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The rotational kinematics of normal,idonfined to the pores of Vycor glass have been studied via incoher-
ent inelastic neutron spectroscopy. At low temperature we observe two distinct rotational transitions. One is
centered near 14 meV, corresponding to the free rotor value of molecylartile the other is centered at
~10 meV. Measurements taken at filling fractions ranging from 10% to 95% allow us to ascribe the two
transitions to H in the center of the pore and,tstrongly bound to the pore surface, respectively. The
molecules bound to the surface are modeled as rotationally hindered rotors, and a distribution of orientation-
dependent interaction potentials is extracted. The bound molecules can further be divided into a monolayer that
is in direct contact with the pore wall, and a second, less tightly bound layer. The ortho to para conversion rate
has also been measured and is higher than the bulk rate of 1.9%/h. The rate for the molecules bound to the pore
wall is 2.1%/h, while the rate for molecules in the center of the pore is 8.9%01.63-182809)03920-X

I. INTRODUCTION the rotational energy levels given by

Recently, there has been a great deal of interest in the E,=BJJ+1), @
adsorption of simple materials in porous media. The physwhere B is the rotational constant which is equal to 7.35
isorption of molecules on surfaces is particularly interestingneV for H,, and 3.70 meV for B* Thus the rotational
as the effect of the interaction with the surface on the rotaenergies of th®-H, (J=1) andp-H, (J=0) states are 14.7
tion of the molecule may be investigated. Molecular hydro-and 0 meV, respectively. Note that since the molecules be-
gen is an attractive system to study in this regard. Due to ithave as isotropic rotors, the energy is independent ofzthe
light mass and weak electronic interactions, molecular hycomponent of the angular momentum .
drogen is well described as a quantum rigid rotor with dis- It is known that adsorption of molecules onto surfaces can
crete energy levels characterized by the rotational quanturalter their rotational behavidrt*?An orientation-dependent
numberJ. Furthermore, the small moment of inertia of the interaction with the surface can hinder the rotational motion
molecule leads to a large energy level spacing which signifief a nonspherical molecule, such asH,, leading to shifts
cantly simplifies experimental studies. Thus in the last halfand splitting of the rotational energy levélSilvera, for ex-
century the rotational behavior of,badsorbed onto surfaces ample, found that KHladsorbed on grafoil had the same rota-
has been studied extensivéy,in the hope that one could tional transition energy as bulk Hwhile the transition en-
gain an understanding not only of the interaction of the H ergy was cut in half by adsorption on activated alunfifizne
with the surface, but also learn about and possibly characterientation-dependent interaction at the surface also intro-
ize the surface itself. Much work has been undertaken reduces a preferential adsorption of one rotational state of the
cently concerning ki on the surface of Vycor, as it is a molecule onto the surface. Sandldirst noticed that the
prototypical mesoporous material, and a significant amound-H, concentration of kKl desorbed from a Ti@surface was
of data exists in the literature® greater than the gas above the surface. Preferential adsorp-

Hydrogen nuclei are fermions and, when confined in ation of the 0-H, has also been observed on leached glass
molecule, can be separated into two species based on tlagd activated alumin® White and Lassettre presented a the-
symmetry of the spatial and spin wave functions, orthooretical treatment of the relationship between the rotational
(0o-Hy) and para p-H,), with the para species having a hindering potential and the preferential adsorption of the
slightly lower energy due to the symmetry of its rotational o-H, species.
wave function. At room temperature, the energy separation The transition of am-H, to the para state can be induced
between the rotational energy levels is relatively small, andby the interaction of the molecule with the magnetic moment
the odd and even rotational states are populated in a 3:1 ratisf a neutron. The neutron gains the energy released by the H
in normal (n-Hy) utilized in this study. Upon condensation, molecule in the transition. At low temperature, all other
the conversion of theo-H, to p-H,, which requires a modes which could donate energy to the neutron, such as
magnetic-field gradient, is relatively sloon the order of phonons, are rapidly frozen out. Consequently, inelastic in-
several daysallowing theo-H, molecules to be studied as a coherent neutron spectroscogyNS) measurements, ex-
stable impurity. ecuted in neutron energy gain, are uniquely suited to probe

In the liquid and high temperature solid %3 K) the theo-H, to p-H, transition, without interference from other
molecules are well described as isotropic rigid rotors withprocesses.
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We report the results of IINS studies of,Hind D, in
Vycor, which directly probe the effects of adsorption on the
rotational transitions of the adsorbates. Porous Vycor glass
has been used extensively in studies of surface interactions
due to its large interfacial pore surface arfea200 nf/g),
and is well characterize:***° Typically, a single mono- 2
layer is strongly bound to the pore wall, while additional 5 £
atoms adsorbed in the pores interact only weakly with the £ 1090
pore wall. Normal H (n-H,), however, forms a bilayer that $ 8‘22
is strongly adsorbed onto the Vycor pore wAll. é 0.55
Our studies observe two peaks in the inelastic neutron- S < 0.45
scattering spectra associated with two distinct states in the - 0.37
confined solid: a bulklike state in the center of the pores, and 0.32
. . 10.27
a rotationally hindered surface state. The surface state may 020
be further divided into first and second layers, with the first 0.10

layer “feeling” a stronger perturbation from the pore wall.

By monitoring the amplitude of the two peaks with respect to

time we determine that the ortho to para relaxation rate,of H

confined in Vycor is much more rapid than in the bulk. FIG. 1. lINS spectra of Klin Vycor at various pore-filling frac-
tions at 5 K. The filling fraction, as defined in the text, is shown at
the right of the figure. The solid lines are guides to the eye.

6 10 14
Neutron Energy Gain (meV)

Il. EXPERIMENTAL DETAILS

The porous medium used in these studies was Commefllonal Center for Neutron Research. The incident cold neu-
cially available porous Vycor glass. Vycor is produced bytron beam was monochromated by double Bragg reflection
spinodal decomposition of a borosilicate glass followed byffom two pyrolitic graphite(002) crystals. The monochro-
leaching of the boron-rich phase to produce an interconmatic beam\=4.8A, impinging on the sample was scat-
nected network of pores with a nominal radius of 35%A. tered onto the detectors 2.27 m from the sample which cov-
The sample used in this measurement was in the form of gred an angular range from 5° to 135°. The inelastic
rod 60 mm long, with a diameter of 14 mm. The rod wasmeasurements were executed in neutron energy gain mode
split into ten thin disks to facilitate cleaning which was car- because all collective processes are frozen out at low tem-
ried out by boiling in a 30% hydrogen peroxide solution. Theperature, leaving a minimal background on the neutron
sample was then rinsed in acetone, isopropyl alcohol, an@nergy-gain side. The instrumental resolution of the spec-
distilled water followed by drying at an elevated temperaturelfometer at high-energy gain increases roughly linearly with
in a dry nitrogen atmosphere_ The clean Vycor was therghergy Ieading to a resolution ef1.5-meV full width at half
transferred to a tight-fitting thin-walled Al cell. maximum at an energy gain of 15 meV.

The cell was mounted in a helium “flow” cryostat modi- Inelastic neutron-scattering spectra were collected at a va-
fied to reduce background scattering from the Al tails. Sili-riety of temperatures and fillings. The data were summed
con diode thermometers on both the cell and the heat eXrom detectors corresponding to momentum transfers of 0.6—
changer of the cryostat monitored the sample temperaturéd..6 A to decrease statistical uncertainty. This presents no
Standard volumetric techniques were used to slowly conproblems for the study of the rotational transitions, which are
dense measured amounts mfH, into the cell through a dispersionless.
heated stainless-steel fill line. The fill line heater was
swit_ched off on completion of the filling procedure to further Ill. EXPERIMENTAL RESULTS
avoid thermal gradients across the cell.

Measurements were carried out at a variety of pore fill- Figure 1 shows the inelastic neutron-scattering spectra of
ings. We define the filling fractiohas the ratio of the num- solid H, confined in Vycor glasste6 K at several different
ber of moles adsorbed in the Vycor to the number of moledillings. For filling fractions belowf=0.45 only a single
needed to completely fill the pores. Filling fractions of 0.10, peak in the scattering is present which has a width signifi-
0.20, 0.27, 0.32, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.92 wereantly greater than the instrumental resolution. At higher fill-
investigated in this study. Following the completion of aings, a second peak, with a width comparable to the instru-
measurement on a given filling fraction, the cell was warmednental resolution, appears. The locations and areas of these
to roughly 100 K and evacuated to remove residualbe-  peaks have been extracted by fitting them with a sum of
fore continuing to the ensuing filling fraction. This procedure Gaussians, and are shown in Fig. 2.
provided a well defined-H, concentration at the beginning As can be seen in Figs. 1 and 2, at low filling fractions,
of each measurement, and avoided loss of signal due to thfe<0.20, a single broad peak, with an intensity that approxi-
ortho-para conversion of Hn the pores. The count time of mately scales with the filling fraction, is observed at a neu-
the neutron-scattering measurements varied for different filliron energy gain of 9.1 meV. The peak shifts to an energy
ing fractions, fran 1 h at thehigher filling fractions® 4 h at  gain of 10.1 meV between filling fractions of 0.20 and 0.27.
f=0.10. This shift in the peak center corresponds to completion of the

The inelastic scattering spectra were collected on thdirst monolayer on the pore surface. The peak location is
time-of-flight Fermi chopper spectrometer at the NIST Na-relatively constant, while its intensity continues to increase
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FIG. 2. Area and center of the inelastic peaks as a function of
pore filling as determined by Gaussian fits to the peaks. The filled 6 10 14
circles(®) give the area, and the filled trianglék) the location of Neutron Energy Gain (meV)
the broad peak. The filled diamon¢i# ) give the area of the narrow
peak at 14 meV. The location of this peak does not change with
filling, and has not been shown.

FIG. 4. lINS spectra of confined +as a function of time.

associate this scattering with a adsorbed layer pétrbngly

approximately linearly with the filling fraction untilf ~ Pound to the pore surface. The appearance of scattering at 14
=0.45. Atf=0.45 a small peak appears at 14 meV. AboveMmeV, corresponding to the free molecule transition, for fill-
f=0.45 the peak at 14 meV, which has a width comparabléﬂgs above. 0.45 is associated with the appearance of “bulk-
to the instrumental resolution, becomes increasingly intensdike” material in the pore center. The clear separation of the
The broad peak at 10.1 meV continues to grow in intensityscattering from molecules adsorbed on the walls and in the

with filling, albeit at a reduced rate, to the highest filling POre center suggests that these are quite distinct states.
fractions studied. Note that at all filling fractions above 0.45Henceforth, we shall refer to these as the bound and bulklike

the two peaks are easily resolvable. states, respectively. We shall defer a detailed consideration
Figure 3 shows the IINS spectra of, ih Vycor with full ~ Of the amount of material in each of these states until later.
pores at temperatures corresponding to the bulk li¢LédK) The peaks in the IINS spectra ofidonfined to Vycor are

and solid(8 K) phases. The peaks at neutron energy gains gihe result of incident nggtrons gaining the energy released in
14 and 10 meV are present in both phases. The inelast@n 0-Hz to p-H, transition. As such, the intensity of the
peaks are distinct at low temperature. At high temperature, iR€aks is proportional to the amount @fH, present in the
the bulk liquid phase, the elastic and 14-meV peaks aréample at a given time. At low temperatures in the bulk,
broadened significantly due to contributions to the scatterin@-Hz is known to slowly (over a period of several days
from diffusing molecules. In contrast, the peak at 10 meV isconvert to thep-H, state due to interactions among the mol-
relatively unaffected by the phase change, neither in ampliecules. It is important to note that the neutron-stimulated
tude nor width. This indicates that, in the temperature rang€&onversion is negligible compared to this intrinsic rate. Fig-
of the bulk liquid phase, the sample associated with théire 4 shows the IINS spectra of confined & a function of
broad peak is nondiffusive, i.e., solid. time. The conversion of-H, to p-H, is manifested by the
At low filling fractions, only the peak at 10 meV is reduction of the intensity of the peaks with time. It is evident
present_ This observation, Coup|ed with the temperature inthat while both peak intensities decrease with time, the bulk-

dependence of this component of the scattering, allows us tike peak diminishes more rapidly.
We have also measured the scattering fropnirbVycor

with complete pore filling. B is nearly identical to Hin

200 terms of its electronic configuration, while having a rota-
400 tional constanB which is half that of H, due to the differ-
z ence in nuclear mass. Thus the free rotational transitions in
5 300 D, will occur at half the energy of in i However, if the
£ energy is scaled b, the free rotational transitions will oc-
§ 200 cur at the same location. Figure 5 shows the scattering from
g both B, and H, at full pore filling as a function oE/B. As
3 100 s expected, the narrow peaks we attributed to the molecules in
the center of the pore both occurBtB =2, further confirm-
0 ! ! ! ing our identification of the narrow peak as originating from
> 6 10 14 18 bulklike material in the pore center that behaves as free ro-

tors.
The broad peaks which we associate with scattering from
FIG. 3. lINS spectra of confined Hat 8 (solid) and 16 K(lig- molecules adsorbed on the pore walls, however, do not occur
uid) for a pore filling of 0.90. at the same location on this reduced energy scale. The bound

Neutron Energy Gain (meV)
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peak of ) is at E/Bp=1.0, and that of His at E/B, = = [~ - - - - - - S S N SR
=1.36. This is to be expected if the energies of the peaks are 1 CESlAmey A T u
strongly influenced by interactions with the pore surface. The y o hul Pore :% ?;;‘%
interactions of D molecules with the pore wall should be r 5 L. L
similar to those of H, because the spatial distributions of the 0 1 2 3 4 5 6
electrons in the molecules, which will determine the interac- ViB

tion with the surface, "’.‘re ”eaf'y identical. Hovyever, there is FIG. 6. Shift of the rotational energy levels of lds a function
no reason for thesg interactions to scale directly vith of barrier height. The vertical solid line is the inferred rotational
Therefore, the locations of the bound peaks would not b@grier for H, in Vycor for the second layer. The dash-dotted line

expected to occur at the same location foratd D, when  ghows the rotational barrier for the first adsorbed monolayer. The

plotted versuss/B. dotted lines show the rotational potential for deuterium.
IV. DISCUSSION considerations require the potential to be a function of éps
A. Rotational hindering potential V=V(z,co¢ ¢), which can be expressed in a Taylor expan-

We first consider the high filling data where the scatteringfSlon aboutthe eqilibrium position and angle. This yields an

i = —7)2 4.
exhibits a broad peak at 10 meV and a sharp peak at 14 me\llnteractlon of the formVs=Vo+ C cos(6)+K(z-2)"+--,

We have argued above that the sharp component is due h_le_;]evg, ﬁdgndK are ctgnstanté.. ble into t |
neutron-stimulated ortho-para conversion gfrhbolecules in € Schroinger equation remains separable Into transia-

the center of the pores behaving as free rigid rotors. Thidional and orientational components when only the leading
behavior has been observed in the bulk where the rotationQder terms of this expansion are maintained. The orienta-
transitions have been extensively studiefihe sharp peak tonal component of the Schunger equation may be solved
we observe in the scattering occurs at a neutron energy gapﬁeatlng the orientational potential as a perturbation. It is
of 14.0 meV, rather than the predicted value of 14.7 meVMmost convenient to express the orientational potenti&¥ as
This shift of the rotational energy levels has been observed Ve(1—cos %), where Vg is the classical barrier to
in previous studies of the rotational transition in bulkwith  rotation'® and to solve the Schdinger equation perturba-
high ortho concentration’s. The shift is due to ortho-ortho tively to second order by an expansion of the potential in the
interactions that slightly modify the energies of the rotationalwave functions of the unperturbed,Hnolecule, i.e., the
transitions and is consistent with the shift that we observe. spherical harmonics. The resultant matrix is diagonalized nu-
The full pore scattering shown in Fig. 1 also exhibits americally to determine the rotational energy states of the sur-
broad component centered-ail0 meV. This component ap- face molecules. We have truncated the expansion after 49
pears when K is first admitted to the cell and grows in levels, yielding an accuracy on the order of 8. The
intensity as the filling is increased, rapidly at first and thencalculated transition energies, normalize®tare plotted as
more slowly as the pore fills. Since this broad peak appeara function of the barrier height in Fig. 6. The levels continue
immediately upon admission of Hwe have argued that it is to be referred to by the quantum numhkkreven thoughl
associated with molecules strongly bound to the pore wallmay no longer be a good quantum number. Note that the
The temperature-dependent data of Fig. 3 also supports thperturbation has split then; sub-levels of theJ=1 and 2
assignment. The broad peak is essentially independent states.
temperature as expected for molecules strongly bound to the The broad component of the scattering from hydrogen in
surface. Fig. 5 located aE/B=1.37 corresponds to an orientational
White and Lassettfeconsidered the rotational energy lev- potential barrier with a strength oWg/By=2.7 (Vg
els of H, interacting with a surface via a potential that de- =19.8 meV). Likewise, for B, the peak of the broad com-
pends on the distance from the surfazeand the azimuthal ponent occurs aE/Bp=1.0, corresponding t&/g/Bp=4.8
angle between the molecular axis and the surface. Symmet(Wz=17.8 meV). The potential barriers determined foy H
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and D, are in reasonable agreement, as expected since th 9 T < . .
spatial distribution of the electron cloud of the isotopes are @ o

nearly identical. The magnitude of this orientational potential |

is quite large, comparable to that seen in alpha alumina, ¢ .20 | “ —+ ;??J;"h‘“ .

catalyst used foo-H, enrichment: Similar results have also < |
been inferred for Kadsorbed on leached glass.
At filling fractions below 1 ML, the broad peak is cen- 4
tered at a neutron energy gain of 9.1 meV. Using Fig. 6, we
determine that this energy shift corresponds to a barrier )
height of 25.7 meV for the first monolayer. The energy of the :
J=0-2 rotational transition of the Hin contact with the -60 T w i
surface may also be determined from Fig. 6. Again, rthe , "
sublevels are split by the perturbation. Using the inferred 2 25 3 35 4 05 05 15
barrier height of 25.7 meV, thd=0-2 transition energies ZA) Y&
are predicted to be 41.7, 42.7, and 49.9 meV, as compa}red to FIG. 7. Potential energy of ajmolecule as a function of the
the bulk transition energy of 44.1 meV. The=0—2 transi-  gistance abovéz) and translation acrosy) simulated smooth and
tion is not observable in this measurement, but has beegygh surfaces.
measured in previous Raman scattering studies. DeKinder,
Bouwen, and Schoemaker studied the rotational behavior dds single particles interacting with the hydrogen atoms
p-H, in Vycor at filling fractions less than 1 MB At filling through a Lennard-Jones potential with=200K and o
fractions less that 0.20, transitions were observed at 40.4+3.32 A 1°
41.3, and 47.6 meV, in reasonable agreement with our The simulation was carried out by placing the molecule at
simple model. a random position above the surface, and allowing it to move
until it finds a local minimum in the potential. Figure 7
shows the adsorption potential near the minimum as a func-
tion of distance abovéz) and across the surfa€g) for both
The potential barrier to rotation observed in this study isthe smooth and rough surfaces.
quite large. It is at least an order of magnitude larger than has The simulated potentials may be compared to the experi-
been seen for Hon a smooth surface, such as grafdil. mental results obtained in Ref. 10 through heat-capacity and
There are several possible origins of the orientational potensothermal adsorption measurements gf iRl Vycor. They
tial observed in this study. Studies of the pore surface ofmeasured the binding energy of, n Vycor to be 46.6
Vycor have indicated the presence of individual OH groupsmeV, in qualitative agreement with the depth of the potential
which are removed upon heating about 190 °C, as well awells shown in Fig. 7. The rough surface, however, provides
small (~17 A) strongly chemisorbed clusters of water mol- a much stronger confinement of the lateral movement of the
ecules. It is possible that the charge state associated witholecule than does the smooth surface, as would be ex-
these molecules effects the rotational behavior of the adpected.
sorbed H molecules. However, one would expect that such The vibrational frequency of the molecules in thdirec-
surface impurities would create orientational potentials thation is determined from the curvature of the potential func-
varied from zero far from the cluster to a large value near thé¢ion near the minimum to bé «=17.4 meV. Assuming a
cluster. The relatively narrow scattering associated with thé.ennard-Jones interaction between the silica particles gnd H
hindered rotors, therefore, argues against this. molecules, the authors of Ref. 10 also estimated the vibra-
A second possible origin for the large orientational poten-tional frequency of the Fimolecules in the attractive field of
tial is the atomic scale surface roughness of the pore walls ahe surface to be roughlyw=22.4 meV. Wang and Sokdl
Vycor. It is believed that the surface of Vycor demonstratesextracted a similar value of 17.3 meV from deep inelastic
fractal roughness on the atomic level which has been attribreutron-scattering measurements gfill Vycor.
uted to silica bonds dangling from the pore surfat&@he Figure 8 shows the potential “felt” by the Hmolecule
addition of a monolayer of adsorbate may reduce the surfacen the smooth and rough surface as a function of the azi-
roughness considerably, whereas several layers might commuthal(¢) and polar(#) angles of the molecular axis. While
pletely conceal the surface roughness. the potentials are not strictly sinusoidal as in the model of
To explore the effect of surface roughness we have carRef. 3, it is plausible that when averaged over the entire
ried out a molecular dynamics simulation of the rotationalsurface the average potential will approximate that used in
dynamics of a single hydrogen molecule adsorbed ont@ef. 3. In the case of the smooth surface, the potential barrier
smooth and rough surfaces. In the case of a smooth surfacg rotation is small, i.e.Vg<1 meV. A more substantial
the H, molecule is above thél00) plane of a simple cubic barrier to rotation,~11 meV, exists if the K molecule is
pore wall, with a number density equal to that of §SiThe  held above a rough surface, as shown in Fig. 8. The rota-
rough surface is created by adding a displacendernd the  tional barrier above the rough surface is of the same order of
position of theith atom of the crystalline surface. The dis- magnitude as that observed for g kiolecule on Vycor in
placementsd; are chosen randomly, but are constrained tathis study.
have roughly a Gaussian distribution centered at zero with This suggests that disorder, e.g., a surface which is rough
full width at half maximum of approximately 25% of the on an atomic scale, is responsible for the strong perturbation
atomic spacing. In both cases, the glass molecules are treatefl the rotational wave functions. Indeed, Silvera and

Potential (meV
-
s
©

B. Origin of the surface orientational potential
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whereA, andA, are the energies of thk=1 andm=0 and
\ ‘ 1 sublevels relative to the ground state, ile=0.12
| R smooth 4 The values forA, and A; can be determined from the
energy-level diagram shown in Fig. 6, giving\g
: s =10.1 meV andA;=17.9 meV. The separation factor in-
\ / creases rapidly with decreasing temperature and, at 6 K,
\ where these measurements were carried out, the separation
factor is greater than 1000. Thus, tbeH, concentration of
the bound state is near 100% when exaedd, is available
o ;gﬁges) 270 360 90 o del;arges) 270 360 to the surface. If the barrier height is not temperature depen-
dent, the separation factor would be 4.5 at 20.4 K, compa-
FIG. 8. Potential “felt’ by H, molecules as a function of azi- rable to the calculations of White and Lassetteyt some-
muthal angle(6) and polar anglé¢) above simulated smooth and What smaller than that found by Silvera and NielSeon
rough surfaces. alumina. While the separation factor is strongly temperature
dependent, the ortho concentration of the surface layer only

. 3 e . _varies from roughly 94% to essentially 100% between 20
Nielsert found no energy shift in their study ofan gra gnd 6 K. Thus, on loading, a significant amounbeH, will

phoil, which has a smooth surface on an atomic scale. Thu X . ; .
the results of this experiment may be indication of the Sur_n’ot be present in the bulklike state until the bound state is

face roughness of Vycor, which has been debate&ompletely saturated.

recently*??1The large shift of the rotational energy levels

reported here is consistent with pore walls that are rough on  D. Filling dependence of the rotational energy levels
an atomic scale. However, they also suggest that the theory
of White and Lassettfemay be an oversimplification of this
case, as it ignores hindrances to the rotation in the plan
parallel to the surfacgpolar rotations

Inelastic neutron-scattering spectra from the bulklike and
bound states of KHin Vycor are shown in Fig. 1 at various
ﬁlling fractions from 10% to nearly full pores. As discussed
earlier, the broad peak that appears at low filling is identified
with molecules adsorbed onto the pore surface, which expe-
C. Selective adsorption rience a strong orientational potential. The bound state may
be further separated into a layer that is in direct contact with

The observed rotational transition energies of bound Iay:[he pore wall, and a second layer that feels a relatively

ers of H, in Vycor agree well with a model of an orientation- weaker orientational potential.

dependent interaction hindering the rotation of therkbl- The scattering from the first and second layers can be
ecule. This anisotropic adsorption potential reduces the fregeparately determined if we assume that the intensity of the

energy of the odd rotational sta%%es of molecules on the Porgqsitering from the first layer varies linearly with filling up to
surface relative to the even statédeading to a preferential | yer completion. Figure 9 shows the scattering from a single

adsorption ob-H, on the pore surface. The separation faCtormonoIayer of adsorbed H f~0.25) as well as from slightly
describes the extent to whichH, is preferentially adsorbed, 5re that two layers f(=0.45). At the higher filling the

and is defined as bulklike peak is just becoming apparent. The scattering from
the second surface layer and above is obtained from the dif-
ference of these two spectra, and is also shown. This differ-
= ] —, (2 ence is fit with the sum of the bulklike peak, determined
(Po/Pp)bukie previously(Fig. 1), and a single Gaussian, which represents
the scattering from the second adsorbed layer. The scattering
where (,/pp)bound@nd (0o /pp) buiiike @re the molar ratios of  from the second layer is centereds&t 11.3 meV, compared
0-H, to p-H, states in the bound and bulklike phases,to the first layer which is centered at 9.1 meV. This shift in
respectively**® In normal H, at room temperature and in energy indicates that the second layer perceives less of a
liquid n-H, directly after condensationpf/p,)=3, which  perturbation from the wall then does the first.
simply reflects the equal occupation of the 0 and 1 states The width of the peak we associate with the bulklike mol-
at room temperature. ecules is due entirely to instrumental resolution. This is con-
For the adsorbed moleculesyo( pp)nound May be calcu-  sistent with the view of these molecules as being free rotors
lated from the partition functions of thee H, andp-H, states  with a single well defined value fd. On the other hand, the
in the presence of the surface potential. The translational andidth of the peak which we attribute to the bound layer is
vibrational energy levels are equivalent for the ortho andnuch broader than the instrumental resolution. A single
para states. Assuming the variables are separable, the sepeell-defined orientational potential would yield a shift in the
ration factor simplifies to the ratio of the rotational partition peak location, as observed, but no additional broadening,
functions™® At low temperature only thd=0 and 1 states since the energy levels would still be well defined. Thus we
are populated and need be considered. The separation facttribute this additional width to a distribution of orienta-
may then be written as tional potentials. This is not surprising considering the inho-

. (po /pp)bound
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ond layer is relatively narrow and centered\4{=2.0B
=14.7meV, indicating a weaker interaction with the sur-
face. This is in agreement with the picture presented by Kat-
saroset al,'® in which the roughness is created by dangling
bonds on the pore surface. The presence of a monolayer of
H, on the surface reduces the effect of these dangling bonds
which are buried, to some degree, by the adsorbate. The
second layer subsequently senses a weaker orientational in-
teraction with the pore surface. The measured potential
strengths are of the same order as the orientational potential
found for H, on a leached glass surfate.

Figure 2 shows the amplitude of the bound and bulklike
peaks as well as the location of the bound peak as a function
of filling. The intensity of the bound peak, at low fill frac-
tions, is linear with filling. The bulklike peak is just visible at
f=0.32 and 0.37, indicating that a small fraction of théd,

Neutron Energy Gain (meV) molecules have entered the bulklike state. Ortho molecules
) begin to significantly populate the bulklike statefat0.45,
_FIG. 9. Scattering from a monolayé®) and f=0.45(A), a5 seen in Fig. 2. Abové=0.45 the bulklike peak grows
slightly more than a bilayer of i The difference of the Wo is  jihear1y with increased filling. Unexpectedly, the bound peak
shown by (O), representing scattering from the second layer and

slightly higher. The solid line represents the fit to the diﬁerencealso continues to grow slowly above=0.45, indicating that

curve, with the components of that fit being the dotfedlklike InCLeat)S;d;!gng dk;gFe ZeanOc:re] g;;:g;htehb(;)unﬁ ;tat:(.; lar ad
peak and dashedsecond layerlines. u u S » throug u )

sorption measurements, that a bilayer gfisladsorbed onto
the pore wall at low temperature and pressure. This bilayer
mogeneous pore surface of Vycor. The distribution of theaccounts for~33% of the adsorbed Hwhen the pores are
orientational surface potentials can be directly extracted usfull. The bound state observed in this study may be identified
ing the model of White and Lassettr® describe the shifts with that bilayer. At filling fractions of less than 0.33, the
of the rotational energy. The strength of the scattering, whepreferential adsorption of the-H, species is of no conse-
the instrumental resolution is removed, at a given energy iguence, as all of the sample will be adsorbed regardless of
directly proportional to the number of molecules with thatwhich species is preferred. However, abdve0.33, 0-H,
orientational potential. Thus, plotting the resolution cor-will begin to displacep-H, from the bilayer, ang-H, will
rected scattering as a function 4fB,,, obtained from Fig. begin to exist in the bulklike state. Unfortunately, the inci-
6, directly gives the distribution of orientational potentials, dent neutron energy in this measurement is not enough to
as shown in Fig. 10. excite ap-H, to o-H, transition, and we are unable to ob-

As can be seen, the orientational potential for the firserve this initial population of the bulklike state withH,.
layer is broad, asymmetric, and centered \g=3.58,,  Ihe bulklike state will not be observed until the bound layer

—25.7meV, whereas the orientational potential of the seclS completely filled witho-H, which occurs when 0.75
=0.33 or, in other words, when the pores are approximately
44% full. Thus, the appearance of the bulklike peakf at
=0.45 is in good agreement with the results of Huber and
Huber!®i.e., that the bilayer is complete & 0.33, and the
assumption of a pure-H, bilayer.

Counts (Arb. Units)

---- First Layer N E. Ortho to para conversion of H, in Vycor

> egond Layer Ortho to para conversion of Hn the bulk arises from

7 interactions of the nuclei of am-H, molecule with the
magnetic-field gradient of neighboriregH, molecules. This
gives rise to a bimolecular rate law for the ortho concentra-
tion c:

dc_

T whereK is the rate constaritThe time variation of the-H,
concentration for this rate law is easily obtained, and is given

-4 -2 0 2 4 6 8 10 12 by
V/B
. . . 1 1
FIG. 10. Distribution of potential barriers felt by the molecules —— = — +Kt, (5

in the first(dashed linpand secondsolid line) layers. c(t) co
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3.5 T ® ] maximum of 6%/h at a density of 1.504, and then decrease
with a further increase in densit§.

The presence of the confining medium as well as effects
of finite size (nearly one of four molecules are on the sur-
— face could drastically change the phonon density of states of
the confined solid. The change of the density of states of the
_ confined solid may be the source of the rapid conversion of
the confinedo-H,. Also, the density of states of the surface
_| layer, which is likely to have an amorphous structtiés
) almost certain to be different from that of the bulklike state.
| | . The density of states of the surface layer may even be sig-

nificantly altered by the direct contact with the pore wall,
0 5 10 15 20 L .
Time (hr) _pe_rhaps mirroring the density of stgtes of the substrate. Thus
it is not surprising that the conversion of the i the bulk-

FIG. 11. Inverse of the-H, concentration of the bour(@) and like and bound stat_es are very_dlfferent. i

bulklike (®) states as a function of time. The slope of the fit ines 1 he extremely high conversion rate of the bulklike states

yields ortho-para conversion rates of 2.1% and 8.5%/h for thdS duite surprising. The measured rate of 8.5%/h is signifi-
bound and bulklike states, respectively. cantly larger than the maximum rate observed in the bulk

solid (~6%/h) at high densities. Thus, a simple increase in

the density of the confined liquid could not explain this re-

3 sult. In addition, this would be inconsistent with diffraction

vapor pressure fo=19 cn/mol), the rate constant i gy die& that show the confined solid has a lattice spacing

:1-90%/h- » . . . similar to the bulk. Another possibility is that localized
The intensities of the observed signals in this measureygdes exist at the boundary between the bulklike solid and

ment are directly proportional to the concentration of theyhe hound states, and that these localized modes are leading

0-H,, and the conversion rate may be determined from thg, enhanced conversion. Further theoretical and experimental
dependence of the peak intensities on time. In addition, thg;,dies are required to explore this question.

scattering from the bound and bulklike states are well sepa-
rated in energy, allowing the conversion rate of each state to
be determined independently. In these measuremesits,
with an o-H, concentration of 75%, is condensed directly
into the porous sample. However, as noted eardigf, mol- We have reported inelastic neutron-scattering studies of
ecules are selectively adsorbed on the surface until the solid, in porous Vycor glass as a function of filling fraction,
bilayer is saturated. Thus for a full pore sample the initialtemperature, and time. Our studies show that thexists in
concentration of the bound states is 100%,, while the  two distinct states in the pores; a bulklike state in the center
initial concentration of the bulklike states in the interior of of the pore, and a bound state on the pore surface. The mol-
the pore is 63%. ecules at the center of the pores behave like free rotors, as in
The bimolecular decay law obeyed in the bulk solid pre-the bulk, while the molecules bound to the surface, as hin-
dicts that the inverse of the-H, concentrationc~(t), var-  dered rotors. Measurements of, I Vycor confirm this
ies linearly with time. The inverse of the H, concentration simple picture.
for both the bound and the bulklike states is plotted as a The rotational hindering of the bound molecules is due to
function of time in Fig. 11 to highlight this bimolecular de- an orientation-dependent interaction between the molecule
cay law. No attempt has been made to differentiate betweeand the pore wall. The magnitude of the orientational poten-
the first and second solid layers when discussing the bountial required to describe the observed scattering is quite large
states. As can be seen, both bound and bulklike scatterings-20 meV). This orientation-dependent interaction selec-
are in reasonable agreement with the predictions of a bimaively adsorbs the ortho species of molecular hydrogen, so
lecular decay rate. The rate constant, extracted from thtéhat the surface layers are nearly pupeH,. Through
slopes of the straight lines, is 2.1%/h for the bound states angholecular-dynamics simulations we have shown that the
8.5%/h for the bulklike states. An enhancement of the conlarge energy shift observed may be attributed to the surface
version rate of Hin Vycor was noted by Beaudoiet al.”  roughness of the porous Vycor.
and eluded to by othefS.However, to our knowledge this is The bound state can be further divided into a first layer in
the first quantitative measurement of the conversion rate aflirect contact with the pore wall, and a second which per-
H, in Vycor. In addition, we believe this is the first measure-ceives less of a perturbation from the interaction with the
ment capable of extracting the conversion rate for moleculepore wall. The distribution of the orientational potentials of
on the surface and in the pore centers separately. these two layers has also been extracted. The potential for
The conversion rate in bulk Hs strongly dependant on the first layer has a mean value of B,5, and is very asym-
the phonon density of states, since an energy 4 meV is  metric. The potential for the second layer is smallds,;2and
released during thd=1-0 transition which must be ad- much more symmetric.
sorbed by lattice phonons. The density of states, and thus the The ortho to para conversion rate of both the bound and
conversion rate, is a function of the mass density of the conbulklike states has been measured and is significantly greater
densed H The conversion rate has been shown to reach ¢hat the bulk conversion rate of 1.9%/h. The conversion rate

3~ —®— Bulk-Like
—&— Bound

wherec, is the initial concentration. For bulk +at saturated

V. CONCLUSIONS
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