
bulk samples and tr=20 ps for the confined samples, as these were the approximate
values obtained from the IRIS experiment.2,48 In the IRIS experiment the fast local
motion was estimated to be about tf=4 ps for all samples and Q-values, however, this
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process is more accurately determined in the FOCUS experiment (due to its higher
maximum energy transfer) and therefore we did not keep this value fixed in the fitting
procedure, which gave values in the range 0.8-4 ps for this process. Thus, in total we
used 6 free fit parameters in the fitting procedure. The remaining third process (which in
fact may include more than one dynamical process) is rather stretched, with bKWW =
0.55±0.15 for confined PG and 7-PG, 0.65±0.15 for bulk PG and 7-PG, and 0.4±0.1
for bulk and confined PPG. Thus, the stretching slightly increases with increasing
chain length, particularly for the bulk samples, and there is no clear Qdependence. For the monomer and 7-mer b KWW tends to be slightly lower in
confinement (although the difference is within the error bars of each S(Q,t)), as
also observed in NMR9 and dielectric experiments8 as well as molecular dynamics (MD)
simulations10 of polymers intercalated in other types of natural or synthetic clays.
However, in the case of PPG there was no indication of any decrease of bKWW in
confinement.

For most temperatures and Q-values it is also possible to obtain a reasonable fit with a
single KWW function, and that was what we had to use for the other temperatures (260,
340 and 380 K) for which we were not able to separate the correlation times for the fast
local motion and the methyl group rotation from the translational or segmental motion.
Thus, at these temperatures we obtain a relaxation time representing a weighted average
value of the three processes. Such a simplification has the limitation that it does not
account for the fact that the weighting factors of the processes depend on both Q and

11

temperature. Nevertheless, a rough estimate of how this average relaxation time <t>
varies with Q and temperature can be obtained for the different samples.

In Fig. 3(a) we compare S(Q,t) at T=300 K and Q=0.92 Å-1 for all the investigated
samples. In the case of the confined liquids, the elastic contribution from the clay
platelets has been removed in order to more easily compare the relaxation functions for
the confined and bulk liquids, i.e. the long time limit of S(Q,t), estimated to 0.43 for
confined PG and PPG and 0.49 for 7-PG, was first subtracted and thereafter
S(Q,t) was appropriately renormalized. We note that the confinement always slows
down the system (filled symbols are always below empty symbols). Some of the
previous findings are evident again, for instance that the fast local motion (including
the Debye-Waller factor) increases with increasing chain-length (in the region below
5ps the longer chains have relaxed more) and reduces in confinement, the exception
being the monomer where this fast local motion is almost absent from the beginning.
The monomer PG and PPG are influenced differently. For PPG some of the fast
relaxation shifts to longer times when confined but at longer times the influence is
small. The opposite is true for PG, where the short time behaviour is hardly changed at
all but at longer times the dynamics is slowed down by the confinement. The reason for
this is to be sought in the nature of the motion. There is almost no local short time
backbone motion to be slowed down in PG, simply because there is basically no
backbone as such. The long range diffusion, at longer times, will however be slowed
down by the geometrical confinement. For PPG between 100 and 1000 ps it does not
seem to matter much that the motion is confined to 2D. This indicates that the dynamics
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at these times are already restricted in the bulk by the chain connectivity. Let us also
investigate how the relaxation rate is affected by the temperature. Fig. 3(b) shows S(Q,t)
for confined and bulk PPG at Q=0.92 Å-1 and the temperatures 300, 340 and 380 K. The
figure shows, once again, that the 2D confinement present slows down the fast process.
It is also evident, as expected, that the relaxation rate increases significantly with
increasing temperature. Similar findings are obtained for the monomers and 7-mers.

Let us now elucidate the Q-dependence of the third relaxation process, due to
translational and/or segmental motions, in more detail. The average relaxation time of
this process, which was obtained from the KWW fits shown in Fig. 2 through the
relation49

td =

td
bKWW

Ê 1 ˆ
GÁ
˜
Ë bKWW ¯

(2)

† where G is the gamma function, shows an interesting chain-length dependence. In the

clay the relaxation rate is almost independent of the chain-length, whereas a strong
chain-length dependence is observed for the bulk samples. This is shown in Fig. 4,
which shows the Q-dependence of the average relaxation time of this third process,
plotted as 1/<td> as a function of Q2, for PG, 7-PG and PPG in bulk as well as confined
in clay. As can be seen in Fig. 4 the behaviours in bulk and clay are very different. In
the bulk this third process is considerably faster for the 7-mer compared to the monomer
and polymer (which is even clear from a direct inspection of the data shown in figures 2
and 3(a)). The reason for this “anomalous” chain-length dependence is that the slow
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dynamics of oligomers tends to slow down with increasing chain-length. This is a
general behaviour that has been observed for all kinds of oligomers, including
oligomers of PG of a few monomer units or more. However, the monomer of PG does
not follow this trend, which implies that its main relaxation should be faster than for the
longer oligomers, due to its tendency to form hydrogen bonds to neighbouring
monomers. In this way the monomers are connected to a hydrogen bonded network,
which reduces both the relaxation rate and the fragility of the liquid.42,50 Nevertheless,
the dynamics of bulk PG is faster than for confined PG. On the other hand, if the
formation of a 3-dimensional hydrogen bonded network had not been prevented in the
clay, the difference would have likely been even larger as indicated by the large
difference between bulk and confined 7-PG (see Fig. 4(b)). However, for PPG there is
no difference (within the error bars) between the bulk and confined samples. The strong
chain-length dependence in bulk and the almost absent chain-length dependence in the
2D-confinement can be understood by considering the physical nature of this diffusive
process. In the clay the motions have, of necessity, to be of a 2-dimensional character,
whereas in bulk the dimensionality of the diffusive motions is likely to be chain-length
dependent. The monomers should have approximately the same ability to move in all
three directions, whereas the motion of polymer segments should be, at least partly,
prevented by surrounding polymer chains. Thus, the diffusive motion of polymer
segments should be more restricted and has a low dimensional character, similar to the
2D geometry in the clay. This is the most likely explanation as to why the bulk
dynamics approaches that in the clay for the longest chains.
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In Fig. 4 it is further seen that the inverse of the relaxation time is proportional to Qn,
where 2≤n≤3. In the case of monomers and short chains we expect to have Q2
dependence, typical for ordinary translational diffusion, whereas for the longer chains
this process is likely to be more complex with a transition to so called Rouse
dynamics51,52 (n=4) at Q ≤ 0.2 Å-1.53 This is also observed for our bulk and confined
samples of PPG, which exhibit n-values of about 2.6. A similar good agreement with
the expected Q2 dependence is not obtained for the PG samples and bulk 7-PG, where
the data points indicate a slightly stronger Q dependence than is expected for ordinary
diffusion. However, one should note that the error bars (mainly caused by the separation
procedure of the three processes) are so large that it is not possible to unambiguously
distinguish between, for instance, Q2 and Q3 dependences. Thus, Fig. 4 is only providing
a rough estimate of the Q dependence of this relaxation process.

As mentioned above, we have not been able to separate the three dynamical processes at
other temperatures than 300 K, so in order to describe the temperature dependence of
the QENS data we have to do it for the weighted average value for the three processes
(as in Fig. 3(b) where the total relaxation function was described by a single KWW
function). If we estimate this average relaxation time from neutron scattering at Q=0.92
Å-1 we are furthermore able to make a rough comparison with dielectric results,3,4 since
approximately the same Q-value seems to be probed by dielectric spectroscopy.54 Fig. 5
shows the temperature dependence of the average relaxation time from neutron
scattering as well as the dielectric a-relaxation time for PG4 and PPG3 in bulk and
confined in clay. The agreement is unexpectedly good considering that the neutron data
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contains all kinds of hydrogen motions on the experimental time scale and not only
motions related to the dielectric a-relaxation. On the other hand, at these relatively high
temperatures the dielectric a - and b-relaxations are merged, which means that the
dielectric data should also give an average relaxation time of most dynamics on a
length-scale corresponding to approximately Q=1 Å-1. Thus, although different
dynamics is probed by neutron scattering and dielectric spectroscopy a reasonable
agreement is perhaps not totally unexpected. In Fig. 5 it can furthermore be seen that the
difference in <td> between the samples (see Fig. 4) is now reduced when an averaging
of all H atom dynamics is taken (the differences also look smaller on the log-scale of
Fig. 5). The good agreement between the neutron data and dielectric data makes it
possible to describe the temperature dependence of both relaxation times of each sample
with the same Vogel-Fulcher-Tamman (VFT) function55

Ê DT0 ˆ
t = t 0 expÁ
˜,
Ë T - T0 ¯

(3)

† where D is a material dependent constant describing the degree of non-Arrhenius

behaviour, T0 is the temperature where t goes to infinity and t0 is the relaxation time
extrapolated to infinite temperature, which usually corresponds to quasi-lattice and
molecular vibrations of the order of 10-14 s. This fact is evident in Fig. 5, where it can be
further seen that the present confinement has a relatively small influence, compared to
other types of confinements, on the overall dynamics probed by QENS and dielectric
spectroscopy. The parameters from the VFT fits and the estimated glass transition
temperatures Tg, based on the temperature where the relaxation times are 100 s, are
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given in Table I. For the bulk samples there is a good agreement with values reported in
the literature (e.g. with Ref. 19, as shown in Table I). In the case of our 2-dimensional
confined liquids with a thickness of a single molecular layer it is difficult to make a
quantitative comparison with results available in the literature because either the
confined liquid or the geometry of the confined space are distinctly different or the layer
thickness is considerably larger. Nevertheless it is interesting to discuss the present
results in relation to findings from molecular dynamics (MD) simulations of confined
model systems. Baschnagel and Binder32 studied polymer melts confined between two
parallel non-interacting smooth hard walls and they found that the diffusion coefficient
in a direction parallel to the walls was almost indistinguishable from that of the bulk.
On the other hand, if we instead have a liquid-hard wall interface then both an attractive
force to the walls (provided that the thermal energy is lower than the attraction energy)
as well as rough surfaces are likely to slow down the dynamics.26 This is supported by
MD simulations of simple diatomic liquids confined between two parallel smooth
interacting walls20 or in a pore surrounded by the same, but frozen, liquid.33 In both
studies the dynamics was dramatically slowed down close to the walls due to surface
interactions in the former case and the rough interface in the latter case. Thus, provided
that these results are also relevant for our confined liquids, it seems likely that the clay
surfaces are rather smooth and that their interaction with the intercalated liquids is weak
(at least for PG and its oligomers).

The present findings are interesting since, for instance, the relaxation time of the
dielectric a-process, which is generally accepted to reflect the cooperative motions in
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the material, is expected to be affected by both the confinement to a single molecular
layer as well as the interactions with the clay surfaces. A possible explanation is, of
course, that the two effects cancel out by working in opposite directions, although that
appears to be a very improbable coincidence to occur for both PG and PPG, since it is
generally found (see e.g. Ref 28) that these effects do not cancel out at all
temperatures. The reason for this is that the influence of surface interactions and
spatial confinement effects are very different at different temperatures (the
speeding up due to spatial confinement dominates at low temperatures, whereas
the slowing down due to surface interactions dominate at high temperatures),
giving rise to different temperature dependences of the a -relaxation in
confinement and bulk. Furthermore, Alba-Simionesco et al.29 have shown that if
both these effects are strong the glass transition region tends to be very broad (at
least in the case when there are several molecular layers of the confined liquid), i.e.
the a -relaxation is expected to be much broader in confinement, which neither
seems to be a significant finding in the present study. Thus, in contrast to what one
would expect this suggests that both the present confinement, where the motion of the
intercalated liquids is restricted in only one dimension, and the interactions with the
clay surfaces have a relatively small influence on the molecular dynamics probed in this
study. A possible explanation for the generally weak geometrical confinement effect
may be that the cooperativity length is not affected by the extreme confinement in the
direction perpendicular to the clay platelets. If the cooperatively rearranging region in a
bulk material has a 2-dimensional character then one would not expect that the
cooperativity length would be strongly affected by confinement as long as there are no
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restrictions for motions in two dimensions. The weak interaction with the clay surfaces,
for all the chain-lengths, indicates that the OH end groups do not form strong hydrogen
bonds to the clay surfaces. Rather, it seems as the surface interactions are considerably
weaker than in many other model systems (e.g. unmodified Vycor glasses and zeolites)
commonly used to confine liquids and polymers.

4.

CONCLUSION

The present QENS study of PG and two of its oligomers confined in a Na-vermiculite
clay supports previous dielectric results on the same systems and shows that most of the
relaxational dynamics is only weakly affected by the confinement. Since the
intercalated liquids are confined to a single molecular layer, which means that all the
molecules are only able to move in two dimensions and should in some way interact
with the clay surfaces, it is interesting and unexpected that both the pure geometrical
confinement effect as well as the surface interactions appear to be very weak. The most
pronounced difference is observed for the slow translational diffusion of short
oligomers, which is slowed down in the clay resulting in a reduced chain-length
dependence compared to bulk. This fact can be understood by considering the
physical nature of this diffusive process. In the clay the motions have, of necessity,
to be of a 2-dimensional character, whereas in bulk the dimensionality of the
diffusive motions is likely to be chain-length dependent. The monomers should
have approximately the same ability to move in all three directions, whereas the
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motion of polymer segments should be, at least partly, prevented by surrounding
polymer chains. Thus, the diffusive motion of polymer segments should be more
restricted and has a low dimensional character, similar to the 2D geometry in the
clay. This is the possible explanation as to why the bulk dynamics approaches that
in the clay for the longest chains.
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Figure captions

Fig. 1. Quasielastic neutron scattering spectra S(Q,w) taken on the FOCUS spectrometer
for PG and PPG confined in Na-vermiculite clay. The four panels show data for Q=2.19
Å-1 and the temperatures 260, 300, 340 and 380 K, respectively. In the top panel data
for dry clay at 260 K is shown for comparison. It is almost equivalent with the
experimental resolution function.

Fig. 2. Intermediate scattering functions S(Q,t) at different Q-values for bulk (a) and
confined (b) PG, 7-PG and PPG at T=300 K. S(Q,t) is combined from data taken on
FOCUS, IRIS and IN16, as indicated in (a). The experimental data have been fitted by
three different relaxation functions (see the text).

Fig. 3. (a) Intermediate scattering functions S(Q,t) for bulk and confined PG (D), 7-PG
(O) and PPG ( ) at T=300 K and Q=0.92 Å-1. (b) S(Q,t) for bulk and confined PPG at
Q=0.92 Å-1 and the temperatures 300 (D), 340 (O) and 380 K ( ).

Fig. 4. 1/<td> as a function of Q2, for PG, 7-PG and PPG in bulk (O) and confined in
clay (D). The Q-dependence of 1/<td> has been fitted by a Qn function (given by the
lines) in the case of 7-PG and PPG, whereas for PG, where ordinary translational
diffusion is excepted (i.e. no Rouse dynamics,51,52 as for the longer chains), a Q2dependence is indicated. From this fitting procedure an approximate Q2.6-

25

dependence of 1/<td> is obtained for confined and bulk PPG, suggesting a mixture
of Rouse dynamics51,52 and segmental motions.

Fig. 5. Temperature dependence of the average relaxation times for PG ( ) and PPG
(O) in bulk and confined in clay ( — and D, respectively). The dielectric a-relaxation is
given by open symbols whereas the average relaxation time from neutron scattering is

†
marked with filled symbols. Note the excellent agreement between the average
relaxation time from neutron scattering and the dielectric a-relaxation time, evident
from the simultaneous fitting with the Vogel-Fulcher-Tamman55 (VFT) equation
(dashed line for bulk and solid line for confined liquid).
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Table I. Estimated VFT parameters and glass transition temperatures (defined as the
temperature for which t≈100 s) from the fits shown in Fig. 5.

Sample
t0 (fs)
D
T0 (k)
Tg (K)
___________________________________________________________________
Bulk PG
2.5
19.3
111.9
168.8
Bulk PG (Ref. 19)
Confined PG
Bulk PPG

2.0

18.4

112.3

166.8

19.1

112.8

168.8

6.9

165.3

199.8

7.0

164.6

197.4

7.7

164.0

198.4

72

Bulk PPG (Ref. 19)
Confined PPG
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