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In this paper, we report an inelastic neutron scattering study of liquid and solid n-H2 confined within MCM-41. This is a high
surface area, mesoporous silica glass with a narrow pore size distribution centered at 3.5 nm. The scattering data provides
information about the diffusive and rotational dynamics of the adsorbed n-H2 at low temperatures. In the liquid state, the neutron
scattering data demonstrates that only a fraction of the adsorbed o-H2 is mobile on the picosecond time scale. This mobile
fraction undergoes liquid-like jump diffusion, and values for the residence time τ and effective mean-squared displacement 〈u2〉
are reported as a function of pore filling. In the solid state, the rotational energy levels of adsorbed H2 are strongly perturbed
from their free quantum rotor behavior in the bulk solid. The underlying orientational potential of the hindered rotors is due to
the surface roughness and heterogeneity of the MCM-41 pore walls. This potential is compared to the hindering potential of
other porous silicas, such as Vycor. Strong selective adsorption makes the interfacial layer rich in o-H2, leaving the inner core
volume consisting of a depleted mixture of o-H2 and p-H2.

1 Introduction

Developing an understanding of the behaviour of molecular
hydrogen within restricted geometries is a priority of the sci-
entific community today. The improvement of hydrogen stor-
age technologies is a primary source of interest in the mi-
croscopic dynamics of molecular hydrogen within confine-
ment.1,2 Neutron scattering has been a leading experimental
technique in these efforts because it provides a direct spectro-
scopic probe of the dynamics and local environment of ph-
ysisorbed hydrogen. For example, inelastic neutron scattering
has been used to study molecular hydrogen confined within
carbon-based materials3–9, clathrates10, hydrides11–13, metal-
organic frameworks14–19, and zeolites19–21. Neutron scatter-
ing techniques are capable of probing the atomic-scale struc-
ture22,23, collective excitations24–26, rotational energy spec-
trum27,28, momentum distribution29–31, and diffusive dynam-
ics32 of condensed hydrogen, whether it is in a bulk phase or
subjected to confinement.

Mesoporous silica glasses present an opportunity to study
hydrogen adsorbed to surfaces which are energetically het-
erogenous and rough on an atomic-scale. Furthermore, one
may study the structure and dynamics of a quantum liquid or
solid tightly confined within channels only a few nanometers
in diameter. The atomic-scale structure of solid deuterium
adsorbed within silica mesopores has been investigated by
means of neutron diffraction33,34. Within Vycor, a sponge-
like borosilicate glass having a disordered pore network, the
condensed deuterium gas forms an amorphous solid at the in-

terface with the pore walls. Crystalline deuterium, not nec-
essarily having the same structure as the bulk solid, appears
only after a critical pore filling where the adsorbed deuterium
begins to occupy the core volume of the pores. In this re-
spect, confined solid deuterium resembles other cryogenic
solids confined within porous silicas35–38. In contrast to Vy-
cor, MCM-41 is a highly ordered mesoporous silica39. Its pore
network consists of monodisperse, tubular pores arranged in a
hexagonal lattice. Despite the differences in pore morphol-
ogy, similar results are obtained in neutron diffraction studies
of solid deuterium and hydrogen adsorbed within MCM-41.

At low temperatures, the distinction between an amorphous
solid component and a nano-crystalline component of the ad-
sorbed hydrogen is reinforced by their observed rotational
energy spectra. In the bulk crystal, weak and essentially
isotropic interactions between neighbouring molecules lead
to free quantum rotor behaviour40. However, inelastic neu-
tron scattering measurements of the rotational energy spec-
trum of solid hydrogen confined within porous Vycor and xe-
rogel glass revealed that only hydrogen molecules occupying
the inner core volume of the pores exhibit free rotation41,42.
Within the interfacial region, the rotational motion of hydro-
gen rotors is hindered and a broad distribution of transition en-
ergies are observed. The atomic-scale surface roughness and
irregularities of the Vycor substrate prevent the free rotation
of hydrogen molecules directly adsorbed to its irregular pore
walls.

The presence of two distinguishable components of ad-
sorbed hydrogen is also reflected in the momentum distribu-
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tion of adsorbed hydrogen. It has been shown by deep inelastic
neutron scattering that the mean kinetic energy 〈EK〉 of helium
atoms or hydrogen molecules is enhanced when the helium or
hydrogen is adsorbed within silica nanopores31,42–46. This in-
crease in kinetic energy 〈EK〉 is a quantum-mechanical effect
stemming from the uncertainty principle: the atoms/molecules
adsorbed to the walls are localized by the attractive forces of
the substrate and therefore exhibit a larger zero-point motion
than their bulk counter-parts. A measure of local mobility, the
mean-squared displacement 〈u2〉 of atoms and molecules is
connected to how atoms and molecules are localized by their
respective environments. Based on the deep inelastic neu-
tron scattering results, one anticipates that the local mobility
〈u2〉 varies throughout the pore volume, with tightly bound
H2 molecules at the pore walls and more mobile H2 diffusing
within the core volume.

In this paper, we present an inelastic neutron scattering
study of the condensed phases of normal hydrogen (n-H2) con-
fined within MCM-41. The experimental data suggests a pic-
ture of condensed n-H2 confined within small mesporoes in
which preferential adsorption plays a significant role. As sug-
gested by previous neutron scattering studies, when the pores
are completely saturated, the adsorbed n-H2 may be concep-
tually divided into an interfacial layer and the inner core vol-
ume. The strong interaction between the adsorbed hydrogen
and the mesopore walls determines translational and rotational
dynamics within the interfacial layer. H2 molecules within this
layer are tightly bound to adsorption sites, unable to diffuse
on short time scales. The surface roughness of the mesopore
walls produces a rotational hindering potential which changes
their rotational energy levels from free quantum rotor behav-
ior. At the same time, H2 molecules present within the in-
ner core volume undergo liquid-like jump diffusion, but have
much longer residence times than their counter-parts in the
bulk liquid phase. Strong selective adsorption makes the in-
terfacial layer rich in o-H2, leaving the inner core volume
consisting of a depleted mixture of ortho-hydrogen and para-
hydrogen.

2 Theoretical Background

In this section, we provide a brief introduction to the nuclear
spin isomers of molecular hydrogen. In particular, we point
out out two salient features of neutron scattering from H2 for
the non-expert reader: how the neutron scattering cross sec-
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USA
‡Current address: Chemical Sciences Division, Oak Ridge National Labora-
tory, Oak Ridge, Tennessee 37381, USA; E-mail: prisktr@ornl.gov

tions for the two nuclear spin isomers differ and how inelastic
neutron scattering induces probes the rotational energy spec-
trum of H2.

2.1 Spin Isomers of H2

At low energies where electronic and vibrational degrees of
freedom can be neglected, the state vector of free H2 assumes
the form: |Ψ〉= |ψT 〉|J,m〉|I, Iz〉, where ψT is the translational
state of the molecule’s centre-of-mass, |J,m〉 is the rotational
state, and |I, Iz〉 is the nuclear spin state.40 Because H2 is a
diatomic molecule made up of two identical fermions, its total
state vector |Ψ〉 must be antisymmetric under an exchange or
permutation of the two nuclei. Consequently, H2 molecules in
even rotational states must also be in the spin singlet state I =
0, while H2 molecules in one of the odd rotational states must
be in one of the spin triplet states I = 1. These two different
spin isomers of H2 are known as para-hydrogen (p-H2) and
ortho-hydrogen (o-H2), respectively.

In bulk gaseous and solid states, the hydrogen molecules
are free quantum rotors where the rotational wavefunctions
are spherical harmonics and the energy spectrum is given by
EJ = BJ(J +1), where B = 7.35 meV. In the liquid state, dif-
fusion and interactions between H2 molecules prevents com-
pletely free rotation, and the spherical harmonics are only ap-
proximate energy eigenfunctions. Accordingly, the rotational
energy spectrum of H2 within the gas and solid phases con-
sists of sharp transitions between states with different values
of J, while these transitions are significantly broadened in the
liquid state.

The room temperature equilibrium state of H2, known as
normal hydrogen (n-H2), has both J = 0 and J = 1 rotational
states fully populated. However states where J ≥ 2 are suf-
ficiently high in energy that they have negligible population.
Thus, since all rotational sublevels are equally populated the
ratio of o-H2 to p-H2 is approximately 3:1.

At low temperatures, the o-H2 concentration would be van-
ishingly small in equilibrium. However, the approach to equi-
librium is very slow since the conversion of o-H2 to p-H2 re-
quires a change in both the rotational and spin states. This
process is doubly forbidden and requires as a fluctuating mag-
netic field gradient. Consequently, the ortho-to-para conver-
sion is a bimolecular process with a rate constant of a few
percent per hour. This allows measurements of n-H2 to be car-
ried out at low temperatures as long as the measurement time
is short compared to the conversion rate.

2.2 Neutron Scattering from H2

The theory of neutron scattering from homonuclear diatomic
molecules in general47,48 and hydrogen in particular49,50 has
been discussed previously and will be briefly reviewed here.
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Considering only low energies, where the molecule remains
in its vibrational and electronic ground state, scattering from
a H2 molecule may or may not involve changes in the rota-
tional and nuclear states of the molecule. For elastic scatter-
ing, where the rotational state does not change, the strength of
the scattering depends dramatically on whether a spin flip can
occur. For elastic scattering from p-H2, spin flips are not pos-
sible since it is in the J = 0, I = 0 state and the cross section is
given by σ0→0 = σc = 1.76 barns. Alternately, for o-H2 spin
flip transitions between the I = 1 nuclear levels are allowed
and the cross section is given by σ1→1 = (3σc+2σi)/3= 55.3
barns. Since the elastic scattering from o-H2 has such a large
cross section compared to p-H2 it will dominate the neutron
scattering response in an elastic or quasi-elastic measurement.

Inelastic scattering from H2 can result in the molecule mak-
ing transitions between the ortho and para states with the
loss or gain of the appropriate rotational energy. In these
cases, the nuclear wavefunction will also switch from I = 0
to I = 1 or vice-versa to maintain the overall antisymmetry
of the molecular wavefunction. The appropriate cross sec-
tions for these transitions are: σ1→0 = σi/3 = 26.8 barns and
σ0→1 = σi = 80.3 barns. The possible transitions between nu-
clear spin states are schematically shown in Figure 1.

Fig. 1 A scattered neutron may induce a transition in the spin state
of an H2 molecule |I, Iz〉 → |I′, I′z〉. The transitions are marked in
coloured arrows: I = 0→ I = 0 in green; I = 0→ I = 1 in yellow;
I = 1→ I = 0 in blue; and I = 1→ I = 1 in red. The incoherent
scattering cross section for transitions between the I = 1 sublevels is
sufficiently large to dominate the measured quasi-elastic neutron
scattering signal.

3 Experimental Approach

3.1 Sample Characterization

MCM-41 is a highly ordered mesoporous silica glass39,51,52

produced using a liquid crystal templating technique. The

pores of this material are monodisperse, unidirectional, and
form a regular hexagonal lattice structure. Our samples were
obtained from Sigma-Aldrich53. It was characterized using a
combination of X-ray powder diffraction and N2 gas adsorp-
tion isotherm measurements. The full details of the sample
characterization can be found in the Electronic Supplemen-
tary Information of this paper†. The X-ray diffraction data
establishes the phase purity of the sample and the crystallinity
of its pore array. The lattice constant was found to be 4.7
nm. The Brunauer-Emmett-Teller (BET) surface area54 of the
pores is 979 m2/g The pore size distribution was calculated
using the Kruk-Jaroniec-Sayari method55, and it was found to
be a Gaussian centered at 3.5 nm having a full-width at half-
maximum of 0.3 nm. The pore walls have a thickness of 1.2
nm. Finally, the total pore volume is 0.92 cc/g.

Using a custom setup, we performed H2 adsorption
isotherm measurements of the MCM-41 sample used in the
neutron scattering study. Low temperatures were achieved us-
ing a CTI-cyrotronics model 22 refrigerator. An aluminium
sample cell which seals by compressing an indium seal was
thermally anchored to the cold finger of the displex, and it
was loaded with 1.00 g of MCM-41. The temperature of the
sample was controlled by means of a PI-loop connected to
heaters installed in the displex. Silicon diode thermometers
were mounted on the top and bottom of the sample cell in
order to verify the absence of significant thermal gradients.
Conventional volumetric techniques were employed to dose
H2 gas to the sample cell from an external gas handling sys-
tem. Corrections for dead volumes were considered.

3.2 Neutron Scattering

A neutron scattering study of condensed n-H2 confined in
MCM-41 was carried out using the Cold Neutron Chopper
Spectrometer56 (CNCS) at the Spallation Neutron Source57.
This instrument is a direct geometry time-of-flight spectrome-
ter that receives short neutron pulses from a cold coupled mod-
erator. Two incident energies were chosen for this study. First,
Ei = 1.6 meV (λ = 7.2 Å) incident neutrons were used to per-
form a quasi-elastic neutron scattering study of o-H2 diffusion
within MCM-41. Second, Ei = 20 meV (λ = 2.0 Å) incident
neutrons were used to probe the rotational energy spectrum of
n-H2 confined in MCM-41. A continuous flow liquid helium
cryostat was used to obtain low temperatures. An oscillat-
ing radial collimator was used to reduce background scatter-
ing from the tail of the cryostat. The detector efficiencies were
normalized using a vanadium standard.

The sample cell is a cylindrical aluminium can with an outer
diameter of 15.9 mm, a height of 50 mm, and an insert to pro-
duce a 1 mm thick annulus. It seals by compressing an indium
o-ring, and the top of the cell is shielded by cadmium. The
annular space was loaded with a mass of 0.624 g of MCM-41.
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The sample was previously outgassed at 120 ◦C for 24 hr and
placed in a sealed container. It was subsequently transferred in
open air to the sample cell, which was subsequently degassed
by pumping to a pressure P ≤ 10−5 torr for several hours at
room temperature. Gas loading of n-H2 was performed in situ
from an external gas handling system using conventional vol-
umetric techniques. Corrections for the dead volume of the
gas manifold, fill line, and sample cell were considered during
the gas loading. The temperature was measured by sensors
connected directly to the sample cell and the cold finger of the
orange cryostat. In addition to measurements of condensed
n-H2 confined in MCM-41, we also performed bulk reference
measurements by overfilling the porous material and condens-
ing bulk liquid n-H2 inside the sample cell.

Steady conversion of o-H2 to p-H2 occurs when n-H2
is cooled to low temperatures. This introduces a time-
dependence to the neutron scattering signal. However, our
neutron scattering measurements were typically performed for
about one hour for each experimental condition after which
the cell was rewarmed and hydrogen gas was pumped out of
the cell. Conversion of o-H2 to p-H2 is negligible during this
short measurement time. We verified this by measured for an
extended period of time when the pores were fully saturated
with liquid.

We performed model fits to our neutron scattering data us-
ing the DAVE software package developed by the National
Institute of Standards and Technology58. Model scattering
functions S(Q,E), defined in detail later, were convoluted with
instrumental resolution R(Q,E) and fit to the experimentally
observed dynamic structure factor Sexp(Q,E). The elastic en-
ergy resolution for the quasi-elastic neutron scattering mea-
surements Ei = 1.6 meV was experimentally determined by
measureing the empty MCM-41 matrix at low temperatures.
The resolution function was well described by a single Gaus-
sian with a full width at half maximum that increases mono-
tonically from 23 µeV to 31 µeV as Q goes from 0.3 Å−1
to 1.5 Å−1. The elastic energy resolution for higher incident
energy studied at Ei = 20, also determined by measuring the
empty MCM-41 matrix at low temperatures, is approximately
820 µeV and does not have a significant Q-dependence. The
inelastic energy resolution was calculated using the Gaussian
approximation using time-of-flight monitor data56.

4 Results

4.1 H2 adsorption isotherm

The H2 adsorption isotherm measurements were performed at
T = 19.4± 0.1 K. Figure 2 plots the specific molar amount
of adsorbed H2 against the relative pressure P/P0. The ad-
sorption isotherm is Type IV according to the standard IUPAC
classification scheme59. For the first 20 mmol/g of H2 gas

dosed to the sample, the pores fill by continuous film growth.
During the next 7 mmol/g of gas loading, H2 is adsorbed by
means of capillary condensation. Finally, full pore filling is
achieved at 31 mmol/g.

Fig. 2 H2 adsorption isotherm measurements performed on the
MCM-41 sample used in the neutron scattering experiment. The
blue stars indicate points where neutron scattering measurements
were performed and the observed vapor pressure in situ. The inset is
a BET plot produced for pressures 0.05≤ P/P0 ≤ 0.25 within the
film growth regime.

The specific H2 monolayer capacity can be estimated by
performing a BET analysis of the continuous film growth
part of the adsorption isotherm60. A BET plot using pres-
sures 0.05 ≤ P/P0 ≤ 0.25 for the H2 adsorption isotherm is
shown as an inset to Figure 2. The estimated H2 mono-
layer capacity of the MCM-41 sample is 15.7 mmol/g. As-
suming the BET surface area obtained from the N2 isotherm
is correct†, the projected surface area of H2 on MCM-41 is
10.3 Å2/molecule. The effective molecular cross sectional
area σm within a hexagonally close packed monolayer is
1.091(M/ρR)2/3, where M is the molar mass and ρ is the
liquid density. For liquid H2, σm = 14.3 Å2/molecule; while
for solid H2, σm = 11.7 Å2/molecule. Given the fact that
the BET theory overestimates monolayer capacity in small
pores, as discussed in the supplementary material†, the real
cross sectional area σm is probably somewhat more than 10.3
Å2/molecule.

The value of the BET constant C is approximately 126. A
value of C greater than 100 for cryogenic adsorption is a sign
of a well-defined, localized monolayer61. This idea is con-
sistent with our adsorption isotherm measurements and quasi-
elastic neutron scattering data. First, the equilibrium vapor
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pressure up to 15 mmol/g is close to zero indicating that, at
low pore fillings, the H2 is tightly bound to adsorption sites
on the pore walls. Second, as explained below, nearly all of
the adsorbed H2 at 7.8 mmol/g and 13.8 mmol/g pore fillings
is non-diffusive on the picosecond time scale. Given the BET
constant C = 126, the fraction Θ0 of uncovered surface area
when the statistical monolayer coverage is reached is given by
Θ0 = 1/(1+

√
C) = 8.2%.

The average density of the adsorbed liquid H2 at full pore
is close to the bulk density. Given the estimated pore volume
from the N2 adsorption isotherm is 0.92 cc/g, the pores would
be full of bulk liquid H2 near 33 mmol/g. This is consistent
with full pore being achieved at approximately 31 mmol/g, as
observed in the H2 adsorption isotherm. Presumably, the con-
fined solid has a density which is also close to the bulk solid
density. Therefore, full pore for the solid phase is expected to
take place around 40 mmol/g.

4.2 Quasi-elastic Broadening

Quasi-elastic neutron scattering measurements of n-H2 con-
fined in MCM-41 were carried out at a temperature T = 19.6
K, which is close to the normal boiling point temperature of
the bulk liquid at atmospheric pressure, 20.4 K. The measured
pore fillings span a range from sub-monolayer coverage to full
pore: n = 7.8,13.8,20.0,25.6,31.5 mmol/g. As noted above,
the incoherent scattering cross section of o-H2 is sufficiently
large that the incoherent dynamic structure factor Si(Q,E) of
the o-H2 completely dominates the experimentally measured
signal.

Quasi-elastic neutron scattering measurements were also
performed on bulk liquid n-H2 as a reference by significantly
overfilling the MCM-41 sample and condensing over 5 cc of
bulk liquid n-H2 in the sample cell. Very strong quasi-elastic
broadening was observed and was fit to a Lorentzian line-
shape. For wavevectors 0.3 Å−1 ≤ Q ≤ 1.2 Å−1, the intrin-
sic full-width at half maximum Γ of the Lorentzian increases
monotonically from 0.10 meV to 0.43 meV. No asymptotic
value of Γ is approached within this range in Q. These values
are in good agreement with previous neutron scattering stud-
ies of the bulk liquid32. They correspond to hydrodynamic
diffusion constants D on the order of 10−4 cm2/sec62.

A dramatically different picture of the molecular dynamics
applies when n-H2 is confined within nanometre-sized capil-
lary channels. Figure 3 shows selected quasi-elastic neutron
scattering data of n-H2 confined within MCM-41. The exper-
imental scattering data clearly consists of two distinct compo-
nents. First, there is a resolution-limited elastic peak which
corresponds to the presence of adsorbed o-H2 which is immo-
bile or non-diffusive on the picosecond time scale. Second,
the quasi-elastic broadening indicates the existence of an ad-
ditional fraction of adsorbed o-H2 which is mobile and dif-

Fig. 3 Representative quasi-elastic neutron scattering data from
n-H2 confined in MCM-41 at T = 19.6 K. The background signal
from the cryostat, sample cell, and MCM-41 matrix have been
subtracted from the data. In order to permit a direct comparison of
the quasi-elastic broadening, all of the data has been scaled so that
the maximum elastic peak intensity is 1000 arbitrary units. Model
fits are shown as solid black curves.

fusive within the experimental time window of CNCS. Up to
Q ≤ 1.50 Å−1, the largest observed width of the quasi-elastic
broadening is approximately 200 µeV. The quasi-elastic neu-
tron scattering data presented here demonstrates that confining
liquid H2 within nanometre-scale capillaries results in much
slower translational diffusion than takes place within the bulk
liquid.

Previous neutron scattering studies of liquid H2 confined
in MCM-41 did not observe any quasi-elastic broadening cor-
responding to the presence of diffusive hydrogen60. Those
authors correctly concluded that H2 molecules adsorbed in
MCM-41 are much more translationally confined than their
counter-parts in the bulk liquid. They placed an upper limit on
the quasi-elastic broadening on the order of 100 µeV. Our neu-
tron scattering measurements are in good agreement with their
findings. However, the elastic energy resolution of CNCS for
our chosen chopper settings and incident energy is sufficiently
fine to observe quasi-elastic broadening produced by slowly
diffusing H2, at least down to a wavevector of Q = 0.25 Å−1.

In the hydrodynamic limit Q→ 0, the process of contin-
uous diffusion produces Lorentzian broadening in the inco-
herent dynamic structure factor Si(Q,E) having a full-width
at half maximum of Γ = 2h̄DQ2. At larger values of Q, the
neutron spectrometer accesses sufficiently small length scales
and sufficiently short time scales to observe elementary dif-
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fusion steps and the breakdown of the continuous diffusion
picture. The experimentally observed broadening width of n-
H2 confined in MCM-41 is characteristic of liquid-like jump
diffusion instead of continuous diffusion. In this diffusive
process, molecules occupy quasi-equilibrium sites for a typ-
ical residence time τ before making a rapid motion or jump
into a new quasi-equilibrium position63. Jump diffusion also
produces Lorentzian broadening in Si(Q,E), but, unlike con-
tinuous diffusion, Γ approaches an asymptotic value of 2h̄/τ

at high values of Q. For the pore filling n = 25.6 mmol/g,
the quasi-elastic broadening increases in width for wavevec-
tors up to Q = 0.5 Å−1, after which it undergoes little further
change with increasing Q. For the highest pore filling stud-
ied, n = 31.5 mmol/g, the quasi-elastic broadening increases
in width with Q for wavevectors up to Q = 0.8 Å−1.

The representative quasi-elastic neutron scattering data dis-
played in Figure 3 shows a strong dependence of the quasi-
elastic broadening upon pore filling. At the lowest pore fill-
ing measured n = 7.8 mmol/g, which corresponds to sub-
monolayer coverage, no quasi-elastic broadening was present
in the experimental data and only elastic scattering was ob-
served. As the pore filling is increased, the observed width of
the quasi-elastic broadening also increases for a fixed value of
Q. At partial pore fillings, below P/P0 ≤ 0.25, where a thin
hydrogen film is adsorbed to the pore walls, the translational
motion of the interfacial hydrogen is significantly frustrated by
interactions with the pore walls. Close to full pore, P/P0 ≈ 1,
where the core volume of the pores is also occupied by liquid
hydrogen, molecular diffusion is faster, but remains a much
slower process than diffusion within the bulk liquid.

4.3 Molecular Spectroscopy

Inelastic neutron scattering measurements of n-H2 confined in
MCM-41 were carried outwithin the liquid phase at T = 19.6
K and within the solid phase at T = 5.8 K. For the liquid phase
study, bulk liquid n-H2 was measured in addition to pore fill-
ings of n = 7.8,13.8,31.5 mmol/g. In the solid phase study,
three pore fillings were studied n= 14,25,44 mmol/g, in order
to include a monolayer, intermediate, and full pore measure-
ments. The dynamical window of these measurements is suffi-
cient to observe transitions between different rotational energy
levels J→ J′.

Colour contour plots of S(Q,E) are shown in Figure 4 for
the bulk liquid, the confined liquid, and the confined solid.
The background scattering from the sample can and the cryo-
stat have not been subtracted. Positive energy transfers corre-
spond to neutron downscattering, while negative energy trans-
fers correspond to neutron upscattering.

In Figure 4 (a), the dynamic structure factor S(Q,E) of bulk
liquid n-H2 is shown at T = 19.6 K. The scattering data con-
sists of several distinct features. First, the elastic line con-

Fig. 4 Colour contour plots of the dynamic structure S(Q,E) of (a)
the bulk liquid, (b) confined liquid, and (c) confined solid are
compared. The background signal from the cryostat and the
MCM-41 matrix has not been subtracted.

tains the (111), (020), (220), (113), and (222) Bragg reflec-
tions of the aluminum sample can at Q = 2.7,3.1,4.4,5.2, and
5.4 Å−1, respectively. Second, the recoil spectrum of liquid
H2 extends from the elastic line into positive energy trans-
fers as a broad, concave up band. Third, the rotational tran-
sition J = 0 → J = 1 appears as a dispersionless mode lo-
cated approximately at +15 meV. Fourth, there is also some
weak scattering intensity near -15 meV corresponding to the
reverse rotational transition J = 1→ J = 0. In the bulk solid,
H2 molecules exhibit free quantum rotor behaviour due to
the weak and approximately isotropic interactions with their
neighbours. However, diffusion and intermolecular interac-
tions produce significant broadening of the J→ J′ transitions
in bulk liquid n-H2, as observed here.
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In Figure 4 (b), the dynamic structure factor S(Q,E) of the
confined liquid at n = 31.5 mmol/g pore filling is shown. Like
the bulk liquid, one observes the H2 recoil spectrum emanat-
ing from the elastic line and the broad rotational transition J =
0→ J = 1 located approximately at +15 meV. However, the
weak upscattering peak corresponding to the J = 1→ J = 0
transition is now located at -11 meV. This shift implies that
the respective local environments of adsorbed o-H2 and p-H2
influence their rotational dynamics in significantly different
ways.

In Figure 4 (c), the dynamic structure factor S(Q,E) of the
confined solid at T = 5.8 K for n = 44 mmol/g pore filling is
shown. The solidification of the n-H2 produces no new ob-
servable Bragg reflections. The character of the molecular re-
coil scattering changes in comparison to the confined liquid,
suggesting changes in the underlying momentum distribution,
final state effects, and rotational form factors. Most impor-
tantly, the transitions between rotational energy levels J→ J′

of the confined solid are much sharper than their counter-parts
in the confined liquid. In particular, the J = 0→ J = 1 transi-
tion located near +15 meV is much sharper in the solid phase
than in the liquid. On the neutron upscattering side, there is a
dispersionless mode at -11 meV.

The inelastic scattering function S(E) has been calculated
from the dynamic structure factor S(Q,E) by integrating over
Q within the range 2.0 Å−1 ≤ Q ≤ 5.0 Å−1. The background
scattering from the sample cell and the MCM-41 matrix has
been removed from S(E).

The inelastic scattering function S(E) of the confined liquid
phase at T = 19.6 K is shown in Figure 5. Panel (a) plots S(E)
for neutron downscattering. Molecular recoil, now essentially
averaged over 2.0 Å−1 ≤ Q ≤ 5.0 Å−1, produces the contin-
uum scattering between 3 meV ≤ E ≤ 10 meV. At the two
lower pore fillings measured, 7.8 mmol/g and 13.8 mmol/g, an
increase in the overall level of scattering begins at +11 meV.
As the pore filling is increased toward full pore, there are two
peaks within the rotational energy spectrum, located at +11
meV and +15 meV. Both of these peaks are wider than the cal-
culated inelastic energy resolution at those energies. In Figure
5 (b), the contribution of J = 1→ J = 0 transitions to S(E) are
shown. As the pores are filled with liquid, a peak located near
-11 meV builds up in intensity on top of a sloping background.

Figure 6 plots the inelastic scattering function S(E) of the
confined solid at T = 5.8 K as a function of pore filling. In
Figure 6 (a), S(E) is shown for positive energy transfers which
corresponds to J = 0→ J = 1 rotational transitions. As in the
liquid phase, free molecular recoil produces a smooth contin-
uum up to +10 meV. At 14 mmol/g, close to monolayer cover-
age, there is a peak at +11 meV. As the pore filling is increased
to 25 mmol/g, the peak at +11 meV gains a small amount of
intensity and a new, sharp peak appears near +15 meV. When

Fig. 5 Energy spectrum S(E) of liquid n-H2 adsorbed in MCM-41
at 19.6 K. The dynamic structure factor S(Q,E) has been integrated
over the range 2.0 Å−1 ≤ Q≤ 5.0 Å−1. The background signal
from the cyrostat and the MCM-41 matrix has been subtracted.
Positive energy transfers correspond to energy gained by the sample
from a scattered neutron.

the pores are full of solid H2, the peak at +11 meV is no longer
observable, and the sharp peak near +15 meV grows in inten-
sity.

Meanwhile, in Figure 6 (b), S(E) is shown for negative en-
ergy transfers, thereby corresponding to J = 1→ J = 0 rota-
tional transitions. At 14 mmol/g, there is a peak located at -11
meV which is more than twice as wide as the energy resolu-
tion, which is also shown for comparison. As the pore filling is
increased to 25 mmol/g, the broad peak increases in intensity
and shifts slightly to lower energies. Finally, at 44 mmol/g,
the peak near -11 meV has increased still further in intensity,
while a new, resolution-limited peak appears near -14 meV.

5 Discussion

5.1 Diffusive Dynamics

The quasi-elastic neutron scattering data was fit to a model
function including three distinct components. First, a narrow
Gaussian was used to describe the contribution of elastic scat-
tering to the measured signal. The elastic scattering signal is
due to a fraction of adsorbed o-H2 which is immobile or non-
diffusive on the picosecond time scale. Second, a Lorentzian
component was used to describe the quasi-elastic broadening.
This signal is due to the fraction of adsorbed o-H2 which is
mobile and diffusive within the experimental time window of
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Fig. 6 The rotational energy spectrum of solid n-H2 adsorbed in
MCM-41 at 5.8 K. The dynamic structure factor S(Q,E) has been
integrated over the range 2.0 Å−1 ≤ Q≤ 5.0 Å−1. The background
signal from the cyrostat and the MCM-41 matrix has been
subtracted. Positive energy transfers correspond to energy gained by
the sample from a scattered neutron. Positive energy transfers
correspond to energy gained by the sample from a scattered neutron.
In panel (a), the full height of the peak located at 14.7 meV for 44
mmol/g gas loading is 516 arbitrary units.

CNCS. Third, a linear background-like component which de-
pends upon the amount of n-H2 gas loading. Therefore, the
incoherent dynamic structure factor Si(Q,E) is given by the
following:

Si(Q,E) =
A1√
2πσ2

1

e
− (E−E0)

2

2σ2
1 +

A2

π

Γ/2
(E−E0)2 +(Γ/2)2

+αE +β

(1)

The free fit parameters include: the integrated area of the
Gaussian A1; the second moment of the Gaussian σ2

1 ; the in-
tegrated area of the Lorentzian A2; the full-width at half maxi-
mum Γ of the Lorentzian; the common centre E0 of the Gaus-
sian and Lorentzian; and the slope α and offset β of the linear
component. The values of the free parameters are determined
by a least-squares fit to the experimental data, including the
energy resolution function, which is numerically convoluted
with the model function Si(Q,E).

The Gaussian and Lorentzian components are tied to a com-
mon centre located at E0. Ideally, E0 would be zero if the en-
ergy scale were perfectly defined. However, uncertainties in
the moderator emission time or sample attenuation can intro-

duce small shifts in the energy scale. Therefore we treat E0 as
a fitting parameter. Typically, values for E0 are on the order of
1 µeV which is small compared to the resolution width.

In this model, the elastic scattering is treated as having an
intrinsic Gaussian lineshape with a finite width. Strictly, the
elastic signal contributes a δ -function peak which has an in-
trinsic width of 0 µeV. However, we have represented the
shape of the elastic signal using a narrow Gaussian, having
a typical intrinsic width of 5 µeV. This was done because we
found that the fitting routine converged more readily and reli-
ably using the Gaussian representation. Because the measured
spectrometer resolution is in the 20−30 µeV range, it is jus-
tified to represent the elastic scattering by a peak with 5 µeV
intrinsic width instead of 0 µeV intrinsic width.

Fig. 7 A representative fit to the quasi-elastic neutron scattering
data. The intrinsic lineshapes of each component of the model are
shown. The total height of the elastic peak is 22855 arbitrary units.

Figure 7 shows a representative fit to the neutron scattering
data at pore filling n = 31.5 mmol/g gas loading for wavevec-
tor Q = 1.00 Å−1. The model function given in Equation 1
provides an excellent fit to the experimental data. Typical val-
ues of χ2 are between 0.3-0.5. Residuals do not reveal any
systematic deviations of the model fit from the experimental
data. A calculation of the correlation matrix shows that the
fit parameters are not strongly correlated with each other. The
most significant correlations are those the Lorentzian width Γ

and area A2 have with the offset β of the linear component.
Between Γ and β the correlation is -0.73, while it is -0.82 be-
tween A2 and β .

The integrated areas A1 and A2 are determined by three fac-
tors: the numbers, N1 and N2, of o-H2 molecules in the non-
diffusive and diffusive fractions respectively, the rotational
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form factor of the H2 molecule, and an effective Debye-Waller
factor64.

A1,2 = N1,2 j2
0(Qa)e−Q2〈u2

1,2〉/3 (2)

Here j0 is the zeroth order spherical Bessel function, a = 0.37
Åis the radius of gyration of the H2 molecule, and 〈u2

1〉 and
〈u2

2〉 are the mean-squared displacements of the molecules
within the immobile and mobile components separately. Fit-
ting the Q-dependence of the integrated areas, A1 and A2, to
Equation 2 permits the extraction of the mean-squared dis-
placement in each component of the adsorbed H2.

Figure 12 plots the intrinsic linewidth Γ of the Lorentzian
component as a function of wavevector Q. As can be seen,
the linewidth Γ at a given Q strongly depends upon pore fill-
ing. At 7.8 mmol/g, no quasi-elastic broadening is observed.
Between 13.8 mmol/g and 31.5 mmol/g, the linewidth Γ at
a given value of Q increases monotonically with pore filling.
The Q-dependence of the linewidth is consistent with liquid-
like jump diffusion since the low Q behaviour is weaker than
Q2 and tends toward an asymptotic value which is equal to
2h̄/τ , where τ is the jump diffusion residence time.

Fig. 8 The intrinsic full-width at half-maximum Γ of the
quasi-elastic broadening of n-H2 confined in MCM-41 at T = 19.6
K. The solid lines are fits to the Hall-Ross model which assumes
liquid-like jump diffusion having a Gaussian distribution of jump
lengths.

In order to obtain the jump diffusion residence time τ , we
have fit Γ(Q) vs. Q to a number of different models. In Figure
8, the solid lines are fits to the Hall-Ross model65. On this
theory, jump diffusion takes place between quasi-equilibrium
sites where the size of the jumps ~L is stochastically deter-
mined. The Hall-Ross model assumes that the probability PHR
of a vector displacement~L has a Gaussian distribution:

PHR(~L) =
1

(2π)3/2

1
L0

e
− L2

2L2
0 (3)

The root-mean-square displacement is given by Lrms =√
〈L2〉 = L0

√
3. This theory predicts Lorentzian broadening

where the linewidth Γ has the following Q-dependence:

Γ(Q) =
2h̄
τ

(
1− e

− L2

2L2
0

)
(4)

As can be seen from Equation 4, as Q→ ∞, Γ→ 2h̄/τ .
The Gaussian probability distribution PHR(~L) does not corre-
spond to any microscopic calculation and alternative choices
for the jump length distribution are also possible. For exam-
ple, the variable length jump model66 assumes that P(L) =(
L/L2

0)exp(−L/L0)
)
. This model also predicts a Lorentzian

broadening where the asymptotic value of Γ is given by 2h̄/τ .
Finally, the residence time τ could also be obtained by fitting
only the high Q data to a constant function Γ(Q) = 2h̄/τ . We
found that each of these fitting methods produced essentially
the same values of the jump diffusion residence time τ .

Fig. 9 The model fit parameters of the quasi-elastic neutron
scattering data. Where not shown, the error bars are smaller than the
symbols. In panel (a), the effective mean-squared displacement 〈u2〉
is shown for both the diffusive and non-diffusive fractions of o-H2
as a function of pore filling. In panel (b), the residence time τ for
jump diffusion is shown as a function of pore filling.

The mean-squared displacement 〈u2〉 of the non-diffusive
and diffusive components was calculated according to Equa-
tion 2. Their dependence on pore filling n is shown in Figure
9 (a). As can be seen, the mean-squared displacement 〈u2〉 of
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the non-diffusive fraction of adsorbed o-H2 is essentially inde-
pendent of n. This is because the non-diffusive fraction con-
stitutes the interfacial component of the adsorbed fluid and it
is tightly bound to the pore walls. At n = 13.8 mmol/g, 〈u2〉=
0.14± 0.01 Å2, implying that the o-H2 directly adsorbed to
the pore walls are less mobile than H2 within the bulk solid
phase at low temperature where 〈u2〉 = 0.48± 0.03 Å2. This
is consistent with deep inelastic neutron scattering studies of
H2 and He confined within porous glasses42,43,45. At low
temperatures, the mean-squared displacement 〈u2〉 is deter-
mined primarily by quantum-mechanical zero-point motion.
The localization of H2 molecules or He atoms by the adsorp-
tion potential of the pore walls leads to an enhancement of
their average kinetic energy 〈EK〉 which is observed in these
experiments. Meanwhile, the molecular mobility of the liq-
uid present within the inner core of the mesopores increases
as the pores are filled. The effective mean-squared displace-
ment 〈u2〉 increases from 0.41± 0.03 Å2 at 13.8 mmol/g to
0.81± 0.01 Å2 at 31.5 mmol/g. This demonstrates that the
o-H2 occupying the inner core volume is less translationally
confined than the o-H2 which is localized within adsorption
sites on the pore walls.

Georgiev et al have measured the average kinetic energies
〈EK〉 and mean-squared displacements 〈u2〉 of p-H2 adsorbed
to the surface of single-walled carbon nanotubes5. A num-
ber of their central findings in this system are paralled by H2
adsorbed to mesoporous silicas. First, they find that the av-
erage translational kinetic energy 〈EK〉 is essentially tempera-
ture independent in physisorbed monolayers. At T = 17 K, it
decreases from 130±3 K to 83±0.5 K as the surface cover-
age is increased from 30% to 144% of a monolayer. Second,
as noted by those authors, the mean-squared displacements
〈u2〉 increase as the average translational kinetic energy 〈EK〉
decreases. It ranges from 0.19± 0.03 Å2 to 0.32± 0.10 Å2.
For comparison, it is worth noting the difference in the bind-
ing energies of available adsorption sites on carbon nanotubes
and MCM-41. On the carbon nanotubes, the isoteric heat of
adsorption qst is 75 meV on the groove sites between adja-
cent nanotubes within a bundle, while the qst is 35 meV on
the external surface of the tubes. Edler et al report that the
surface of MCM-41 is energetically heterogeneous, where qst
varies from 35 meV to 18 meV as the surface coverage goes
from 20% to 80% of a monolayer60. Above a monolayer, qst
approaches the heat of liquefaction of bulk H2, and this is typ-
ical for gases adsorbed to heterogeneous surfaces67.

The residence time τ a function of pore filling n is shown
in Figure 9 (b). At 13.8 mmol/g, the jump diffusion residence
time is 13.4± 1.0 ps and it decreases steadily to 6.80± 0.07
ps at 31.5 mmol/g. As the pore filling increases, the diffusive
relaxation time decreases, corresponding to faster diffusion.
However, even at full pore filling, the residence time τ is much

longer than its value in the bulk liquid63. Between 15-18 K,
the residence time τ within the bulk liquid varies between 2.6-
1.1 ps.

In the limit Q→ 0, the Hall-Ross model predicts that the
Lorentzian linewidth Γ should vary as h̄Q2L2

0/τ . Therefore,
the macroscopic diffusion constant is given by D = L2

0/2τ .
Calculating the diffusion constant for the intermediate 25
mmol/g pore filling yields a value D = 1.0 Å2/ps. At high
pore filling, n = 31.5 mmol/g, the diffusion constant is D =

0.8 Å2/ps. Both of these diffusion constants are comparable
to the diffusion constant62 of bulk liquid H2 at 19.6 K, which
is 0.9 Å2/ps. Prima facie, this suggests that macroscopic mass
transport of liquid H2 is not significantly affected by confine-
ment within small mesopores. The longer residence time τ ob-
served in confinement is apparently compensated for by large
jump lengths, where the root-mean-square jump length Lrms is
7.8 Å and 5.6 Å at 25.6 mmol/g and 37.0 mmol/g, respectively.

However, there are strong reasons to think that a study of
molecular diffusion in the continuum or hydrodynamic limit
should proceed by means of alternative experimental tech-
niques in this case. First, obtaining the diffusion constant D
from the Q→ 0 limit of the Hall-Ross model rests upon an
extrapolation from the experimental data which is not neces-
sarily justified. A plot of Γ/Q2 versus Q for our data shows
that the hydrodynamic limit is not reached in confined H2 for
wavevectors Q as low as 0.25 Å−1, as shown in Figure 10
(a). Another way of seeing the same point is shown in Fig-
ure 10 (b), which plots Γ versus Q2. A linear fit to the low
Q data in Figure 10 (b) yields a finite intercept at approxi-
mately 44 µeV. Second, a literal physical interpretation of L0
would imply much longer jumps in the confined fluid than in
the bulk fluid, which is implausible given their comparable
density. In the bulk fluid, Lrms ≈ 1.1 Å. Finally, Egelstaff63

argues that phenomenological pictures of jump diffusion, such
as the Hall-Ross model, should be regarded only as illustrative
mathematical models which may be used to obtain values for
the residence time τ from experimentally measured linewidths
Γ. We have used the Hall-Ross model only as a fitting proce-
dure for determining the residence time τ . We conclude that
a study of molecular diffusion in the continuum or hydrody-
namic limit should probably proceed in this case by means of
alternative experimental techniques.

An essentially unchanged value of the translational dif-
fusion constant D of liquid H2 is not expected on general
grounds. The effective kinematic viscosity η of interfacial
or confined liquids is typically larger than their bulk counter-
parts68,69. For example, the experimentally measured diffu-
sivity of aqueous solutions through porous silicas is signifi-
cantly lower than their bulk counterparts. Water within porous
silicas forms a relatively immobile and highly viscous layer
adjacent to the pore walls70. In fact, the local viscosity of flu-
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Fig. 10 In the hydrodynamic limit Q→ 0, the Lorentzian linewidth
Γ varies as Q2. Here the linewidths for 25.6 mmol/g and 31.5
mmol/g pore filligns are plotted to demonstrate that the Q−regime
probed here is clearly outside the hydrodynamic limit.

ids within nanometre-scale capillaries may vary in complex
ways because of layering and other confinement effects71–73.
The diffusion constant D of liquid H2 is related to its kinematic
viscosity η by the Stokes-Einstein relation: D = kBT/6πηr.
Given the viscosity at 19.6 K is≈ 145 µP, the Stokes-Einstein
relation is obeyed if H2 is assumed to have a hydrodynamic
radius r of 1.1 Å, which is approximately equal to its van der
Waals radius. If the Stokes-Einstein relation remains valid for
confined H2, then an increase in its kinematic viscosity η due
to confinement effects should be reflected in a decrease of its
microscopic diffusion constant D.

In summary, the quasi-elastic neutron scattering at T = 19.6
K demonstrates that the adsorbed o-H2 makes up two distinct
components. First, there is an non-diffusive fraction which
contributes the elastic signal to S(Q,E). The mean-squared
displacement 〈u2〉 of the immobile fraction is smaller than
it is in the bulk crystal and it is independent of pore filling.
Second, there is a mobile fraction which undergoes liquid-
like jump diffusion. The effective mean-squared displacement
〈u2〉 is larger in the mobile component than in the immobile
component. The molecular mobility, as measured by 〈u2〉, in-
creases as the pores are filled with liquid. The jump diffu-
sion residence time τ decreases with increasing pore filling.
Altogether, the experimental data suggests a natural interpre-
tation. The adsorbed H2 can be conceptually divided into an
interfacial layer and the inner core volume. The non-diffusive
fraction makes up the interfacial layer, so that its constituent
H2 molecules are tightly bound to adsorption sites on the pore

walls. At the same time, the diffusive fraction makes up the
liquid occupying the inner core volume. In comparison to the
bulk fluid, confinement slows the diffusive dynamics of this
mobile component down, as shown by the increase of the jump
diffusion residence time τ .

5.2 Rotational Dynamics

In this section, we argue that the observed rotational energy
spectrum reflects the local environment of adsorbed H2 and
the adsorption potential distinguishes between the two spin
isomers of H2. The selective adsorption of o-H2 and the ro-
tational hindering potential of the pore walls explains the evo-
lution of S(E) with pore filling, which is shown in Figures 5
and 6. At 14 mmol/g, close to monolayer, all H2 molecules are
directly adsorbed to the pore walls regardless of any preferen-
tial adsorption. These adsorbed H2 molecules directly expe-
rience the surface roughness and heterogeneity of the MCM-
41 pore walls, which perturbs their rotational wavefunctions
and shifts their energy levels from those of a free quantum
rotor. At 25 mmol/g, preferential adsorption of o-H2 dis-
tinguishes the behaviour of the two spin isomers. The ad-
sorbed p-H2 shows both the hindered and free quantum ro-
tor behaviour, while the adsorbed o-H2 exhibits only hindered
rotor behaviour. Presumably, the formation of an o-H2 rich
layer bound to the walls forces p-H2 to higher adsorbed layers
where they can rotate more freely. There is an interfacial layer
rich in o-H2 bound to the pore walls and a depleted mixture
of o-H2 and p-H2 within the core volume of the pores. The
relative temperature-independence of the hindered rotor peak
reinforces the fact that the interfacial o-H2 is non-diffusive and
tightly bound to the pore walls.

In the bulk solid, electric quadrupole-quadrupole interac-
tions between nearest neighbours within the crystal primar-
ily determine the intrinsic linewidth of transitions between
rotational energy levels40,74. The experimentally measured
linewidth32 of the J = 1 → J = 0 quantum rotor transition
is 0.75± 0.15 meV. For the 25 mmol/g gas loading, we fit
the hindered rotor peak to a Gaussian while the free rotor
peak was fit to a Lorentzian. The Gaussian peak is located at
11.92±0.04 meV and has an intrinsic width of 1.8±0.1 meV.
Meanwhile, the Lorentzian peak is located at 14.69± 0.01
meV and has a full width at half maximum of 640± 20µeV.
The latter linewidth is the same as the bulk linewidth to within
experimental uncertainty. At 44 mmol/g, the Lorentzian peak
is located at 14.72± 0.02 meV and has an intrinsic width
of 440± 10µeV. The latter result is in excellent agreement
with previous measurements by Edler et al60, who found a
J = 0→ J = 1 peak located at 14.7± 0.3 meV having an in-
trinsic width of 450±50µeV at high pore fillings. Those au-
thors argued that the confined solid has a local environment
close in density and packing to the bulk solid, citing theoret-
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ical calculations74 predicting a linewidth of 580 µeV. Given
the disagreement with the measured linewidth within the bulk
crystal, this may not be the case. At the same time, neutron
diffraction measurements of D2 confined in MCM-4134 and
Vycor33 suggest that nearest neighbour distances are not sig-
nificantly different from their values in the bulk although the
structure of the confined crystalline solid seems to be highly
distorted. Moreover, our H2 adsorption isotherm measure-
ments show that the confined liquid fills the pores at approxi-
mately bulk liquid density, suggesting that the confined solid
is also close to its bulk density.

In the absence of a hindering potential, the rotational en-
ergy levels of adsorbed H2 would correspond to those of a
free quantum rotor EJ = BJ(J+1). Transitions between these
energy levels would be observed in an inelastic neutron scat-
tering experiment as sharp peaks in S(E). For example, the
rotational energy levels of H2 adsorbed to graphoil, which has
a smooth surface on the atomic-scale, are those of a free quan-
tum rotor75,76. Porous silica glasses, such as Vycor or MCM-
41, have mesopore walls which are rough and heterogeneous
on an atomic-scale. H2 molecules directly adsorbed to the
pore walls experience the surface roughness as a hindering po-
tential Vrot which perturbs their rotational wavefunctions and
shifts their energy levels away from those of a free quantum
rotor. Since the rotational dynamics of the interfacial layer
is dominated by interactions with the mesopore walls, the ro-
tational energy spectrum is determined by the distribution of
orientational potentials experienced by molecules within the
interfacial layer.

White and Lassettre theoretically studied the rotational dy-
namics of H2 adsorbed on solid surfaces and the mechanism
by which those surfaces discriminate between its spin iso-
mers77. They calculated the energy levels of a rigid diatomic
rotor moving within a static potential field V produced by
the underlying substrate. The interaction potential depends
upon the distance z between the centre-of-mass of the ad-
sorbed molecule and the polar angle θ the axis of the diatomic
molecule makes with a line normal to the surface. Symmetry
requires the static potential V depend only upon z and cos2 θ .
White and Lassettre expanded the potential field V in a Tay-
lor series to lowest order: V (z,cos2 θ)≈Va+V0 cos2 θ +k(z−
z0)

2. When only the leading terms in the expansion are consid-
ered, the Schrdinger equation is separable into a translational
component depending only on z and a rotational component
depending only on cos2 θ .

The rotational hindering potential experienced by an ad-
sorbed H2 molecule can therefore be approximated by a
double well potential of the form Vrot = V0 (1− cos(2θ))/2,
where V0 is the depth of the potential well. The rotational en-
ergy levels of H2 moving within this hindering potential were
calculated using the DAVE software58. The diatomic rigid ro-
tor calculator numerically solves the Schrdinger equation by

diagonalizing the Hamiltonian matrix, which expressed us-
ing spherical harmonics 〈θ ,φ |J,m〉=YJm (θ ,φ) as basis func-
tions.

The rotational energy levels EJ of the hindered diatomic ro-
tor are shown in Figure 11 as a function of barrier strength V0.
The rotational ground state energy increases smoothly as the
depth of the hindering potential V0 is increased. The perturba-
tion lifts the degeneracy of the |1,0〉 and |1,±1〉 states. The
transition energy from the ground state to the lowest, degener-
ate excited state is designated ∆1, while the transition energy
from the ground state to the non-degenerate second excited
level is ∆0. Because there is a one-to-one correspondence be-
tween the energy eigenstates of the hindered rotor and those
of the free rotor, we still label the perturbed states in terms
of J and m, even though these are no longer good quantum
numbers.

Fig. 11 The perturbed energy levels EJ/B of a hindered
quantum-mechanical rotor moving within a double-well potential
Vrot(θ) =V0 (1− cos(2θ))/2 are shown here as a function of the
barrier strength V0/B.

In order to study the rotational hindering potential experi-
enced by adsorbed o-H2 molecules in MCM-41, we performed
a lineshape analysis of the broad peak in S(E) near -11 meV.
This peak, corresponding to the J = 1→ J = 0 transition, has
a position, width, and shape which is determined by the dis-
tribution of potential well depths produced by the MCM-41
mesopore walls. No microscopic calculation or general the-
ory is available to justify a specific choice of model lineshape.
As an ad hoc model, we have used a skew normal distribu-
tion to represent the lineshape of the J = 1→ J = 0 peak in
S(Q,E):
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S1→0(E) =
A3√
2πε2

e−
(E−Ep)2

2ε2

(
1+ erf

[
γ√
2

E−Ep

ε

])
+

A4

2

(
1+ erf

[
E−Ec√

2ζ 2

]) (5)

The Gaussian is determined by its amplitude A3, second
moment ε2, and location Ep. A finite skewness is added by
non-zero values of γ . The second term is used to represent the
continuum of inelastic scattering above the J = 1→ J = 0 peak
by a smoothed step function. Alternative representations of
the continuum scattering, such a polynominal or broad Gaus-
sian, can be used. We found that the fit parameters of the
skewed Gaussian were relatively intensitive to how the con-
tinuum scattering was represented.

Fig. 12 A least-squares fit to the rotational energy spectrum of n-H2
at negative energy transfers. The intrinsic lineshapes of each
component in the model are shown. The calculated inelastic energy
resolution has been folded into the total fit (blue curve). The peak
located at -11 meV is described by a skewed Gaussian function.

In Figure 12, a fit to S(E) versus E to Equation 5 is shown
for the 14 mmol/g pore filling. The model produces a good
fit to the experimental data, where χ2 = 1.2. Residuals do not
reveal any systematic differences between the model fit and
the data. The Gaussian peak position is Ep = −11.7 meV,
which is in agreement with the measurements of Elder et al,
11.8± 0.2 meV. Because of the skewed shape, the maximum
intensity of the entire line is located further to the right at -
10.5 meV. A calculation of the correlation matrix shows that
each of the free fit parameters of the skew Gaussian are not
significantly correlated with other fit parameters in Equation

5. Two of the parameters of the smooth step function, A4 and
Ec, have a correlation coefficient of 0.95. However, we do
not ascribe any physical significant to the parameters of the
smoothed step function.

As shown in Figure 12, the energy ∆1 of the |1,±1〉→ |0,0〉
rotational transition is -10.5 meV in the solid monolayer. The
White-Lassettre model accordingly predicts that the energy ∆0
of the |1,0〉 → |0,0〉 rotational transition is -16.8 meV. It is
clear from Figure 12 that no separate peak corresponding to
this transition is present in the neutron energy gain data. This
may appear to be inconsistent with the White-Lassettre theory,
which predicts a splitting of the J = 1 sublevels. However,
it should be emphasized that the data shown in Figure 12 is
for negative energy transfers: the intensity of any observed
rotational transitions is proportional to the population of the
J = 1 sublevels. The energy of the |1,0〉 state is 6.3 meV (73
K) higher than the |1,±1〉 states, and it is therefore likely that
the thermal population of the |1,0〉 is much smaller than the
thermal population of the |1,0〉 at T = 5.8 K.

The White-Lassettre approach can be used to calculate the
orientational potential distribution of MCM-41 from our in-
elastic neutron scattering data. As shown in Figure 12, the ∆1
of the |1,±1〉 → |0,0〉 transition at monolayer coverage can
be described by a skewed Gaussian function. If adsorbed H2
molecules experienced a single, well-defined value of V0, then
in the experimental data there would be a shift in the location
of this transition away from 14.7 meV, but no additional broad-
ening beyond instrumental resolution would be observed. The
intrinsic shape and width of the peak is determined by a dis-
tribution of potential well depths V0 stemming from the inho-
mogeneous character of the MCM-41 pore walls. By means
of the White-Lassettre model, the energy scale shown in Fig-
ure 12 has a one-to-one correspondence with possible values
of V0.

The normalized distribution P(V0) of potential barriers V0
of MCM-41 is compared to Vycor41 in Figure 13. In Vycor,
there is a broad, asymmetrical peak located at V0/B = 3.5.
In contrast, the orientational potential distribution in MCM-
41 forms a relatively narrow, symmetrical peak located at
V0/B = 2.2. The observed difference in the orientational po-
tential distribution P(V0) constitutes clear experimental evi-
dence that the pore walls of MCM-41 are smoother than those
in Vycor on an atomic-scale. Both of these materials have
smoother pore walls than Britesorb42, where the shift in the
rotational transition energies is even larger. It is important to
note that P(V0) has been calculated for both MCM-41 and Vy-
cor using the White-Lassettre approach. The direct compari-
son of the resulting curves is justified by the fact that both
determinations make the same set of theoretical assumptions.

The translational mobility of adsorbate molecules is re-
duced by surface roughness, just as the rotational wavefunc-
tions of adsorbed molecules are perturbed by hindering poten-
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Fig. 13 The normalized potential barrier distribution of the hindered
H2 rotors. The difference between the potential barrier distribution
experienced by a monolayer of H2 adsorbed to MCM-41 and
Vycor41 is explained by differences in heterogeneity and
atomic-scale surface roughness of the pore walls.

tial barriers41. The atomic-scale irregularities of the substrate
increase the effective strength of the local adsorption poten-
tial in porous materials with rough internal surfaces. This
is demonstrated in pulse-gradient nuclear magnetic resonance
studies of 3He diffusion within MCM-4178,79 and Vycor80,81.
Close to monolayer coverage at very low temperatures, 3He
atoms move between different adsorption sites on the meso-
pore walls by means of quantum-mechanical tunnelling in-
stead of thermally activated diffusion. Surface roughness de-
termines, in large part, the potential barrier between adsorp-
tion sites and therefore the tunnelling rates of adsorbed 3He
atoms82. The 3He tunnelling rate on the surface of Vycor is
105− 106 s−1, while on the mesopore walls of MCM-41 it is
≈ 107 s−1.

The fact that 3He diffusion is faster in the quantum tun-
nelling regime adsorbed to MCM-41 than Vycor is consistent
with our finding that the rotational motion of H2 molecules are
the pore walls are less perturbed in MCM-41 than in Vycor.
Measuring the rotational energy levels of adsorbed molecules
may be a useful technique for characterizing the atomic-scale
surface roughness of heterogeneous solid surfaces. For ex-
ample, recently, a detailed model of MCM-41 has been de-
veloped which incorporates the surface roughness of the pore
walls83. In principle, such models could be tested, or at least
empirically parameterized, by computing the rotational energy
spectrum of adsorbed molecules and comparing the theoreti-
cal spectrum to experimental data.

5.3 Selective Adsorption

The interaction of solid substrates with molecular hydrogen
strongly distinguishes between its two spin isomers, p-H2 and
o-H2, leading to preferential adsorption of o-H2. This phe-
nomenon has been experimentally observed on a number of
different materials, such as activated alumina84,85, porous Vy-
cor glass41, and amorphous ice86. It is due to the anisotropy of
the local adsorption potential, which lowers the free energy of
bound o-H2 relative to p-H2. For example, on amorphous ice
the preferential adsorption of o-H2 and relative depletion of p-
H2 is due to the anisotropy of the of the adsorption potential.
The p-H2 spin isomer is bound only by the spherically sym-
metric part of the potential while o-H2 experiences additional
binding from the anisotropic part of the potential.

The separation factor S measures the preferential adsorption
of o-H2:

S =
(ρo/ρp)ads
(ρo/ρp)bulk

(6)

The numerator (ρo/ρp)ads is the molar ratio of o-H2 to p-H2
within the adsorbed phase, while the denominator (ρo/ρp)bulk
is the same molar ratio within the bulk state. Immediately after
condensation from a gas at room temperature (n-H2), ρo/ρp =
3. The separation factor is defined so that it is always equal to
or greater than unity.

At low temperatures, the separation factor S can be esti-
mated using the White-Lassettre model:

S =
1
3

exp
(

2B−∆0

kBT

)
+

2
3

exp
(

2B−∆1

kBT

)
(7)

The separation factor S depends upon temperature T so that
the substrate more strongly selects o-H2 at lower temperatures
T . In the solid state at 14 mmol/g pore filling, the observed
transition energy ∆1 is 10.5 meV and the White-Lassettre
model predicts that ∆0 = 16.8 meV. At 5.8 K, the separation
factor S is approximately 1480, implying that the interfacial
layer is composed of essentially 100% o-H2. At 19.6 K, the
separation factor S is 4.2. In the liquid state, the interfacial
layer is composed of 93% o-H2.

6 Conclusions

We have studied the translational and rotational dynamics
of condensed n-H2 confined within MCM-41 using neutron
scattering. The porous MCM-41 sample used in the neu-
tron scattering experiment was characterized in detail us-
ing small-angle X-ray diffraction and N2 adsorption isotherm
measurements†. The characterization data confirms that the
MCM-41 sample is highly ordered and reveals a narrow pore
size distribution centred at 3.5 nm. The neutron scattering
data is also coupled to H2 adsorption isotherm measurements,
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which permit the identification of the gas loadings where
monolayer coverage and full pore filling are achieved.

The experimental data supports a detailed picture of con-
densed n-H2 confined within small, tubular mesopores. At
full pore, the adsorbed n-H2 may be conceptually divided be-
tween the interfacial layer and the inner core volume. The
translational and rotational dynamics of the interfacial layer
are dominated by strong interactions with the mesopore walls.
H2 molecules within the interfacial layer are tightly bound to
adsorption sites, and are thereby non-diffusive on the picosec-
ond time scale. They directly experience the surface rough-
ness and heterogeneity of the MCM-41 pore walls in the form
of a hindering potential which perturbs their rotational wave-
functions and energy levels. The adsorption potential distin-
guishes between the spatially symmetric and antisymmetric
rotational wavefunctions of p-H2 and o-H2, leading to pref-
erential adsorption which makes the interfacial layer rich in
o-H2.

Meanwhile, the behaviour of the H2 molecules occupying
the inner core volume is dominated by confinement effects.
They undergo observable liquid-like jump diffusion, but the
residence time of the jumps in confinement is much longer
than the residence time in the bulk liquid. The rotational en-
ergy levels of the molecules within the inner core resembles
those of the bulk phases. The inner core consists of a mixture
of o-H2 and p-H2 which has been somewhat depleted of o-H2
by the preferential adsorption of the mesopore walls.
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