PHYSICAL REVIEW B, VOLUME 63, 014301
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The rotational tunneling and librational excitations of the one-dimensional quantum rotor, methyl iodide,
confined in porous glass monolitiimean pore diameter of 58)Aave been investigated using incoherent
inelastic neutron scattering. When the pores are completely filled with the solid at low temperatures (5 K
<T<35K), the system exhibits a tunneling spectrum composed of two sets of inelastic peaks: oneXbt at
peV and the other at-4 ueV. Tunneling spectra measured with partially filled pores display peakstdl
peV corresponding to tunneling of molecules near the pore walls and show that the pegk$s aeV in the
filled pores, which are similar to bulk solid peaks, can be attributed to molecules in the center of the pore. The
lowest-lying librational excitation of the methyl group exhibits behavior consistent with a two-component
system with a bulk solidlike librational excitation and a lower-energy librational peak due to the surface
molecules. The methyl dynamics are well-described as one-dimensional rotationally hindered rotors, with the
core molecules under the influence of a single hindering barrier while the surface molecules experience a
distribution of barrier heights. Quantitative estimates of this distribution are presented. Finally, the temperature
dependence of the tunneling spectra for both the completely filled and partially filled pores is discussed.
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[. INTRODUCTION V3 is not too large the hydrogen wave functions will overlap
appreciably. Then, if the thermal energy is well below that of
Quantum rotational tunneling is extremely sensitive tothe potential barrier, the hydrogen atoms can tunnel through
both the shape and magnitude of intermolecularthe potential barrier. In a neutron-scattering measurement the
potentials'~ Thus the experimental determination of tunnel- tunneling frequency manifests itself as a discrete energy
ing spectra using techniques such as nuclear magnetic reswansfer to(or from) a neutron. Tunneling energies typically
nance or neutron scattering can provide detailed informatioare small(<1 to a few 100ueV) and necessarily require
on intermolecular potentials. Due to the large incoherenhigh-resolution neutron measurement techniques such as
neutron-scattering cross section present in(thmually) hy-  backscattering. Neutron backscattering spectra of bulk me-
drogenous tunneling species, rotational tunneling can oftethyl iodide at 5 K show well-defined tunneling peakst1.4
be observed using high-resolution neutron scattering. WhepeV (0.6 GH2.!! As the temperature is raised to about 20 K
scattering from hydrogenous systems, the interpretation ahese peaks move to slightly higher energies due to a distor-
the data is straightforward due to the single-particle nature dfion of the single-particle potential from phonons. Subse-
the interaction between the neutron and samplerefore  quent temperature increase causes the tunnel peaks to move
neutron scattering is an ideal choice for investigations oinwards (due to increased thermal population of the rota-
rotational tunneling. tional levels towards the elastic line until, at 40 K, the scat-
Tunneling in various restricted geometries has been studering appears quasielastic, indicative of classical hopping of
ied for several systems, but especially for meth@ae com- the methyl groups over the potential barrier. Thus there is a
pilation by Prager and Heidemahfor a recent list of con-  continuous transition from the quantum tunneling regime to
fined methane studigs Methane has a rich tunneling classical rotational hopping. In light of these results,sCH
spectrum in the bulk solid phases. When confined to variousonfined in a nanoporous medium provides an ideal probe of
porous glasses, the tunneling rotors behave as though théycal disorder, surface interactions, and the effects of con-
are under the influence of a distribution of orientational po-finement.
tentials as opposed to the much simpler potential in the bulk To our knowledge the only previous neutron-scattering
solid phasé:’ The extensive studies of solid mixtures of study of confined methyl iodide was performed for £idn
methane and krypton provide an excellent demonstration ofraphite’?!2 For this case, neutron diffraction demonstrated
the use of tunneling as a probe of local orientationalthat the molecule’s threefold molecular axis lies parallel to
disorde®~1° the surface. Tunneling of the methyl groups was observed at
Methyl iodide (CHI) is a textbook example of a one- 40 ueV for momentum-transfer parallel to the graphite sur-
dimensional quantum rigid rotdt.In the bulk solid phase at face and 2QueV for polarizations parallel and perpendicular
low temperaturesT{<40K) the methyl rotors experience a to the surface. Thus the presence of the surface significantly
threefold symmetric potential that hinders the reorientatiordecreases the rotational potential. More recently Loughnane
of the molecule about the-C axis. This single-particle po- and Fourkas have used optical Kerr-effé€&KE) spectros-
tential can be expressed ¥$¢p) = V[ 1—cos(3p)]/2, where  copy to study the relaxation response of {Lth porous
¢ is the angular coordinate characterizing the orientation osilica gels o= 24-83 A) ¥ At temperatures between 200
the methyl rotor about the-C axis. If the rotational barrier and 320 K, two distinct relaxation rates were measured
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which were subsequently assigned to bulklike &Cldnd  the “partially filled pore” samples.

CHal molecules strongly influenced by the presence of the All neutron-scattering measurements were carried out at
surface. Raman measurements of confined methyl iodide ithe NIST Center for Neutron Research. The tunneling mea-
silica glasses with pore sizes ranging from 12 to 70 A indi-surements were performed on the new NIST high-flux back-
cate that methyl iodide confined to smaller pores has a highéicattering spectrometgHFBS).'® HFBS is a high-energy

degree of orientational order and a slower relaxation ratéesolution backscattering spectrometer in which the incident
than that confined in larger por&s. neutron energy is varied via Doppler shifting the neutrons

Here we present the results of a series of inelastic incoabout a nominal incident wavelength of 6.271 A. After scat-

herent neutron-scattering measurements performed on tfiering from the sample only neutrons with a fixed final en-
molecular system methyl iodide confined to porous glas€rgy are received in the detectors as determined by Bragg

monoliths with a narrow pore size distribution centeredreflection from a large crystal analyzer system. In all spectra
around 58 A. The remainder of this paper is laid out asthe data were summed over 9 detectors spanning momentum

follows. In Sec. Il we discuss details of the experimentaltransfers between 0.62 to 1.5 Aand normalized to the total
technique inc|uding Samp|e preparation_ In Sec. Il Weincident beam monitor counts. The instrument was operated
present the results, along with fits to the neutron-scatterini/ith a dynamic range of=27 eV (energy transferwith an
data. In Sec. IV we discuss the interpretation of our resultsenergy resolution of eV.

We finish with a summary and brief discussion of future ~The measurements of the librational excitations were per-
measurements. formed using the new filter analyzer neutron spectrometer

(FANS). The incident neutron energy is monochromated via
the 002 reflection from a pyrolitic graphite monochromator.
After scattering from the sample only neutrons with final

The methyl iodide used in this paper, obtained fromenergies less than 1.8 meV are counted in the 48 detectors
Sigma compan¥’ with a stated purity of 99.4%, was used as SPanning scattering angles between 17.9° and 118.3°. This is
received with no further purification. The porous glassaccomplished using a composite analyzer made up of a com-
monoliths used were obtained from Geltech, incorpor&ted. bination of polycrystalline beryllium, followed by a block of
Each monolith, disk shaped, with a diameter of 6 mm andPolycrystalline graphite, which determines the effective ana-
thickness of 2 mm, has a monodispersed pore distributiofyzer energy resolution, which in this case is about 1.1 meV.
centered about 58 A with a 10 A full width at half maximum All spectra presented here are the result of summing over all
(FWHM), an open pore volume of about 63%, and a specifiddétectors and normalizing to the incident beam monitor.
surface area of 534 fy as determined by nitrogen In all measurements the sample cell was mounted onto a
adsorption/desorption isotherm measurements. They we&ample probe in a top-loading helium flow cryostat. The tem-
heated to 800°C to remove impurities and kept undeierature of the sample cell was determined via silicon diode
vacuum while being shipped to NIST. Upon receipt the diskghermometer. The measurements performed on HFBS were
were transferred into a vial containing liquid QHsealed, done at temperatures betwes K and 40 K while the mea-
and allowed to soak for 48 h. Note that in this paper nosurements done on FANS were performed & only. Ref-
surface treatment was performed to remove hydroxyl groupgrence measurements of the bulk molecular solid were per-
from the surface of the porous glass as was done in previod@rmed on both instruments in order to provide a direct
Raman and OKE rneasuremeil‘ﬂéf5 Previous investigations comparison between the bulk and confined Systems. In both
into adsorption of Chl onto silica gels provide compelling measurements on bulk GH the sample was contained in a
evidence that the methyl iodide molecules preferentially adsealed annular aluminum sample cell in order to minimize
sorb onto surface sites with free OH groups. Therefore surnultiple scattering.
face treatment will likely affect the surface-molecule inter-
action and hence the areal density of adsorbed moletliles.

Gravimetric measurements of the disks saturated with the
liquid at room temperature indicate an approximately expo- Figure 1 shows tunneling spectra for the partially filled,
nential desorption with a time constant of about 5 min. Afterfull-pore, and bulk cases at 5 K. There are a number of
soaking in the liquid for 2 days, 11 disks were transferred tonotable features in the full pore data. First, there is a large
a cylindrical aluminum sample cell wide enough to provide aelastic-scattering component due to scattering from the
snug fit for the disks. Upon completion of the measurementsample can, the porous substrate, and a portion of the mo-
the disks were weighed as soon as the cell was opened anstular solid structure. A measurement of the empty Geltech
the mass corresponded to a pore filling of*'g86. We will  disks at 5 K revealed nothing more than elastic scattering
refer to the 95% filled pores as “full pores.” Measurementsand a flat background, so no attempt to subtract the back-
were also performed using disks that were partially filledground was performed. The inelastic spectra contain two sets
with CHsl. This was achieved by allowing the disks to des- of tunneling peaks on the Stokes and anti-Stokes sides of the
orb for a fixed period of time before transferring them to theelastic line. It is clear from the figure that the two smaller
cell and sealing it. Upon completion of the measurement the@eaks near-2.5 ueV for the confined solid, which are reso-
disks were again weighed as soon as the cell was openeldition limited, are comparable in position and shape to the
The mass indicated that the disks were approximately 5bulk tunneling peaks. The other set of tunneling peaks have
+7% filled with CH;l. We will henceforth refer to these as an intrinsic linewidth of 1.9ueV, which is considerably

Il. EXPERIMENTAL DETAILS

IIl. RESULTS
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FIG. 1. Tunneling spectra collected at 5 K for the full pore
sample (circleg, partially filled pores(squares and the bulk
sample(solid line). Bulk data has been scaled down by a factor of 00003 ————F———1 T
100 for clarity. I
000025 F  T=20K
larger than the bulklike peaks and appear at higher energies, : .
+4 ueV. The spectra from the partially filled pore sample £ 00002 |
are noticeably different from the full pore case. First, the ,; s
peaks near the bulklike tunnel energies have vanished leav- i 0.00015
ing only a broadband peaked at higher energy. The maxi- g f ,
mum of this band is closer to the elastic line than the higher- & 00001 |
energy peak of its full-pore counterpart. sk A
In order to extract quantitative information from the tun- S10 - Lo
neling spectra a simple model was adopted for fitting the oL A T A
peaks. For most of the lower-temperature full-pore spectra, -10 s 0 s 10
we found that four Gaussiarisvo pairs of tunneling peaks E (ueV)
plus a delta functionelastic scattering and a lognormal (b)
distribution, all convoluted with the instrumental resolution
function plus a gently sloping background proved to be an
excellent representation of the data. A Lorentzian line shape
can replace the lognormal line shape and provide an equally 0.0003
good fit. However the choice of the lognormal better reflects
the underlying physics, which is discussed in the next sec- 0.00025
tion. Representative fits are presented in Fig. 2. We will -
henceforth refer to the lower-energy tunneling peaks as -‘é 0.0002
“core” peaks and the higher-energy peaks as ‘“surface” £
peaks. The central idea behind this assignment is that the =~ 3000015
lower-energy peaks arise from the bulklike solid that occu- g 00001
pies the center, or core, of the pore, and the higher-energy &

peaks arise from the molecules near the pore walls. This
designation is also useful when describing the partially filled
pore spectra. We must also consider the possibility that the 0
bulklike peaks are due to the presence of bulk solid located
outside of the porous glass samples, perhaps on the inside
walls of the sample container. However, this is unlikely since
the bulklike peaks are shifted higher by 5% when compared (c)
to the tunneling energy in pure bulk GHSuch shifts can be
associated with a somewhat different orientational potential FIG. 2. Fits of model, as discussed in the text, to the tunneling
for molecules localized near the center of the pores. spectra for for full-pore samples féa) 5 K, (b) 20 K, and(c) 35 K.

As the temperature increases, a number of changes occur
in the spectrum. When the temperature is increased to 30 K #5 K the tunneling peaks coalesce to form a single quasielas-
becomes impossible to distinguish between the core and suiticlike peak and no further tunneling features are observed
face contributions to the scattering because the two sets @bove 35 K. As temperature increases the width and the in-
tunneling peaks merge into a single pair of broad peaks. Ategrated intensity of the lognormal component remain ap-

5107
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proximately constant up to 30 K. Abov® X a pure Lorent- 00002 —
zian component is used to model the quasielastic scattering
and the lognormal is no longer used in the fitting.

When the porous glass is partially impregnated with
CHgl, as in Fig. 3, the two bulklike peaks vanish leaving
only the broad peaks at higher energy. In this set of data we
fit nearly the same model as in the full-pore case except that
now we only fit a single pair of Gaussians to the tunneling
peaks. In addition, a broad scattering component is present
even at the lowest temperature of 5 K, which again has been
fit with a lognormal distribution. This broad scattering com-
ponent, whose integrated intensity scales with the amount of 0
solid present in the porous glass, is present even when the
pores are partially filled with the solid. Thus we believe that
this feature is associated with the first few adsorbed layers of
the CHl. This model provides an excellent fit to the data
presented in Fig. 3. Once again the peaks merge and coalesce

into a single quasielastic peak as the temperature approaches
35 K. 00002 [Ty T T T T

0.00015 |

00001 T

Intensity (arb units)

510°

The temperature dependencies of the peak positions for [ r=20K
both the core and surface components are shown in Fig. 4. [
The tunneling peak positions of the bulk solid are plotted for
reference. In the bulk solid, the peak energies exhibit an
interesting temperature dependence. There is a small increase
in the peak positions up to 25 K0.16+0.03 ueV) and then
the usual softening, typical of tunneling systeMslthough

000015 - 4 .
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T

higher in energy, the temperature dependence of the “sur- 510° | P

face” tunnel peaks in the full-pore sample appear to follow a o P v

similar trend to the bulk. The temperature dependence of the S SRR
core peak positions are consistent with the bulk temperature 0-10 s 0 s 10
dependencdalthough slightly higher in energybut, since E (HeV)

one pair of tunneling peaks vanishes at 30 K, it is impossible

to provide a more quantitative estimate of the temperature

dependence of the core peaks. For the partially filled (b)
samples, the tunneling energy for the surface component fol-
lows a similar temperature dependence as the bulk but the
values at each temperature are consistently lower than the
surface peaks found in the full-pore sample.

Finally we present in Fig. 5 the background corrected 0.00015
spectra collected on FANS, which directly reflects the den- I
sity of librational states for bulk CHi and full-pore Geltech.

The bulk data show a doublet between 12.5 and 14 meV
while the confined spectra show a broad peak centered about
12 meV. Previous measurements of the bulk showed a dou-
blet with the lower-energy portion centered about 13.27
meV 1! Differences in energy calibration in the two instru-
ments(FANS at NIST and SV-22 at KFA in Julighcould
account for the differences in the location of the doublet.
Previous INS measurements determined that the lower-
energy component of the doublet is due to rotation about the
[-C axis while the higher-energy component is due to rota- (c)
tion about an axis perpendicular to theC axis!?

0.0002 [
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FIG. 3. Fits of model, as discussed in the text, to the tunneling
spectra for partially filled samples féa) 5 K, (b) 20 K, and(c) 35
IV. DISCUSSION K.

The results described in the previous section suggest layers adsorbed onto the pore wall, a(®@ “core” mol-
simple physical picture where two components provideecules, or molecules that reside near the center of the pores.
dominant contributions to the inelastic spectfd) “sur- Clearly this is an oversimplification since there can be no
face” molecules, that is molecules that are in the first fewclear delineation between molecular layers. However our as-
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- FIG. 6. Graphical illustration of the effects of a distribution of
FIG. 4. Temperature dependence of the peak position of th@otential barriers on the tunneling line shape. Asymmetry of line is
surface (open circley tunneling peaks for the partially filled gye to nonlineasexponential dependence of tunneling energy on

samples, surface peaks for the full porsslid circles, and core  the parrier height. Parameteksandb are found from a fit to results
peaks(solid squares The temperature dependence of the bulk tun-of the numerical solution of Eqd).

neling lines are presented for refereopen squargs Solid lines
are fits to a theoretical model as described in the text.

h? 9 V,
H:—E—Q‘F?(J.—COS%), (1)
signment of distinct populations of surface and core mol- I

ecules is consistent with the interpretation of the OKE mea-

surements on liquid CHi ** Moreover the comparison of the wherel is the moment of inertia of Ci the methy! rotorVs
full-pore case with two sets of two tunneling peaks and thes the barrier height, ang is the angular coordinate of the
partially filled pore case where the bulklike peaks vanish, butotor. The resulting eigenvalues of the Hamiltonidn can
the higher-energy peaks remain, also supports this simplge calculated as a function ;.%* The tunneling energy,
picture. defined as the splitting between the 0 andJ=1 rotational

In bulk CHsl, one can use the location of the tunneling states of the free rotdf, has an approximate exponential
peaks at low temperature to determine the potential barrieaependence on the barrier height. Using this dependence
which hinders rotation. Since the system is, to a very googn barrier height, and the fact that the bulk tunnel peaks
approximation, a one-dimensional quantum rotor, the Schromeasured at 5 K on HFBS occur a2.4 ueV, we find that
dinger equation can be solved numerically, and one can exne V5;=42.0+0.2meV, in good agreement with the values
tract the corresponding tunneling energies as a function dptained previously using nuclear-magnetic resonance
barrier height. The Hamiltonian can then be expressed as (NMR) (41.8 meV} and neutron scatteringll me\).* Pre-

vious measuremettsuggest a small sixfold contribution to

r ‘ little temperature dependence to the peak widths within the
: o % % 1 resolution of the spectrometer, we can rule out this possibil-
2000 H ity. Alternately, the width could be due to a distribution of
hindering potential barrier heightg;. In this case, we can
extract the distribution directly from the tunneling line shape.
] We simply use the relationship between the tunneling energy
and the potential barrier height found from the numerical
15 20 calculations of Eq(1) and perform the transformation from
E (meV) the resolution corrected tunneling line shape to potential bar-
‘ rier as shown in Fig. 6. Before doing so however, we must
FIG. 5. Density of librational states for bullequaresand con-  consider the underlying broad scattering component ob-
fined (circles CHgl. served in all of the low-temperature tunneling spectra.

6000 [T T T T T T T T T T T the hindering potential, but its effects are small and we have
r ] decided to ignore this term for simplicity.

5000 - - It is clear from Figs. 2 and 3 that the tunneling peaks due
f ® 1 to the surface molecules have an intrinsic width. This width

4000 [ & 2 ] could be due to an increased population of the excited states
C %@m resulting in a thermally activated linewidth of the forkh

2000 |- fi% & ] =Te ¥XT as is found in the bulk! Since there is relatively

1000 g
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In each of the sets of low-temperature tunneling spectra S I B B NN RN
the very broad scattering component, which underlies the
well-defined tunnel peaks, can be attributed to disordered
methyl rotors and provides the motivation for using the log-
normal distribution in the fit. In a tunneling system where the
tunnel energy has an exponential dependence on barrier
height, a Gaussian distribution of barrier heights yields a
lognormal line shape. This type of broad scattering has been >~ L
observed in other systems posessing methyl groups and there® |
is ample evidence that this component is a disorder o )
effect®2°-22 Recent neutron backscattering spectra for the  strongly disordered

. . . I tunnel rotors —>
polymer system polyvinyl-acetat¢ where the scattering is 5 \L“
predominantly from methyl groups, display a broad Lo A S B .
temperature-independent scattering component at tempera- 0 0 20 30 40 50 60 70
tures as low as 2.4 B At such low temperatures it is highly V_ (meV)
unlikely that this scattering arises from the diffusive motion :
of the molecules, because the activation energy for such a FIG. 7. The total barrier height probability distribution extracted
diffusive process would have to be on the order of 2.4 K orfrom the full-pore spectra reflecting the highly ordered core rotors,
about 210ueV, characteristic of an almost free rotor. The weakly disordered surface rotors, and the strongly disordered sur-
interpretation presented by Colmenero and co-wofReéss  face rotors. Relative contributions have been scaled to the inte-
that the methyl groups in the disordered polymer environ-grated intensity of each component in the tunneling spectra.
ment see a very broad distribution of hindering potentials
and, in fact, it is quantum rotational tunneling of the methylline shapegFig. 6) to the broad scattering component and
rotors that provides the apparent “quasielastic” scatteringhe surface peaks and resolution limited lines to the core
component. peaks. As can be seen in Figs. 2 and 3, this provides an

Similarly, a broad scattering component is observed in thexcellent description of this component of the scattering. The
confined CHI spectra down to 5 K. Completely analogous distribution of barrier heights that we extract from such a fit
arguments lead us to conclude that this intensity must be due shown in Fig. 7. The center of the distribution for the
to tunneling of methyl groups in a highly disordered envi- strongly disordered component occurs at 36.8 meV with a
ronment. Since it is present even in the partially filled sampld=WHM of about 22.5 meV. The center of the barrier distri-
spectra, this feature must be associated with the moleculdsition coincides roughly with that of the surface molecules
adsorbed onto or near the pore wall. Up to now we havé38 meV), which provides even more evidence that this scat-
assigned the resolution-limited peaks ne#.5 ueV to the tering feature is associated with molecules on or near the
core region and the peaks a# peV to the molecules near pore wall. The uncertainty in the probability densiB(Vs3),
the surface. Perhaps a better designation is in terms of thextracted from the tunneling measurements, is difficult to
degree of order of the local environment and its effects orquantify for the broadest component at very high values of
the intermolecular potential felt by the methyl groups. ThusV; (>55 me\) and very low values of/; (<25 me\). This
in the full-pore samples, we expect that the core moleculemitation is due to the finite dynamic range of the spectrom-
experience a locally highly ordered environment resulting ineter for low barrier heights and the finite instrumental reso-
resolution-limited tunneling peak&s in the bulk ordered lution for larger barrier heights. Thus the tunneling measure-
system. The surface molecules, however, must be subdiments provide the most reliable information on the
vided into two further classifications: those with small de-probability density encompassed in the region near the core
gree of disorder in their local environment and those with aand weakly disordered tunnel rotors.
large degree of disorder. Those surface molecules with a Using the integrated intensities found in the tunnel spectra
small degree of disorder in their environment appear as theve can also make a rough estimate of the amount ofl GH
inelastic peaks seen at4 ueV with some intrinsic width each of the three environments. Based on the fits to the 5 K
and those with more disorder appear as the broad scatteringnnel spectra for the full-pore case, about 70% of the scat-
From this characterization a qualitative picture of the structering intensity arises from strongly disordered surface ro-
ture emerges. In the center of the pore we have the orderedrs, ~25% comes from the weakly disordered surface ro-
solid, very similar in structure to the bulk solid. As we move tors, and only~5% comes from the core rotors. If we further
away from the center of the pore towards the pore wall, theassume that the pores are perfectly cylindrical with no dis-
molecules begin to deviate from the bulklike structure until,persion in the pore-size distribution and that the density of
at the pore wall, they are in a highly disordered state, perhaphe confined solid is the same as the bulk liquid, then we
in an attempt to arrange themselves with the disordered suestimate that the strongly disordered surface rotors are con-
face of the wall. strained to three solid layers next to the pore walls, the

We can estimate the amount of disorder necessary tweakly disordered surface rotors make up the next two lay-
cause each of the scattering components by considering exs, and the “ordered” rotors fill the remaining central re-
distribution of hindering potentials for each one. Using thegion of the pore. The assumption of perfectly monodispersed
full-pore data at 5 K, we can fit barrier-broadened tunnelingpore sizes is incorrect since we know that the pore size dis-

T T

«— core

)

coa v baaala

weakly disordered
tunnel rotors —— 3»

) (meV”
T

coad el
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tribution has a 10% breadth. Nevertheless, this model en- 3500 [—
ables us to predict that confinement in larger pores would :
result in a larger core contribution while confinement in 3000 [
smaller pores would eliminate this contribution completely.
Measurements are planned to test this hypothesis. 7
The small energy shifts of the surface tunneling peaks in'g

the full-pore system compared to the partially filled pore caseg 2000 0
provide insight as to the effects of the surface of the porous;g 1500 3 B
glass and the presence of the core molecules. The distribug o ]
tion of potentials for the surface molecules in the full-pore & 1000 : ]
case and partially filled case have the same width but the 5 ]
full-pore distribution is located at a slightly lower-potential 500 B 3
energy(37.8 me\j than the partially filled casé38.0 meV. F 1
This suggests that the presence of the core molecules tenc oL M
to reduce the potential experienced by the surface molecule: 5 10 15 2 25
presumably due to small structural changes. For the full-pore E (meV)

sample the core barrier distribution is located at an energy

that is lower than the bulk by about 0.35 meV, less than a 1% FIG. 8. Density of librational states for the surface molecules

shift. This indicates that the presence of the glass surfacextracted from the full-pore samples and a subtraction of the bulk

(and perhaps the surface molecules themsglesgls to re- density-of-states as described in the text. Inset: the distribution of

duce the potential barrier experienced by the core moleculgzarrier heights extracted from the librational density-of-states for

when compared to a GHmolecule in the bulk solid. the surface moleculessolid line and the distribution extracted
The spectrum for the low-lying librational modes can alsoffom the tunnel spectredashed ling

be estimated using Edl) and the picture of the potential

barriers presented above, and the result can be compargém the FANS data compared with the HFBS data is that
with the measurements taken on FANEg. 5. There are  there could be an unresolved line in the spectrum shown in
two contributions to the tunneling spectrum in the full-pore Fig. 8. The doublet observed in the bulk spectrum is com-
sample so we can assume the same for the librational exGhpsed of two peaks, due to librations about different axes. It

tations. Based on the numerical calculations of Bg.and 5 entirely possible, in fact likely, that an unresolved line

the tqnnelmg data, Fhe bulkllke methyl groups in the COr€eyists in the surface librational spectrum, which would lead
experience a potential barrier of 42 meV while the surfac

molecules feel a potential barrier of 37.8 meV. These barriE:to an apparent broadening of the observed librational line.

ers predict librational modes of 14.00 meV and 13.17 meVﬁnOthgr pgss&:ﬂle extp'lsn?tmr; f?i: the Ia}[rger W'dthth'.s that.
respectively, differing by 0.83 meV. ere is a broad contribution to the spectrum near this exci-

The first librational mode in the bulk spectra shown in tation energy due to a disordered array of molecules near the

Fig. 5 occurs at an energy transfer of 12:GR04mev, Pore wall. _ _
based on a two-Gaussian fit to the doublet. In order to esti- |t would be interesting to know how the molecules are
mate the contribution to the librational spectrum from£H &ranged within the pores, since an understanding of this
molecules near the pore wall, we can subtract an appropria@rUCture could lead to further understanding of the origin of
fraction of the bulk FANS spectra from the confined FANS the distribution of potential barriers. It is expected that the
spectra. The bulklike portion subtracts out quite well leavingdynamics of surface molecules, which have @axis per-
a well-defined peak at 11.810.02 meV, which we attribute pendicular to the pore wall, will be substantially different
to the molecules near the pore wélig. 8). The difference  than those whose threefold axis is parallel to the pore Hall.
in energy between the bulk librational mode and the surfacén the case of a polar molecule like GHn porous silica, the
librational peak is 0.820.04 meV, which is in excellent electric fields set up by the hydroxyl groups on the silica
agreement with the numerical estimate of 0.83 meV based osurfaces should force the surface molecules to align their I-C
our tunneling measurements. So while the absolute value afxes perpendicular to the pore wHilUnfortunately our cur-
the librational energy is slightly overestimated by the modelrent measurements can make no distinction between these
the energy difference is in complete agreement with thatwo cases but we expect that there will be differences in the
based on the tunneling data. forces felt by the surface molecules and the core molecules.
The intrinsic width of this librational peatafter correct- The temperature dependence of the tunneling lines pro-
ing for instrumental resolutioris 1.1+0.1 meV. We can at- vides clues as to how the methyl groups interact with the
tempt to relate this width to the distribution of barrier heightsphonons in the solid. One possible effect of confinement is
as we did for the widths of the tunneling peaks via numericathat the temperature dependence of the tunneling lines will
calculations of the librational energies over a range of barriebe influenced by the density-of-states of the phonons in the
heights. The resulting distribution has a width of 2.24 meVporous substrate. Praget al. have presented an empirical
(inset of figurg which is larger than the width of the distri- expression that characterizes the unusual temperature depen-
bution obtained from the breadth of the tunneling ligkgt7  dence of the tunneling lines in bulk GH' This expression
meV). One possible explanation for the larger distributionis written as
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E«(T) 1—exp(—E./kgT) set occurs at about2.5 ueV and the other at-4 ueV.
E(0)  1—(1+A.)exg —E,/k T)_As exp(—Es/kgT), Pores that are partially filled with the solid exhibit only the
! ¢ c'"B @) peaks near-4 ueV. We attribute the peaks at2.5 ueV in
the full-pore case to molecules located near the center of the
whereE(T) is the tunneling energy at temperatdreE. is  pore, which have a very high degree of local order, similar to
the phonon energy in the Einstein approximati&y,is re-  those in the bulk solid. The broad peaks located-atueV
lated to the librational energy, ami} is related to the cou- in both cases are due to molecules located at or near the pore
pling of the phonons to the methyl rotors. wall. The breadth of these peaks arises from a local distribu-
In order to provide a quantitative comparison of the tem-tjon of orientational potentials. The tunneling peaks associ-
perature dependence we have fit each of the sets of tunnelinged with the molecules near the pore wall are consistent
peaks to this model as shown in Fig. 4 but held the libra-with our measurement of the librational density-of-states for
tional energyEs, fixed to its value derived from the tunnel- the confined solid. A temperature-independent broad scatter-
ing spectra. We find that the phonon energy depends stronglyig feature is found in both the full-pore and partially filled
on which scattering component is examined. For the bulkyore tunneling spectra that we associate with disordered me-
CHgl we find that the phonon energ.=2.94meV, in  thyl rotors. We have quantified the local disorder in the con-
rough agreement with Praget al™ who found thatE.  fined solid using the one-dimensional model and the neutron-
=2.15meV. The fit to the temperature dependence of thecattering spectra to obtain a probability distribution of
core molecules yields a phonon energy of 1.78 meV and terientational potentials for each of the @Homponents.
that of the surface molecules, 5.39 meV. It is not clearFurther measurements are planned of the tunneling off CH
whether we can relate these energy shifts to a change in thgnfined to glasses with smaller pore sizes as well as with

phonon density-of-states due to the presence of the poroushd without surface treatment in order to further characterize
substrate or if it is a density effect. The lack of any detailedthe effects of surface interactions.

structural information precludes us from making any conclu-

sive statements regarding the origin of these energy shifts.
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