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Inelastic neutron scattering from H2 on vapour deposited CO2
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Abstract. Inelastic neutron scattering spectra at 17 meV and 68 meV incident energies of molecular
hydrogen adsorbed on vapour deposited substrates of pure CO2, 90:10 and 50:50 CO2:Kr are reported.
The ortho-para transition is shifted from 14.7 meV in the free H2-molecule to 9.4 meV in a presumably
commensurate ortho-H2 monolayer on the CO2 surface. The quadrupole-quadrupole interaction of ortho-
H2 molecules with the CO2 substrate results in a strongly anisotropic potential. In addition to rotations
the dynamics of this layer comprise a local Einstein mode and phonons in resonance with the substrate,
giving rise to intense multiphonon transitions. Quasielastic scattering on warmer samples is assigned to a
liquidlike adsorption layer, in which the H2 rotations are strongly perturbed.

PACS. 29.30.Hs Neutron spectroscopy – 68.35.Ja Surface and interface dynamics and vibrations –
33.15.Fm Bond strengths, dissociation energies

1 Introduction

In many cases structure, dynamics and morphology of
vapour-deposited solids strongly differ from those of the
corresponding equilibrium phases. The fast condensation
at temperatures far below the respective melting points
leads to a high nucleation rate and, consequently, to very
fine grains. Such phases are metastable and sinter into
more stable modifications at higher temperatures thereby
reducing their high surface energies. Among the systems
which were studied under this aspect are ice [1] and carbon
dioxide [2] since their condensation processes in space may
resemble vapour deposition [3]. In addition to that the
molecular dynamics of carbon dioxide are of fundamental
interest for the supercritical fluid extraction as applied in
large scale for various purposes [4].

By X-ray diffraction we demonstrated that solid car-
bon dioxide does not exhibit such a substantial degree of
disorder after gas-phase deposition [2,5] as was observed
for ice or solid rare gases under similar conditions [6,7].
The Bragg reflections of CO2 were broadened, however,
with respect to those of the sample support, and dif-
fuse intensity between the reflections was observed. These
diffractograms were fitted by patterns as calculated for a
logarithmic normal distribution of the CO2 grain size with
an average diameter of 3 nm [8]. According to molecular
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dynamics simulations even in such small units the bulk
crystalline structure is maintained and surface relaxation
is insignificant [8,10]. The intermolecular interaction of
carbon dioxide may well be described by classical pair po-
tentials [5]. The dominant contribution is due to its strong
quadrupole moment (−3.17 a.u. [9]), which induces orien-
tational order in the solid.

CO2 and Kr do not form thermodynamically stable
solid mixtures, even though the structures and lattice con-
stants of the pure solids are very similar to each other [5].
By vapour deposition solid mixtures with severely per-
turbed structures were obtained. In the intermediate con-
centration range (30−70 mol% of Kr) they are fully amor-
phous. We attributed this disorder to a loss of the coher-
ence of the molecular orientations induced by the dilution
with Kr atoms.

The small grain size of vapour deposited CO2 re-
sults in a high specific surface area [8,11–14]. Significant
amounts of hydrogen of up to 15 mol% of the substrate
are adsorbed, and the system was proposed as a hydrogen
pump [14]. A complication is that o-H2 has a significant
quadrupole moment (0.485 a.u.) whereas the quadrupole
moment of p-H2 is zero [15]. The sorption capacity seems
to depend very sensitively on the surface structure and is
considerably reduced by the addition of small amounts of
krypton to the matrix [8]. This observation was explained
by a simple model [16] providing regular sites with 4-9
next neighbours depending on the crystallographic type
of the surface. By codepositing the mixtures surface sites
with both CO2 and Kr next neighbours are obtained. The
number of sites with only CO2 next neighbours is strongly
decreasing with increasing molar ratio of Kr. By assuming
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that each site which contains at least one Kr next neigh-
bour to the adsorbed particle is already inactive for H2

adsorption the observed low hydrogen uptake in CO2:Kr
substrates was modelled. Another possibility is, that kryp-
ton which has a much higher vacuum pressure than carbon
dioxide, is enriched in the gas phase during the deposition
and then preferably condenses on the surface of the kryp-
ton grains thereby blocking the H2 adsorption.

Adsorption phenomena on ionic oxides play a vital role
in present surface research [17–20] and strong interaction
between substrate and adsorbate is readily ascribed to
point charges. In contrast to the ionic oxides a satisfy-
ing treatment of the solid carbon dioxide substrate and its
mixtures by classical molecular dynamic simulation is pos-
sible and facilitates the interpretation of the experimental
data. In this sense solid carbon dioxide is not only of in-
trinsic interest but appears to be a model oxide system.
Its surface properties can be controlled by the amount of
krypton added and monitored by the probe molecule H2.
The aim of the present inelastic neutron scattering (INS)
study was to understand the surprisingly strong interac-
tion between hydrogen molecules and the CO2 surface.

Earlier studies allowed a profound understanding of
the scattering of thermal neutrons from molecular hydro-
gen. The para-ortho conversion line J = 0↔ 1 can be ob-
served directly and has a transition energy of ± 14.7 meV
in the free molecule. The intensity ratio of the two lines
on the neutron energy gain and loss sides, (J = 1 → 0)
and (J = 0 → 1), respectively, reflects the para:ortho ra-
tio of the hydrogen. In its condensed bulk phases [21] and
isolated in Ar [22] or N2 [23] H2 exhibits rotational tran-
sitions at similar energies as in the free molecule. Even on
catalytically active substances such as MoS2 and WS2 the
(J = 0→ 1) line is broadened rather than shifted [24]. On
surfaces of reactive oxides such as Al2O3 [18] and TiO2 [19]
the molecule sees strong anisotropic hindrance potentials
which significantly shift the transition to lower energies
[17]. The energy balance of the adsorption process shows
that this redshift is equivalent to an enhanced adsorption
enthalpy of ortho- with respect to para-hydrogen inducing
an enrichment of the ortho species in the adsorbed phase.

The vibrational spectra of adsorbed hydrogen phases
usually are quite different from the phonon density of
states of bulk H2 [24]. Depending on the surface structure
the H2 molecules can be adsorbed as isolated particles or
as a two dimensional coherent layer. The vibrational dy-
namics of isolated adsorbed H2 molecules are similar to
those of light particles with the mass m isolated in a ma-
trix of heavy molecules with mass M . Mannheim decom-
posed the dynamics of isolated particles into vibrations
in resonance with the matrix and a local mode against
it [25]. For m/M < 0.5, this is an Einstein mode with a
frequency well above the phonon spectrum. In the case of
surface adsorption resonant and localized modes describe
the motion of the adsorbed species perpendicular to the
surface. In a contiguous surface layer we expect additional
phononlike vibrations parallel to the surface.

2 Experimental

The experiments were carried out at the time of flight-
spectrometer IN4B in the Institut Laue-Langevin in
Grenoble [26]. IN4B views a thermal neutron beam and
employs a single graphite monochromator. By using first
or second order of diffraction, incident energies of 17 and
68 meV, respectively, are provided. Data of groups of 36
detectors each were accumulated yielding a satisfying sig-
nal to noise ratio. Six spectra with average scattering an-
gles in the range of 2θ = 19◦ to 100◦ were analyzed. Rela-
tive detector sensitivities and the instrumental resolution
were calibrated using a vanadium sample. The energy res-
olution functions f(E) were, to a good approximation,
Gaussians with widths (fwhm) of 1 and 5 meV for 17 and
68 meV incident neutron energies, respectively.

All raw data were converted to scattering functions
S(θ,E) given as a function of the Bragg angle θ and the
energy transferred to the sample, E = Ef −Ei. Ei and Ef
are the incident and final neutron energies, respectively.
The hydrogen spectra were evaluated as differences of the
data for charged and pure substrate and compared to cal-
culated scattering functions Scal(θ,E).

Gas mixtures (pure CO2, 90:10 CO2:Kr, 50:50
CO2:Kr) were prepared by standard manometric proce-
dures. The deposition rates were controlled by a mass flow
controller (TYLAN FC260) to be 60 cm3/min s.t.p. Hy-
drogen gas with a natural ortho:para ratio of 3:1 was em-
ployed in all experiments. The samples were prepared by
gas phase deposition in an aluminium sample cell which
was flanged to the end of a special insert [27] and cooled
down to about 5 K in a liquid He-cryostat. The gas is
introduced through a capillary which is insulated with re-
spect to cold parts of the cryostat by a vacuum and heated
by thermocoax wires to a temperature of 180 K during the
deposition procedure permitting the codeposition of gases
with very different triple point temperatures. Due to its
insulation this capillary is not cooled down to the cryostat
temperature but retains a temperature of approximately
50 K when switching off the heating after the deposition.

During the deposition some pressure of hydrogen built
up on top of the sample, and the cell was pumped after
the deposition. For the experiments with pure CO2 and
90:10 CO2:Kr substrates the pressure in the sample cell
was low enough to avoid heating of the sample by thermal
conduction to warmer parts. A small part of the sam-
ple was, however, exposed to thermal radiation of the gas
outlet and had a temperature of about 20 K. The 50:50
CO2:Kr substrate had a very low sorption capacity and a
neutron signal of sufficient quality could only be obtained
by admitting a hydrogen pressure of at least 0.1 mbar.
By thermal conduction in this gas the total sample was
heated to a temperature at which the solidification of H2

was no more possible.
Our spectra unambiguously reflect the dynamics of hy-

drogen adsorbed on the CO2 substrate. Estimates show
that errors due to hydrogen in the gas phase or adsorbed
elsewhere, or due to impurities in the sample cell are neg-
ligible, since the substrate surface area is very large: the
mean area covered by a single hydrogen molecule is 11 Å2,
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and a surface area of 83 m2 is covered by a monolayer of
30 cm3 s.t.p. of H2. The area of the sample cell as exposed
to the beam is only about 25 cm2. Contributions to the
scattering function by H2 remaining in the gas phase or
being condensed as liquid or solid can easily be distin-
guished from the spectra reported here by the rotational
lines of the free molecule at 14.7 meV. We were not able
to calculate the hydrogen coverage of the substrate from
the preparation procedure, since its specific surface area
is not known and strongly depends on the preparation
conditions.

Large amounts of impurities could affect the data. Wa-
ter in the CO2 (L’Air Liquide, 99.99%) is below the de-
tection limit of the experiment. Difficulties could arise if
the hydrogen admitted to the sample would flush a large
quantity of water from the gas handling system down to
the substrate surface. This is very unlikely since the H2

gas is admitted via a capillary being cooled to 180 K on
a length of about 50 cm where water is rather frozen out
than flushed away. Moreover the surface area of the sample
handling system exposed to the hydrogen is small as com-
pared to that of the substrate. Even the complete evapora-
tion of several monolayers of water from the gas handling
system could not poison a significant part of the CO2-
surface.

3 Theory

Theoretical scattering functions are calculated as a func-
tion of the modulus of the momentum transfer ~Q and
converted to Scal(θ,E) using the relation:

(~Q)2

2mn
= Ei +Ef −

√
2EiEf cos θ (1)

where mn is the neutron mass. Scal(θ,E) accounts for vi-
brations (Svib(θ,E)) and rotations (Srot(θ,E)) of hydro-
gen bound to definite surface sites, as well as for diffusion
(Sdiff (θ,E)) in a two dimensional liquid. In this section
we develop the analytical form of these components. The
physical background of this formulation is given in the
discussion.

Srot(θ,E) is introduced into the calculation as a line
spectrum. The experimental energy window contains six
transitions: J → J ′: 0 → 0, 1 → 1, 0 ↔ 1, 1 → 2, and
0→ 2. Position and intrinsic width of J → J ′: 1→ 0 are
directly evaluated from the line observed in the energy
gain part of the spectra in Figures 2a, b. The relative in-
tensities of the rotational transitions are determined by Q
dependent formfactors, which include the coherent and in-
coherent scattering cross sections of H. We approximated
the intensities of the rotational transitions observed here
by the formfactors of the free rotations given in [28], al-
though the line shift in principle is related to a modifi-
cation of the rotational wave functions and thus of the
formfactors [17]. According to the Young-Koppel model
the intensity of para-para transitions such as J → J ′:
0 → 0 and 0 → 2 is governed by the small coherent neu-
tron scattering cross section of hydrogen and thus may be
neglected here.

The centre-of-gravity hydrogen vibrations are de-
scribed by an empirical phonon density of states Z(E)
(Fig. 4a), which is composed of a small number of Gaus-
sians. This allows the phonon spectrum to be adapted
to the experimental data by the variation of only a few
parameters. This phonon density can represent dispersed
two-dimensional modes of hydrogen layers as well as Ein-
stein modes of decoupled molecules. It was shown in
[25,29–31], that Einstein modes can be included into
Z(E).

The interactions of H2 molecules with other atoms or
molecules are in general weak. In spite of the low mass
the phonon frequencies are only of the order of a few meV
[21,22,32]. Consequently the zero point mean-squared dis-
placement of motion u2 is as high as 0.46 Å2 [32], and ther-
mal neutron spectra contain strong combination modes
[33]. At epithermal energies the spectrum of molecular hy-
drogen is very well described by the impulse approxima-
tion [34]. In the intermediate Q-range where multiphonon
transitions have already to be taken into account but the
impulse approximation does not yet apply, the calcula-
tion of the scattering function from the phonon density
of states in principle is tedious since a sum of convolu-
tion products of the phonon density of states has to be
evaluated [35]. In [30,36] a simple algorithm has been in-
troduced, which does not make recurrence to the multi-
phonon expansion ([37], Eqs. (4.68, 4.69)), but describes
the scattering function of a harmonic oscillator in a closed
form. We rewrite equation 4.239 of [37]:

S(Q,E) =
σ

8π2~

∫ ∞
−∞

dt exp

(
−
iEt

~

)
× exp

(
~Q2

2M
[γ(t)− γ(0)]

)
γ(t) =

∫ ∞
−∞

Z(E)dE

E
nB(E)exp

(
iEt

~

)
~2Q2

2M
γ(0) =

~2Q2

2M

∫ ∞
−∞

Z(E)dE

E
nB(E) = 2W (Q)

nB(E) =
1

exp
(
E
kT

)
− 1

(2)

as

S(Q,E) =
σ

8π2~
exp(−2W (Q))

∫ ∞
−∞

dt exp

(
−
iEt

~

)
× exp

(
~Q2

2M

∫ ∞
−∞

Z(E)dE

E
nB(E)exp

(
iEt

~

))
(3)

where nB(E) is the Bose factor. This reformulation can be
evaluated straightforwardly for any Z(E) and allows the
contributions of elastic as well as single and multiphonon
scattering of infinite order to be treated in closed form.

The quasielastic scattering function Sdiff (Q,E) for
diffusing molecules was taken from [38]:

Sdiff (Q,E) =
DQ2

(DQ2)2 +E2
·

E

1− exp
(

E
kBT

) (4)
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Fig. 1. Inelastic neutron scattering spectra of vapour de-
posited CO2 with (upper line) and without adsorbed hydrogen,
recorded with an incident energy of 68 meV.

D, kB and T are the diffusion coefficient, the Boltzmann
constant and the temperature, respectively. The first fac-
tor on the right hand side is a Lorentzian which describes
the quasielastic scattering caused by the translational dif-
fusion of hydrogen molecules. As large energy transfers
have been employed at a temperature of only 20 K, a de-
tailed balance correction is afforded, which is given by the
second factor [38].

Below we will introduce a model for the H2-adsorption
which provides a solid phase of molecules which undergo
hindered rotation and well defined vibrational motions
and a second phase with liquidlike diffusion. In the frame
of this model the total scattering function Scal(θ,E) is
given by:

Scal(θ,E) = (NcomSrot(θ,E)⊗ Svib(θ,E)

+NincSdiff(θ,E)) ⊗ f(E) (5)

where ⊗ denotes a convolution product and Ncom, Ninc
are normalisation factors describing the relative intensities
of the commensurate and of the incommensurate phase,
respectively.

4 Results

In a first experiment a mixture of 5.4 l s.t.p. CO2 with
1.5 mol% of hydrogen was deposited at 5 K yielding an
intense spectrum. By heating the sample to 70 K the
hydrogen was removed, and after cooling down again to
5 K, the reference spectrum of pure CO2 was obtained
(Fig. 1). In the energy loss range the intensity due to the
hydrogen is similar to that from the phonons of the CO2

substrate. In the energy gain part all inelastic intensity
beyond the tail of the instrumental resolution function
disappears when pumping off the H2. Then the sample
was recharged with hydrogen and a third spectrum was
recorded. We achieved an adsorption of 30 cm3 s.t.p. H2

being sufficient to yield another intense hydrogen spec-
trum. A comparison between the two resulting difference
spectra from codeposited and from adsorbed hydrogen
showed no significant discrepancies, apart from the smaller
intensity of the latter one. All further samples were pre-
pared by first depositing the substrate and then charging
it with hydrogen.

Figures 2 and 3 show the spectra of hydrogen after
subtraction of the data from the respective unloaded sub-
strates for 17 meV and 68 meV neutron incident energies,
respectively. In each spectrum on pure CO2 (Fig. 2a) we
find a well defined peak at −9.4 meV in the energy gain
region, which is slightly broader than the elastic line. In
the energy gain range the instrument resolution function
is broadened with respect to the elastic line since the neu-
tron time of flight from sample to detector is smaller and
the respective measuring error increases. Therefore, we at-
tribute the width of the inelastic peak to the instrument
resolution rather than to intrinsic broadening. In spectra
of the same sample at 68 meV incident energy this line
is reduced to a wing of the elastic peak (Fig. 3) due to
the lower instrumental resolution. We assign this excita-
tion to the ortho-para transition J → J ′: 1 → 0 which is
considerably shifted from −14.7 meV in the free molecule
to −9.4 meV in the adsorbed one.

In a further experiment hydrogen was adsorbed on
the surface of a vapour deposited mixture of 90:10
CO2:krypton. The adsorption ability of the substrate ex-
periences a strong decrease even with only 10 mol% of
krypton, but no qualitative change with respect to the
pure CO2 substrate (Fig. 2a) is observed in the spectrum
(Fig. 2b). The ortho-para conversion line is well repro-
duced at −9.4 meV, but now has an intrinsic width of
0.8 meV.

The appearance of a strong inelastic feature in neutron
energy gain spectra is unexpected for cold samples. The
transition energy E = 9.4 meV corresponds to E/kB =
115 K (kB = 81.7µeV/K) which is much higher than the
physical temperature. Time-of-flight spectrometers may,
under unfavourable conditions, yield parasitic features in
the inelastic spectra. We rule out this possibility for the
line at −9.4 meV since (i) the substrate spectra do not
show inelastic features in energy gain, (ii) the position of
the line does not depend on the scattering angle even in
the well resolved spectra with 17 meV incident energy, (iii)
the feature also occurs with 68 meV incident energy, and
(iv) the spectra of H2 on pure CO2 and of H2 on 90:10
CO2:Kr were obtained in two independent experiments.

On the neutron energy loss side no feature correspond-
ing to the line at −9.4 meV is found. We rather see a
broad intensity distribution starting near the elastic line.
Its width increases with increasing Q and its maximum
shifts to higher energy transfers. It eventually extends to
the limit of the neutron incident energy. Other than on
the energy gain side the spectra from the substrate alone
show a high intensity on the energy loss side, which is due
to the lattice phonons of pure CO2 (Fig. 1). Thus the dif-
ference spectra of the adsorbed hydrogen have a smaller
signal/noise ratio in this energy range. We compensated
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Fig. 2. Inelastic neutron scattering spectra of adsorbed hydrogen, recorded with an incident energy of 17 meV (symbols) and
fits by calculated scattering functions (full curves). The corresponding scattering angles are indicated in the figure. a) on pure
CO2 substrate, b) on 90:10 CO2:Kr, c) on 50:50 CO2:Kr, H2 pressure = 0.1 mbar, d) on 50:50 CO2:Kr, H2 pressure = 10 mbar,
sum over all angles (symbols and full line represent the data).

for this shortcoming by recording data with two incident
energies in a wide range of energy and momentum trans-
fers thus obtaining a very well defined scattering function.
The overall shape of the spectra (Figs. 2a, 3) changes very
significantly as a function of the momentum transfer.

Spectra of H2 on 50:50 CO2:Kr were recorded with two
different hydrogen pressures in the sample corresponding
to different coverages. At pressures around 0.1 mbar, nei-
ther rotational transitions nor significant phonon excita-
tions were observed (Fig. 2c). The spectra of hydrogen on
this substrate show the typical shape and Q-dependence
as expected for quasielastic scattering. It could be fitted
by the quasielastic scattering function Sdiff (Q,E) given
in equation (4). This fit describes translational diffusion,
with the diffusion constantD being the only fit parameter
apart from overall normalization. The best fit is obtained
for D = 4.4 × 10−5 cm2/s. In contrast to the spectra of
bulk liquid H2 clearly no rotational transitions have been
found here, however. At pressures around 10 mbar ad-
ditional features were observed (Fig. 2d). On the energy
loss side most likely the para-ortho transition appears at

Fig. 3. Spectra of hydrogen on pure CO2 recorded with
68 meV incident energy, and corresponding fits.
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14.7 meV being not significantly shifted with respect to
bulk H2 whereas a broad feature is seen in energy gain ex-
tending from −14.7 meV to the onset of the quasielastic
intensity.

The fit of the spectra from H2 on pure CO2 as well
as on 90:10 CO2:Kr Sdiff (Q,E) significantly improves
when adding a small contribution of quasielastic scatter-
ing (Figs. 2a, 2b, 3). Especially at low scattering angles
the elastic line has wings which cannot be fitted by equa-
tion (3). Sdiff (Q,E) in these spectra was calculated with
the value for D as found for H2 on 50:50 CO2:Kr (Fig. 2c).

5 Discussion

The INS-spectra give information about the dynamics of
the adsorbed hydrogen. We assign the two scattering func-
tions for rotation and phonons, and for translational diffu-
sion, respectively, to two different adsorbed phases of the
molecular H2. We will discuss the origin of the downshift
of the J = 1 → 0 transition and relate it to the proper-
ties of the substrate, further discuss the fit of the phonon
spectra and finally the quasielastic data.

The general model for the downshift of rotational lines
provides an anisotropic potential which imposes energetic
barriers to the rotation and transfers it to rotational tun-
nelling [17]. In the frame of this approach, a shift of the
ortho-para conversion line from −14.7 to −9.4 meV cor-
responds to an energy barrier of the order of 20 meV.
Figure 5 shows a simplified point charge model for the in-
teraction of a single adsorbed H2 molecule with a single
CO2 substrate molecule at a mutual distance of 3.8 Å.
The charges on the C, O, and H atoms, as well as in the
centre of the H2 molecule are chosen as to reproduce the
experimental quadrupolar moments. The parallel and the
twisted configurations have strongly attractive Coulomb
interaction energies (−60 and −80 meV, respectively).
These values are similar to the measured adsorption en-
thalpy (65 meV, [11]). The difference of the two interaction
energies, 20 meV, correlates with the barrier for rotation.
The third orientation of the H2 molecule perpendicular to
the CO2 is extremely unfavourable, since the quadrupole
moments of the two molecules have opposite signs.

Another approach relates the observed shift of the
ortho-para transition to the different multipole moments
of ortho- and para-H2. In two adjacent ortho-H2 molecules
the J = 1 state which is triply degenerate in the free
molecule splits into three levels, which are separated from
each other by intervals of about 0.75 meV [15]. This in-
teraction leads to orientational order in low temperature
o-H2 crystals. The modulus of the quadrupole moment
of CO2 is about seven times higher than that of ortho-H2

most likely inducing a much stronger splitting of the J = 1
level in an adjacent ortho-H2. We may thus attribute the
observed shift of 5.3 meV to the quadrupole-quadrupole
interaction of o-H2 with the CO2. The adsorbed ortho-H2

will be nearly completely in the lowest of the states re-
sulting from the J = 1 level in the free molecule since the
shift is higher than kBT . Therefore, only one ortho-para
transition is observed in the spectra.

It has to be discussed why the line at −9.4 meV
(Figs. 2a, 2b, 3) is seen with considerable intensity but
no corresponding signal on the energy loss side. In neu-
tron scattering experiments on condensed natural hydro-
gen the ortho-para line is observed [22] since the spin for-
bidden conversion of ortho to para-H2 is slow as compared
to the timescale of data acquisition [15]. On the other
hand the para-ortho line is weak, smeared out and su-
perposed on a high background. At the low temperatures
employed the ortho-H2 is preferentially adsorbed on the
CO2 surface, since its quadrupole-quadrupole interaction
with CO2 adds to the adsorption energy. This effect is
well known and has been used for the separation of the
ortho- and para modifications [17]. The difference in the
adsorption enthalpies of ortho-H2 and para-H2 is identi-
cal to the downshift of the J = 0→ 1 line which amounts
here to 5.3 meV. Possibly during deposition mainly ortho-
hydrogen was adsorbed, whereas the para-H2 was pumped
off afterwards.

The remaining intensity of the J = 0 → 1 transition
may be smeared out over a large energy range due to the
splitting of the J = 1 level, since all J = 1 states con-
tribute to the para-ortho transition resulting in a broad-
ening. In contrast to that the sharp ortho-para transition
sits on a small background, since at low temperatures no
phonon transitions are observed in the energy gain spec-
trum. Phonons of hydrogen are, however, the predomi-
nant contribution to the energy loss part of the spectra
(Figs. 2a, 2b).

Whereas the assignment of the peak at −9.4 meV is
straightforward and the downshift of a rotational line in
an external potential is a well known effect, the correla-
tion of this hindrance potential to the surface properties
is somewhat more speculative.

We observed earlier [2,5,8] that carbon dioxide even
under conditions of rapid gas phase deposition forms well
defined crystalline lattices. Vapour deposition of carbon
dioxide induces a high nucleation rate which results in
very small grains with a high specific surface area, but no
significant intrinsic disorder. The structure of the adsorp-
tion sites depends on the crystallographic indices of the
most stable CO2 surface, which is not known to us. Our
electrostatic model only takes into account the interaction
between single H2 and CO2 molecules and therefore does
not reproduce the influence of the surface structure at all.
It is obvious, however, that further CO2-molecules will
contribute to some extent to the potential experienced by
an adsorbed H2-molecule. By the introduction of 10% Kr,
e.g., the ortho-para transition is broadened. This may be
attributed to the reduction of the orientational order of
the surface by Kr [1].

It has further to be discussed, why hydrogen yields the
same spectra when codeposited with CO2 and when ad-
sorbed on the surface after the deposition, apart of the
absolute intensity. H2 trapped in substrate cages should
yield different spectra than adsorbed on the surface. Since
the two gases have very different vapour pressures at the
deposition temperature, it is likely that H2 and CO2 never
condensed at the same time trapping the hydrogen in CO2
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cages, but that H2 enriched in the vapour phase on top of
the condensing CO2. Only after solid CO2 was formed H2

adsorbed on its surface. During evaporation of the code-
posited hydrogen sintering of the carbon dioxide grains
occurred reducing the surface area. Therefore, after evap-
oration of the codeposited hydrogen only a smaller amount
could be adsorbed again yielding weaker spectra.

The hydrogen coverage of the surface cannot be deter-
mined directly since the specific surface area of the solid
CO2 depends on its preparation and is not known. Based
on our interpretation of the line at−9.4 meV it seems to be
likely, that the data plotted in Figures 2a, 2b and Figure 3
correspond to monolayer or even sub-monolayer coverage,
whereas Figure 2d reflects multilayer adsorption. When
depositing an increasing number of H2 layers, the conden-
sate will finally attain bulk hydrogen properties and show
the line of nearly free rotation at −14.7 meV. The shift of
this line to −9.4 meV reflects a strong external hindrance
potential which is obviously due to the CO2 surface. Go-
ing from the surface layer into higher adsorbed layers there
will be a gradual reduction of line shift since the contri-
bution of the CO2 substrate to the hindrance potential
will be consecutively screened by the bottom layers. In
higher adsorption layers we expect intermediate line posi-
tions between −9.4 meV and −14.7 meV, as is observed at
higher hydrogen pressures favouring multilayer adsorption
(Fig. 2d).

On the other hand the sharp line at −9.4 meV
(Figs. 2a, 2b) reflects a strong anisotropic hindrance po-
tential which is nearly constant for all adsorbed hydro-
gen molecules. According to our electrostatic model, the
hindrance potential depends sensitively on the distance
between adsorbed molecule and surface CO2 molecule. It
is, therefore, unlikely that the rotation of H2 in the sec-
ond and higher adsorption layers experiences the same
line shift as in the lowest layer. This indicates monolayer
or sub-monolayer adsorption for the spectra in Figures 2a,
2b.

A further question is why the hindrance potential in
the monolayer is constant at all. In general it depends on
the positions of the H2 molecules relative to the surface
CO2 molecules. By thermodynamic reasons H2 adsorp-
tion will first take place at sites with a local energy mini-
mum. In case of a regular substrate structure there will be
many sites with nearly identical structure and hindrance
potentials. We speculate that this leads to a commensu-
rate adsorption, being favoured by the similarity of the
hard sphere diameters of CO2 and H2 in their respective
crystals (4.1 [39] and 3.8 Å [40]).

For calculating Svib(θ,E) a phonon density of states
Z(E) for the intermolecular vibrations of the adsorbed
molecular hydrogen was generated here (Fig. 4a). The best
fit was obtained assuming two features at energies below
18 meV and around 32 meV. The ratio of the integrated
intensities of the low and high frequency parts is 2:1. The
low frequency part of Z(E) was set up to be similar to the
bulk phonon density of states of solid CO2 (Fig. 4c, data
from [41]). This implies that modes of the H2 molecules
in resonance with the bulk CO2 are observed. In addition

Fig. 4. Phonon densities of states a) as used for fit of the
spectra in Figures 1a, 2, b) of pure H2, from [21], c) of pure
CO2, from [41].

Fig. 5. Point charge model for the electrostatic interaction of
an adsorbed H2 molecule with one surface CO2. H2 is repre-
sented by two positive charges at the proton positions and a
negative charge in the centre, CO2 by point charges at its atom
positions. The charges are given in the figure as fractions of the
electron charge, they reproduce the quadrupole moments of the
two molecules. For the three orientations of the H2 molecule
Coulomb interaction energies of −60, −80 and 140 meV are
found.

to that a two dimensional phononlike motion may occur
in the H2-monolayer. This is accounted for in Z(E) of
Figure 4a by an additional intensity in the range of bulk
hydrogen phonons (Fig. 4b, data from [21]). As the mass
of H2 is smaller than half the CO2 mass, in addition to
the resonant modes a local Einstein mode above the range
of dispersed lattice modes will occur [25]. The exact po-
sition, relative intensity and intrinsic width of this local
mode in Z(E) were refined as free parameters. The en-
ergy of 32 meV as found here is well below the adsorption
enthalpy of 65 meV [11].
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This Z(E) allowed spectra to be fitted in the full range
of momentum and energy transfers (Figs. 2a, 2b, 3) ac-
cording to equations (1–4). In the spectra taken with an
incident energy of 17 meV (Fig. 2) mainly single phonon
transitions are seen. With increasing Q, the spectrum
continuously shifts to higher energies, since multiphonon
transitions appear. This holds especially for data recorded
with an incident energy of 68 meV below 2θ = 40◦. At the
highest scattering angles the shape of the scattering func-
tion is well described by the impulse approximation with
a kinetic energy of 115 K for the centre-of-mass dynam-
ics of H2. This energy is significantly higher than in bulk
solid H2 (76 K [24,34]) since the phonon spectrum of the
adsorbed H2 is shifted to higher energies due to the Ein-
stein mode (Fig. 4). A similar observation was reported
in [24]. For appreciating the quality of the fit it has to be
taken into account that not only each spectrum in Fig-
ures 2 and 3 is fitted by the calculation nearly within the
experimental error limits but that the fitting of spectra
in a large Q-range which look completely different as a
function of energy transfer was achieved by one common
set of parameters.

There remain slight discrepancies between measured
and calculated data, since some ripples in the energy loss
spectra in Figure 2 are not fully reproduced by the calcu-
lation. In Figure 3 the calculation yields a slightly more
pronounced structure than is found in the measured data.
We ascribe this disagreement to our Z(E). It has been
shown in earliler work on local and resonant modes of
matrix isolated molecules [25], that the local density of
states which describes the resonant modes of the isolated
molecule is in general not identical to the phonon density
of states of the substrate. We did not take into account
this effect since this would have implied the use of further
unknown parameters such as force constants. Our Z(E)
as generated by a few number of Gaussians only affords a
small number of parameters.

The quasielastic scattering function was observed for
50:50 CO2:Kr substrates and as a minor contribution also
in the other spectra. It is assigned to translational diffu-
sion of the hydrogen molecules. On warmer parts of the
substrate they form a liquid film. The diffusion coefficient
reported here (D = 4.4×10−5 cm2/s) is equal to the value
found for bulk liquid hydrogen at 15 K [42]. In our exper-
iment the temperature was slightly higher corresponding
to a higher bulk diffusion constant. On the other hand
barriers in the surface may slow down the diffusion in the
adsorbate.

This scattering function does not contain rotational
transitions as are observed in bulk liquid H2 [43]. A possi-
ble explanation for that is that the height and symmetry
of the hindering potential that influences the molecule ro-
tation depends on the momentary position of the diffus-
ing molecules. This leads to broad, smeared-out rotational
transitions which could not be identified in the spectra
(Fig. 2c).

6 Conclusions

The understanding of interactions of carbon dioxide with
other molecules is of great interest for applications such as
extraction by CO2 fluids. Since its neutron spectra are rel-
atively simple hydrogen is well suited as a probe molecule.
It is shown here that neutron spectra yield sufficient in-
formation for developing a fairly detailed model of the
adsorption process, which in turn allows to understand
the intermolecular interactions present.

The adsorption of hydrogen on solid carbon dioxide
induces an unexpectedly strong redshift of the J = 1→ 0
transition, which was so far only found on ionic ox-
ides. We could explain semi-quantitatively the shift by
the quadrupole-quadrupole interaction between carbon-
dioxide and ortho-H2 and reproduce the corresponding
interaction strength by a simple point charge model. The
simplest scenario for the adsorption provides a commen-
surate monolayer at low hydrogen pressures, whereas at
higher pressures a multilayer system builds up which grad-
ually attains the properties of the bulk solid. Quasielastic
scattering allows liquidlike film to be detected at higher
temperatures.

With the scattering function Scal(Q,E) described so
far we were able to fit all measured spectra of H2 on pure
CO2 with one common set of parameters. The agreement
is very satisfying since there are severe constraints im-
posed on this fit. It has to be based on a sensible physical
model for the dynamics of the adsorbed molecules, and
must reproduce the drastic variation of the experimen-
tal data from single phonon spectra to multiphonon and
impulse approximation regime in the wide range of mo-
mentum transfers applied.
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