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Low-temperature infrared spectroscopy of H, in crystalline Cg,
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Diffuse reflectance infrared spectroscopy is used to measure the quantum dynamics of molecular hydrogen
trapped within a Cgy lattice at temperatures as low as 10 K. Crystal field effects in conjunction with rotational
translational coupling lead to a rich spectrum with multiply split peaks that are more than an order of magni-
tude sharper than at room temperature. The induced redshifts in the vibrational-rotational mode frequencies are
explained using a simple model in which the state dependence of the H, polarizability leads to changes in the

Cgo-H, interaction potential.
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I. INTRODUCTION

There is presently much interest in hydrogen storage for
fuel cell applications.'® The ultimate goal of this research is
to obtain a light-weight matrix that can hold significant quan-
tities of molecular hydrogen at room temperature. In trying
to develop these materials it is necessary to do more than
simply measure the quantity of hydrogen a material will
hold. It is essential that we understand the details of the
intermolecular interactions that bind molecular hydrogen to a
host.

One such host that has attracted much recent attention is
the Cg fullerene lattice.*~!3 Although the low hydrogen up-
take of Cg, relative to its large mass makes it an unlikely
material for practical hydrogen storage, it is an ideal system
to study the carbon hydrogen intermolecular interaction and
its effect on the quantum dynamics of confined H,. It is now
well established that H, binds solely at the fullerene intersti-
tial lattice site with octahedral symmetry.® The site appears to
be just large enough to hold a single H, molecule with a
negligible amount of multiple occupancy.'® Because neigh-
boring octahedral sites are well separated (10 A) there is
almost no H,-H, interaction, and the system can be treated as
an ideal case of an isolated molecule within a cavity. The low
mass of the H, molecule combined with the highly isotropic
confining potential means that quantum effects dominate for
both the center of mass motion and the nearly free molecular
rotations that occur even at the lowest of temperatures.

To date inelastic neutron scattering,*%!# nuclear magnetic
resonance (NMR) spectlroscopy,7 Raman scattering,9 and in-
frared (IR) spectroscopy® have all been used to investigate
the quantum dynamics of the trapped H,. In addition there
have been comprehensive theoretical studies of the Cgy-H,
interaction potential.!®!3-15 Despite these efforts our under-
standing of the system is still somewhat limited. Neither
NMR nor Raman scattering experiments were able to di-
rectly probe the center of mass motion of the trapped H,. The
neutron scattering results were limited by overlapping peaks
and an insufficient instrument resolution. Our original infra-
red work was able to observe a series of vibrational, rota-
tional, and center of mass translational bands arising from
the trapped H,. However, because the spectra could only be
obtained at room temperature the peaks were quite broad and
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overlapping. This limited the degree to which the data could
be used to put constraints on the proposed theoretical mod-
els.

As a homonuclear diatomic molecule H, has no dipole
moment and is IR inactive. Any IR activity arises from the
presence of induced dipole moments formed by the interac-
tions between hydrogen and the host.'® As such the IR spec-
trum is extremely sensitive to the details of the host adsor-
bate intermolecular potential. The drawback that the induced
dipole moment is quite small and thus the spectrum quite
weak can be overcome by the use of diffuse reflectivity.® The
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) technique achieves a very long optical path length
within a highly scattering but transparent host material such
as Cgp. This dramatically increases the observed signal over
that obtained using traditional transmission measurements.

Our initial room temperature spectra exhibited a series of
broad absorbance peaks in the frequency region of the
rotational-vibrational spectrum of pure gas phase H,.® The
spectrum showed a pattern of two strong sidebands placed
symmetrically in frequency about a much weaker central
peak. We tentatively assigned the sidebands to transitions in
which the H, either gained or lost one unit of quantized
translational energy due to the center of mass motion of the
H, within the octahedral void. However, due to the overlap-
ping nature of the peaks it was impossible to perform an
unambiguous mode assignment. In this paper we show how
these problems are overcome by obtaining spectra at liquid
helium temperature.

In the next section we present a theoretical basis for the
interaction-induced frequency shifts and IR selection rules
governing the H, in Cg, vibrational-rotational-translational
spectrum. Section III contains an outline of our procedure
using a custom designed cryostat to obtain DRIFT spectra at
liquid helium temperature. The resulting spectra which are
dramatically sharper than those at room temperature are pre-
sented in the results section. Finally the data are analyzed
with respect to the model predictions of Yildirim and
Brooks'* and Herman and Lewis."”

II. THEORY

A free H, molecule has a fundamental vibrational fre-
quency for the =0 to v=1 transition of 4161 cm™' and in
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addition acts as a near perfect quantum rotor with rotational
energy levels

EWJ)=BJUJ+1), (1)

where J is the rotational quantum number and B,, the rota-
tional constant, is 59 cm™! for hydrogen in its ground vibra-
tional state.!” Quantum statistics constrain the total nuclear
wave function to be odd under nuclear exchange. As such
those molecules with total nuclear spin /=1 must have an
even J quantum number. This is referred to as orthohydro-
gen. Similarly parahydrogen with nuclear spin /=0 is con-
strained to have an odd J.

The effect of the Cg4y confining potential modifies both the
vibrational and rotational constants and in addition lifts the
degeneracy of the rotational levels.'* However, the orthopara
antisymmetry constraint is still maintained which fundamen-
tally limits all photon induced transitions to those with AJ
=0 (Q transitions) and AJ==+2 (S and O transitions).'®

The center of mass motion of a hydrogen molecule con-
fined to a Cg, octahedral site has been modeled as that of a
perturbed isotropic harmonic oscillator. Yildirim and Harris'*
describe the system with spherical coordinates while Herman
and Lewis' use Cartesian. The starting point for both mod-
els is entirely equivalent, but they diverge once the perturb-
ing terms are added. In the case of Yildirim and Harris,'* the
quantum numbers are the principal quantum number N with
rotational quantum numbers L and m;. For Herman and
Lewis'? the three quantum numbers are n,, n,, and n,.

The Cgy-H, interaction potential gives rise to a frequency
shift, Av, relative to free H,. For a transition between energy
states E; and Ej, the shift is

Av=vy -y,

1
= Z[(Ef_ E)y- (Ef_ Ei)G]

= %[(EH—EG)f_ (Ey—Eg)i (2)

where the subscripts H and G refer to H, in the Cg host and
in the gas phase, respectively. The energy differences in (2)
may be treated using first order perturbation theory. Ignoring
rotational-translational coupling, we have

(Ey - Eg)y=(v=1Jpn|Vlv=1.J5n).

(EH - EG)i = <V= O,Ji,n

V|V=Os‘li7n> (3)

for zero-phonon transitions in which n;=ny;=n, where V is
the Cgy-H, interaction potential. Writing (3) more compactly
and substituting into (2), the frequency shift is

Av=— (V= (). )

The observed frequency shift is a tradeoff between the
redshift of the attractive part of the potential and the blue-
shift of the repulsive part'® so that (4) may be separated as

Av=Av, + Ay, (5)

where?0
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ay .~ Q.
Ap,=—L—XV )., (6a)

Ay~ ao,J‘(2+y

Ty

Here (V,); and (V,); are the expected values of the attractive
and repulsive parts of the interaction potential in the initial
state, and a J; and «;; are the polarizabilities of the H,
molecule in the initial and final states. The empirical param-
eter y has a value of about 10 for Cg)-H,2%?! so if V were
dominated by the repulsive part, the term in parentheses in
(6b) would represent a 10% contribution to Av. However,
using previous models for the Cgy-H, interaction
potential,>!> we find that (V) is dominated by the attractive
part for all thermally populated translational states at room
temperature and below. Thus to within 1-2%, the term in
parentheses in (6b) may be ignored, and combining the two
contributions to the frequency shift gives us

1., ~ Yo,
AVQ o <V>l (7)
0.J;

i

Modeling the translational motion of H, in Cg, as an iso-
tropic three-dimensional harmonic oscillator, the frequency
shift for transitions originating in translational state n is

- gy, 1 3
AV:ME+—H+— hol, (8)
. 0T 2\" T2

where E| is the Cq)-H, potential minimum and Aw is the
spacing between translational levels.!”

Because H, has no intrinsic IR activity any observed ab-
sorption spectrum arises solely through dipole moments in-
duced by interactions with the host material. These can arise
from van der Waals interactions in which the host field in-
duces a dipole moment on the H,, or from the H, quadrupole
moment inducing a dipole moment on the host atoms.?? In
either case the total induced dipole moment is zero if the H,
sits at a point of inversion symmetry such as the center of the
C¢o octahedral site.?? In a classical picture, inversion symme-
try is destroyed by the center of mass motion of the H, off
center. Quantum mechanically this results in predictions that
the IR spectrum of H, in C¢, will be dominated by modes in
which the H, undergoes a change in its translational quantum
numbers.”> Herman and Lewis'> state selection rules of
An,==1 with An,=An,=0. Similarly, either n, or n, could
change, but transitions in which two or more of the quantum
numbers change are discounted. For the spherical coordinate
notation of Yildirim and Brooks'* the equivalent selection
rules are AN=+1 with AL=+1 to maintain parity.

Figure 1 illustrates the allowed transitions for a tempera-
ture in which only the ground and first translational excited
states are populated. In the absence of ortho to para conver-
sion 3/4 of the molecules are trapped in the rotational ex-
cited J=1 state. Transitions in which the translational quan-
tum number increases by 1 are called R transitions and those
in which it decreases by 1, P transitions. At liquid helium
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FIG. 1. Energy level scheme for the fundamental vibrational
transition of H, in Cg,. The rotational selection rules are AJ=0 (Q
transitions) and AJ=+2 (S transitions). The dominant features of
our spectra are translational sidebands with An=+1 (R branch,
solid lines) and An=-1 (P branch, dashed lines). Weak transitions
are also observed with An=0 (Q branch, dotted lines). The anhar-
monicity of the translational levels has been exaggerated for
illustration.

temperature only the translational ground state is populated,
and we would expect to observe only four transitions labeled
as Qr(0), Qg(1), Sg(0), and Sg(1), where the number in pa-
rentheses refers to the initial rotational quantum number J.

III. EXPERIMENTAL PROCEDURE

The custom built cryostat used in this work is the subject
of another paper, and we present only a brief summary of its
design below. A commercially obtained DRIFTS accessory
consisting of a series of collecting optics was bolted inside a
large optical access vacuum chamber (12X20X 15 cm). A
cold finger cryostat (modified Janis ST-300T) was inserted
into the chamber via a 3.8 cm compression seal. A 6 mm
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thick copper slab was mounted at the base of the cold finger.
The slab was 9 cm in length and contained a soldered sample
cup at the far end from the cold finger. A high-pressure cap-
illary line was also attached to the copper slab and entered
the vacuum chamber via a second compression fitting. The
sample cup was surrounded by a high-pressure ZnSe dome
that allowed transmission in the mid-IR. Silicon diode ther-
mometers were mounted at the base of the cold finger and by
the sample at the far end of the copper slab.

All spectra were obtained using a Bomem DA3 Michel-
son interferometer with globar source and a KBr beam split-
ter. We used a liquid nitrogen cooled mercury cadmium tel-
luride detector. The spectrometer has a maximum resolution
of 0.04 cm™!, but the highest resolution used for this work
was 0.2 cm™.

Loading of hydrogen within a Cy, powder is complicated
by the fact that the kinetics for hydrogen diffusion within the
Cyo lattice are extremely slow even at room temperature.”*
Loading at temperatures significantly below ambient is prac-
tically infeasible due to the excessive time scale. In our case
we used Cgq crystallites obtained commercially from MER
Corporation consisting of highly twinned particles with di-
mensions on the order of a few millimeters.

The sample was initially subject to a loading pressure of
100 atm at room temperature. This pressure was maintained
for three days while spectra were taken to monitor the ad-
sorption of H, within the sample. The results were quite
similar to those published previously® except that the time
scale for H, diffusion was much longer due to the increased
size of the Cg crystallites. After three days the high-pressure
dome was removed, the vacuum chamber evacuated, and the
sample cooled to 10 K. This entire procedure took less than
15 min during which time it was assumed that only a small
fraction of the trapped H, escaped from the sample.

IV. RESULTS

Figure 2 shows the low temperature absorption spectra
arising from H, trapped within the Cg, lattice. The spectra
are referenced to that of the pure Cg, sample at the same
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FIG. 2. Temperature dependence of DRIFT spectra of the fundamental vibrational transition of H, in Cgy. The most prominent features
of the spectra are translational-rotational sidebands with An=+1 and AJ=0, +2. The arrows mark the positions of the weak zero-phonon
modes that lie midway between the P and R translational sidebands. The asterisks mark features that we are confident arise from trapped H,

excitations but were not able to assign.
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FIG. 3. Zero-phonon and R-branch (An=+1) for Q(0 and 1),
S(0), and S(1) obtained at 10 K. The frequencies have been shifted
by the corresponding values for gas phase H,: Q(0 and 1) by
4155.3 cm™!, S(0) by 4497.8 cm™!, and S(1) by 4712.9 cm™.

temperature. At the lowest temperature of 10 K the spectrum
contains three main features, each with a significant fine
structure. In all cases the observed peaks arise from the H,
fundamental vibrational mode, with additional changes in ro-
tational and/or translational quantum states of the trapped
H,. As stated in the theory section, at 10 K only the transla-
tional ground state, n=0, is thermally populated. Due to the
lack of ortho to para conversion both the /=0 and J=1 ro-
tational levels are populated even at the lowest temperature
and we expect to observe sets of peaks corresponding to
0x(0), Ox(1), Sg(0), and Sk(1) transitions. The Q(0) and
Q(1) transitions are only separated by 6 cm™ in free H,
(Ref. 17) which is significantly less than the splitting caused
by the Cq, interactions. Hence it is not surprising that they
appear as a single feature in our overview spectrum. In the
future we will refer to this feature simply as the Q band.

On warming the excited state translational levels become
thermally populated, and we observe a progressive broaden-
ing in the main features with a definite asymmetry toward
the higher frequency side. This is consistent with the predic-
tions of Yildirim and Harris'# and Herman and Lewis'® that
the translational levels possess a large anharmonicity with an
increasing level spacing.

Populating the translational excited states also leads to the
presence of P transitions with An=-1. These are most obvi-
ous for the Qp transition centered at 3985 cm™' and the Sp(0)
at 4325 cm™'. The expected Sp(1) transition is obscured by
the main Sg(0) feature at 4550 cm™'.

The midpoint frequency of the R and P transitions should
correspond to the frequency of the so called zero-phonon or
pure rotational-vibrational modes in which there is no trans-
lational transition and An=0. The arrows in Fig. 2 indicate
the midpoint frequencies based on the center of area of the P
and R bands, and in each case we observe a weak but quite
sharp set of bands at these frequencies.

As shown in Fig. 3 these pure rotational-vibrational tran-
sitions are redshifted relative to their gas phase values. For
the Q band we used the Q(1) gas phase value as our refer-
ence frequency since it is expected to dominate over the
0(0) in the absence of ortho to para conversion.”> We ob-
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serve a doublet peak at —57 cm™! that we attribute to Q(1)
with a much weaker peak 6 cm™! higher in frequency which
would be consistent with a Q(0) transition. The S(0) features
are all quite weak and in some cases it appears that the peaks
arose from imperfect cancellation with the Cg, reference
spectrum. However, we are confident that there are at least
four H, peaks centered at —60 cm™!. For the S(1) transition
there is a prominent peak at —63 cm™' with additional ab-
sorption on either side of the peak. In general the peaks have
full width at half maximum (FWHMSs) on the order of 0.5—
1 cm™! which are considerably sharper than those associated
with the translational R peaks appearing on the right-hand
side of the graph.

The R-branch locations can be crudely understood in
terms of the pure vibrational-rotational redshift plus the cen-
ter of mass translational frequency. Using the center of area
to define a single frequency we see a systematic increase in
the frequency shift on going from Q to S(0) to S(1) that is
virtually identical to that of the zero-phonon modes on the
left-hand side of the graph. From this we conclude that the
trend arises from a systematic change in the rotational energy
rather than a rotational-translational coupling.

V. ANALYSIS AND DISCUSSION
A. Frequency redshift

The vibrational and rotational state dependence of the red-
shifts can be understood using the model presented in Sec. II.
The redshifts arise from differences in the polarizability of
H, in its initial and final rotational-vibrational states. Be-
cause the polarizability of H, is greater in excited states?
and because the binding energy defined in Eq. (8) is negative
for all thermally populated translational levels at room tem-
perature and below, the model predicts highly redshifted
spectra for all observed transitions. Using the previously
measured room temperature value of E, for H, in Cg,® in
conjunction with the polarizability values derived by Kolos
et al.,® we estimate the room temperature redshifts to be
—50, =53, and =55 cm™' for the Q, S(0), and S(1) transitions,
respectively. These agree quite well with the measured val-
ues of =49, =52, and —55 cm™'.

Experimentally we see an increase in the magnitude of the
redshift on cooling to 10 K, with the values now being —57,
-60, and —63 cm™! for Q, 5(0), and S(1), respectively. The
redshift depends on temperature not only because of chang-
ing occupancy of translational states but also because Ej is
affected by lattice contraction. The Cg, lattice contracts by
1% upon cooling from room temperature to 10 K.?” Assum-
ing a 12-6 or exp-6 model for the interaction potential, this
contraction results in a 5% increase in the magnitude of E,
from which we estimate redshifts at 10 K of —60, —64, and
—66 cm™!. These are all consistently larger than the observed
values. Given the crudeness of our estimate for Ej at 10 K it
is not surprising that there is a slight discrepancy with the
model predictions.

An alternate description of the redshift process is that in-
teractions with the Cg lattice stretches the H, bond length
leading to the decreased vibrational frequency.”® The in-
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FIG. 4. R-branch fine structure of the Q(0 and 1), S(0), and S(1)
transitions (solid lines) at 10 K fit to sum (dotted lines) of Lorent-
zian line shapes (dashed lines). The spectra have been shifted by the
center frequency of the corresponding zero-phonon modes, Q(0 and
1) by 4098.5 cm™', S(0) by 4438 cm™!, and S(1) by 4650.4 cm™, to
show the frequency of the translational transition. The R-branches
of Q(0 and 1) and S(0) were fit to a sum of six Lorentzians. S(1)
required a sum of seven Lorentzians to achieve a satisfactory fit.
The fit parameters are listed in Table 1. The vertical bars illustrate
the effective width of the bands.

creased bond length also reduces the rotational constants by
an estimated 1.2% corresponding to 0.7 cm™' for B,. This
leads to the observed increase in redshift on moving from Q
to S(0) to S(1).

B. Translational sidebands

To explore the translational modes in more detail we sub-
tracted off the zero-phonon center of area frequency for the
0, S(0), and S(1) transitions, respectively. The spectra as
shown in Fig. 4 thus represent the translational mode contri-
bution to the transition energy. Plotted in this way the three
sets of bands are quite similar. Each is split into at least six
peaks, with the center of area lying at 118 cm™! in all cases.
The effective spread in frequency of the three bands (as in-
dicated by the vertical lines in the figure) range from
35 cm™! for Qg to 31 and 32 cm™! for Sg(0) and Sk(1), re-
spectively. The slightly greater width for Qr may be due to
the presence of a small amount of Qg(0) which should occur
6 cm™! higher in frequency than the dominant Qg(1).

There have been several attempts to determine the funda-
mental translational energy of H, trapped in Cg,. Tomaselli
and Meier’ used NMR measurements to estimate a value of
105 cm™!, while neutron scattering showed peaks centered
around 113 cm™' (Ref. 6). Theoretically Yildirim and
Harris'* predicted a value of 113 cm™', while Herman and
Lewis!’ derived a room temperature value of 96 cm™' that
we believe corresponds to a frequency of 110 cm™ at 10 K.
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TABLE 1. Frequencies, FWHMs, and relative intensities of the
Ogr> Sg(0), and Sk(1) transitions of H, in Cgj at 10 K fit to Lorent-
zian line shapes. Frequencies have been shifted by the zero-phonon
values of 4098.5, 4438, and 4650.4 cm™!, respectively.

Frequency (cm™')  FWHM (cm™')  Rel. Intensity
107 1.8 0.07
112 3.2 0.63
0 117 3.7 1.00
122 4.1 0.62
128 5.0 0.16
134 8.9 0.37
106 2.7 0.12
110 2.9 0.26
5(0) 115 5.1 1.00
117 2.2 0.14
119 3.0 0.67
128 8.7 0.44
105 2.7 0.14
110 4.1 0.44
112 3.9 0.72
S(1) 116 3.5 0.66
118 3.1 0.84
121 2.0 0.10
127 9.9 1.00

In each case our frequency values are somewhat higher than
these, being centered at 118 cm™'. We believe this reflects a
real difference based on the fact that the R transitions probe
the translational energy in the H, vibrational excited state
where the increased polarizability leads to a slight increase in
the translational energy. This explanation is supported by an
examination of the P transitions, where the frequency differ-
ence with the zero-phonon modes represents the translational
energy in the H, vibrational ground state. In this case we do
obtain an average frequency of 113 cm™', consistent with
previous results.

A detailed theoretical explanation of the fine structure
present in the translational modes is beyond the scope of this
paper. Our aim is to present the results of a simple deconvo-
lution of the spectra which can be used by others to signifi-
cantly improve the existing models of the H,-Cg, system.
Our findings are summarized in Table I and Fig. 4.

In agreement with the predictions of Herman and Lewis'
we find that Lorentzian line profiles produce a substantially
better fit to the data than Gaussian. From this we conclude
that the widths are the result of lifetime broadening or
dephasing effects rather than site inhomogeneity. The
FWHMs are typically on the order of 34 cm™' with in each
case a much broader shoulder on the high frequency side.
These widths are significantly higher than those observed for
the zero-phonon modes, 0.5 to 1 cm™', and presumably re-
flect the fact that the individual bands are composed of mul-
tiple modes and that the relaxation process is enhanced for

5
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translationally excited states. Most likely this occurs through
relaxation within the given multiplet levels via coupling to
Cg lattice phonons.

The widths obtained for the zero-phonon modes of H,
trapped in rare gas matrices are comparable being on the
order of 0.5 to 1 cm™"' (Ref. 29). However, the translational
sidebands are approximately a factor of two wider than those
of H, in Cg.

The translational mode splittings are predicted to arise
from a combination of crystal field effects and rotational-
translational coupling.'* Crystal field effects lift the degen-
eracy of the pure rotational J levels such that at low tempera-
ture J=1 is split into two, J=2 split into three, and J=3 split
into four distinct energy states. Similarly, the n=1 transla-
tional state is split into two levels. Once rotational-
translational coupling is taken into account the picture be-
comes more complex. For example the J=1, n=1 state is
predicted to have six separate energy levels.'* From this per-
spective it is not surprising that the spectra contain a rich fine
structure.

The fact that the three modes shown in Fig. 4 have similar
widths can be attributed to the fact that although the number
of sublevels increases with increasing J, the magnitude of the
splitting is quite similar. For example J=1 is known to be
split into two levels separated by 6 cm™' while J=3 is split
into four sublevels with a predicted energy difference from

lowest to highest of just 7 cm™.

C. Zero-phonon band

Finally, we consider the origin of the weak zero-phonon
modes. In principle these An=0 transitions should not be
observed since the center of the octahedral site is a point of
inversion symmetry. For H, in argon a localized crystal
transformation from fcc to hep was evoked to explain the
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origin of similarly weak zero-phonon bands.?*> This appears
unlikely in the case of Cg although a localized lattice defor-
mation cannot be ruled out. The known persistence of a low
temperature merohedral disorder in Cq, would destroy per-
fect inversion symmetry although the reduction in symmetry
would be very minor and has generally been ignored in the-
oretical models.'*!3 It is also possible that the modes arise
from the presence of impurities or defects such as C¢, vacan-
cies. However, it should be noted that the zero-phonon
modes occur at the midpoint of the P and R (An==x1)
branches, indicating that the H, is sitting at a similar site to
that of the main features.

VI. CONCLUSION

In conclusion we have demonstrated the advantage of us-
ing the DRIFTS technique to obtain weak IR impurity spec-
tra at temperatures as low as 10 K. For H, in Cg, the fre-
quency shifts of the pure vibrational-rotational modes are
explained by a simple model based on changes in H, polar-
izability. The translational sidebands contain a rich substruc-
ture which we hope will be used by theorists to further re-
duce the uncertainties in the C-H interaction potential.
Finally, we note that this application of DRIFTS seems quite
feasible with H, in other host systems such as MOF-5 and
we expect that it will be used for many such studies.
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