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ABSTRACT: Complicated high-resolution spectral structures
are often observed for molecules doped in solid molecular
hydrogen. The structures can result from miscellaneous effects
and are often interpreted differently in references. The spectrum
of the v3 band of CO, in solid para-H, presents a model system
which exhibits rich spectral structures. With the help of the
potential energy simulation of the CO, molecule doped in para-
hydrogen matrix, and extensive experiments with different CO,
isotopologues and different ortho-hydrogen concentrations in
the matrix, the spectral features observed in p-H, matrix are
assigned to the CO, - - - (0-H,), clusters and also to energy level
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splitting that is due to different alignments of the doped CO, molecules in the matrix. The assignments are further supported by the
dynamics analysis and also by the spectrum recorded with sample codoped with O, which serves as catalyst transferring o-H, to p-H,
in the matrix at 4 K temperature. The observed spectral features of CO,/pH, can potentially be used as an alternative readout of the
temperature and orthohydrogen concentration in the solid para-hydrogen.

1. INTRODUCTION

The matrix shift and the matrix splitting observed in matrix
isolation spectroscopy provide a measure of the intermolecular
interactions between the guest and the host molecules. Interac-
tions between guest dopants and host rare gas solids are usually
characterized with band shift and line broadening. However, in
the case of solid molecular hydrogen (SMH) matrix, complicated
spectroscopic structure can often be found for a single vibrational
band of the dopant molecule. Because of the unique quantum
character of SMH, such a structure has attracted more and more
interest in recent years.

The spectral structures can simply come from the rotation of
the doped molecules in SMH matrix. Quite a few molecules have
been observed rotating almost freely in solid para-hydrogen,
including but not limited to methane,”* H,0,>* CO,® and HCL®
However, it does not apply for some other molecules with
relatively smaller rotational constants in case that the rotation
of the guest molecules is hindered because of the presence of
matrix field. Fajardo et al. presented the ro-vibrational spectra of
CO in SMH and discussed the crystal field induced spectral
features.> The complicated spectral structure may also result
from the dopant-(ortho-H,), clusters in solid para-hydrogen.
Because of the nonspherical nature of the wave function of ortho-
H, (0-H,, ] = 1 at low temperature), the 0-H, molecule will have
stronger interactions with the dopant molecules than that for the
para-H, (p-H,, ] = 0 at low temperature) molecule. As a result,
although the concentration of 0-H, is very low (typically less than
0.1%) in many experiments using p-H, as matrix host, through
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spin and rotation exchange process between nearby p-H, and
0-H, molecules, dopant-(0-H,),, clusters have been observed ac-
cumulating in the matrix at very low temperature. Spectra of 0-H,
clustering with various dopant molecules have been observed,
including trans-formic acid,” CH3E,*'° Cl, and H atoms."
Lorenz and Anderson studied the v3; band of N,O in solid
para-hydrogen and investigated the spectroscopy of N,O-(o-
D,)yx and N,O-(HD)y clusters.'” They also mentioned the
reversible spectral structures in the spectrum of N,O in bulk
solid para-hydrogen. Such structures exhibit slow changes (in
hours) at very low temperature (1.7—4.8 K). We have extended
the study of N,O in solid para-H, to the overtones as high as
s
Although it is still quite difficult to interpret quantitatively the
spectrum of doped SMH system, the rich spectroscopy features
provide a unique platform to look into the dynamics of such van
der Waals force dominated molecular systems. Here, we will
present the study of CO, doped in p-H, matrix. Because CO, is a
simplest symmetric linear triatomic molecule, and because of its
importance in various studies, its spectrum has been extensively
studied and so far has been well understood. The matrix isolation
spectrosc 4py of CO, has been reported in solid N2,14’15 0,1
e,'” Ar," A8 Kk 10 para- -H,,*° and helium droplet.”' However,
as wﬂl be discussed later, the spectrum of CO, doped in solid
para-hydrogen shows surprisingly complicated features, and it
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provides an excellent example to investigate the interactions and
dynamics in the solid para-hydrogen. The high-resolution study
of CO, doped in para-H, matrix by Tam et al. mentioned the
complicated spectral features of the v3 band and proposed that
possible multiple geometry of doped CO, taking multiple H,
vacancies in the crystal may be accounted for in the spectral
structures. However, as will be presented here, the well repea-
table and reversible spectral features observed in our study imply
that the spectrum is a result of delicate structure and dynamics
instead of a result of crystal defects. Simulation of the potential of
CO, isolated in solid p-H,, experimental results, and discussions
will be presented in following sections.

2. SIMULATION OF THE POTENTIAL SURFACE OF CO,
DOPED IN PARA-HYDROGEN

Before trying to understand the spectrum and dynamics of
CO, doped solid para-hydrogen, we took a simple simulation of
the interactions on the basis of the available CO,—H, potential.
Such potential has been well established on the basis of the
experimental®* and theoretical*** studies of the CO,—H, com-
plex in the gas phase. In principle, the doping potential of CO,
molecule in solid hydrogen can be derived from the two-body
potential of CO,—H, and that of H,—H, provided that only the
two-body interactions are important. However, the local distor-
tion of the crystal around the doped CO, molecule may also lead
to a complicated treatment which may be sensitive to the two-
body potentials and which may be beyond the view of the present
paper. In the present study, we are more concentrating on the
potential analysis to answer a few fundamental questions which
will be directly related to the structure and dynamics revealed
from the spectrum: (1) Does the CO, molecule rotate in the
solid H, crystal? (2) If the rotation is hindered, what will be the
most preferred (with lowest potential energy) orientations of the
molecule? In this case, we preferred a simplified simulation of
CO, in solid para-H, matrix using the CO,—H, complex po-
tential given by Ran et al.**

As confirmed by both the experimental*> and theoretical****
results, the equilibrium distance between the CO, and the H,
molecules in the CO,—H, complex s about 3.5 A, which is a little
less than the distance (3.8 A) between two nearby H, molecules
in solid H,. In this case and also for simplicity, we just consider
the single-substituted structure in which the CO, molecule
simply substitutes one H, molecule in the crystal. The structure
is shown in Figure 1.

Apparently, the CO, molecule may have different orientations
in the crystal. Ran et al’s two-body potential is applied to
calculate the potential of each probable orientation. Since the
force between the CO, and the H, molecules decreases rapidly
when the distance between the molecules goes up, only the
nearest H, molecules around CO, are included in the simulation.
For simplicity, the 12 nearest p-H, molecules are fixed on their
equilibrium positions in the p-H, crystal. The CO, orientation
potential has been calculated with the sum of the two-body
potential of the CO, molecule and each of the 12 nearest p-H,
molecules. As a result, the orientation potential is a function of
the position of the CO, molecule in the crystal (x, y, z) and the
alignment of the O—C—O molecule which can be described with
two angles @ and f3. x, y, and z are the Cartesian coordinates of
the center of the CO, molecule, f is the angle between the CO,
molecule and the xy plane, and o is the angle between the x axis
and the projection of CO, on the xy plane. The calculated

d

Figure 1. Configuration of the single-substituted CO, in hcp crystal of
solid H,. /3 is the angle between the CO, molecule and the xy plane. o is
the angle between the x axis and the projection of CO, on the xy plane.

orientation potential shows that one of the most optimized
orientations of the CO, molecule is at x = 0.6 Bohr, y = z = 0,
with alignment angles 0. = 0° and 3 = 38.7°, while the central
position with x = y = z = 0 gives a potential energy of about
32 ecm” ! higher. Figure 2a shows the orientation potential for
each (x, y) position with z value fixed to zero and with @, /3 angles
at the optimized values.

As shown in Figure 2a, there are three potential energy minima
around the central position. A pathway can be drawn connecting
these minima, and its projection on the z = 0 surface is also shown
in Figure 2a. This pathway has the lowest barrier between the
nearby minima. The calculated optimized alignment angles o, 3
and the potential energies along the pathway are shown in the
same figure as panels b, ¢, and d, respectively. This pathway is the
classical trajectory that the doped molecule undergoes when
traveling from one equilibrium orientation to another. In
Figure 2d, the barrier between different potential minima is only
a few wavenumbers. In this case, tunneling between these
orientations should be significant.

To find out wether or not the CO, molecule can rotate in solid
H,, we calculated the potential function of the CO, molecule at
different alignments (with different o and [ angles). The
calculated potential with the position fixed at x =y =z =0 is
shown in Figure 3. For symmetry reason, only the part of o =
0—60° and 3 = 0—90° is given. As shown in the figure, the po-
tential minimum locates at ot = 0° (or 60°), 5 = 38.7°. The
tunneling from o = 0° to o = 60° without changing the f angle
(Iibration of CO, along the z axis) has a barrier of about 20 cm L
The motion from 3 = 38.7° to 3 = —38.7° without changing the
o angle (rotation with an axis in the xy plane) has a barrier of
about 60 cm ™. Since the barrier height is a few hundred times
that of the rotational constant of the CO, molecule (~0.4 cm™ "),
the molecules are unlikely able to rotate in the crystal but are
likely to tunnel among different alignments. According to the
group theorzy for matrix-isolated molecules reported by Miller
and Decius,” for the linear molecule like CO, in a crystal field
with D, symmetry, as the case for an hcp crystal of p-H,, the
symmetry of the librational states will be A; for the ground state
and E for the first excited state. In this case, each of the vibrational
states of CO, consists of a series of librational levels. The energy
splitting depends on the tunneling barrier height and also on the
rotational constant of the doped CO, molecule.

1041 dx.doi.org/10.1021/jp108769n |J. Phys. Chem. A 2011, 115, 1040-1046
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Figure 2. (a) Contour plot of the orientation potential energies of CO, molecule in solid H, (in cm ™ '). The z value was fixed to zero and the alignment
angles (0t and 3) were at optimized values. There is a classical pathway connecting three global minima on the potential energy surface. The projection of
the trajectory on the z = O surface is also shown in panel a. The calculated optimized alignment angles @, 5 and the potential energy along the pathway are

shown in panels b, ¢, and d, respectively.

Although the simulation of the potential surface given earlier
should be regarded qualitatively rather than quantitatively, we
can still draw a few conclusions from the simulation: (1) The
guest CO, molecule can hardly rotate in solid p-H,, but some
libration motion may be allowed. (2) There are quite a few
equilibrium orientations of the CO, molecule that are allowed
in solid p-H,. These orientations include different alignments
(ot and f) or positions (x, y, z). Tunneling between these
orientations will lead to additional energy splitting of the ground
and vibrationally excited states of CO,.

3. EXPERIMENTAL DETAILS

The exgerimental setup is close to those used in our previous
studies."»*® We just give a brief description here. A converter
filled with Fe(OH); catalyst was applied to convert normal H, to
p-H,. The catalyst was filled in a 1.6 m long OFHC tube which is
attached tightly on the cold head of a cryostat (Sumitomo 205D).
During converting, the converter temperature is monitored with
a diode sensor (DT-470) and is controlled with a feed-back
temperature controller (Lake Shore 331S). The converting
temperature is maintained at 14—1S K. In this way, hydrogen
gas with ortho-H, concentration lower than 0.1% can be ob-
tained.

Direct deposition method is used to prepare solid molecular
hydrogen film as described by Fajardo and Tam.”” A helium
close-cycle cryogenerator (Janis SHI-4—35) is used to maintain
temperature as low as 3.5 K at its second cryogenic stage. The
temperature is detected with a silicon diode sensor and is
controlled with a controller (Lakeshore 331S) using a feedback
loop and a heating resistance wires installed on the cold stage. A
BaF, base plate used for film deposition is fixed in an OFHC
copper frame which is attached to the second cryogenic stage
tightly. The cold head is inserted into the sample chamber of a
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Figure 3. Contour plot of the potential energy (in cm™ ') of CO, doped
in p-H, matrix with different alignments.

Fourier transform (FT) spectrometer (Bruker IFS120HR). The
sample chamber is isolated from the Fourier transform inter-
ference chamber and is pumped to 10> Pa with a turbo pump.
The interference chamber is also evacuated to about 40 Pa to
decrease the air absorption in the spectrum. During deposition,
the cold BaF, base plate is perpendicular to the gas inlet. The gas
sample is deposited onto the base plate, and the gas flow rate is
controlled by a mass flow controller (MKS 1479A). When the
deposition is finished, the cryogenic cold head (together with the
cold plate) will be rotated under vacuum to align the BaF, base
plate perpendicular to the FT probing light, and the spectrum
will be recorded.

Natural and isotope concentrated CO, samples were used in
the present study. The one with natural isotopic abundance was

1042 dx.doi.org/10.1021/jp108769n |J. Phys. Chem. A 2011, 115, 1040-1046



The Journal of Physical Chemistry A

Absorbance (a.u.)

[ () N
00 L " L n 1 1 1 n n 1 " N N L 1 N n n N
2278.0 2278.5 2279.0 2279.5 2280.0

Wavenumber (cm™)

Figure 4. Fourier transform spectrum of the v; band of 13¢e0,
isolated in solid para-H,. Spectral resolution: 0.02 cm ™. The index 1,
2 shown on the figure indicates the number of 0-H, molecules in the
nearest neighbor of the doped CO, molecule. From bottom to top:
(a) 4.0 K, as deposited, (b) 5.2 K, annealing, (c) 4.0 K, just after half an
hour’s annealing at 5.2 K, (d) 4.0 K, 4 h after the annealing, (e) 40K, 8h
after the annealing, (f) 4.0 K, 1S h after the annealing, (g) 52 K,
reannealing for half an hour, (h) 4.0 K, 1 h after the second annealing.
The traces are displaced vertically for ease of presentation.

bought from Nanjing Special Gas Inc. *C enriched and '*O
enriched samples were purchased from Icon Services Inc. The
isotopic abundance of each sample was determined by the
infrared spectroscopy and also by the photoionization mass
spectroscopy (PIMS) measurements. The PIMS measurement
was carried out in the photochemistry end-station of National
Synchrotron Radiation Laboratory (Hefei, China). Typically, a
few ppm CO, sample was mixed with hydrogen gas before
deposition. The sample gas was deposited on the cold BaF, plate
with a typical mass flow rate of 27 mmol/h and with a duration
time of about half an hour. The FT spectra were recorded at a

resolution of 0.02 cm ™.

4. RESULTS AND DISCUSSION

Matrix Shift and Isotopic Dependence. The measurements
of different CO, isotopologues in solid para-hydrogen matrix
have been carried out with isotope concentrated CO, samples. A
total of 10 different isotopologues of CO, were studied: 2¢clso,,
Bolsg, 12180, 15Q12CI8g 1601217 16013CIsg,
16013¢!70, BC'0,, 70"C"*0, and *C'70,. These isotopo-
logues are noted as 626, 636, 828, 628, and so on, respectively.
The fine features of the spectra of different CO, isotopologues
are very similar, and a part of the v5 band of '*C'°0, is shown in
Figure 4. The position of the leading strong line in the “A” feature
(shown in Figure 4) of the v3 band for each CO, isotopologue is
given in Table 1. It is used as an indicator of the matrix shift for
each isotopologue. For convenience, the gas phase band centers
of the V3 bands of all the studied isotopologues***® are also given
in the same table.

As a zero-order approximation, the frequency of a harmonic
oscillator @ can be simply written as w = (k/u)"/?, where kis the
force field constant and u is the reduced mass of the oscillator.
Linear dependence of the oscillator frequency on the 1/ (,u)l/ 2
value is expected on isotopic substitution. For the v; normal
mode vibration of the CO, molecule, the reduced mass can be

calculated with the normal mode mass matrix analysis,* and the
calculated ¢ values of different CO, isotopologues are presented
in Table 1. Figure 5 illustrates the p-H, matrix shifts of different
CO, isotopologues. Excellent linear dependence can be readily
seen for two groups of isotopologues. Five isotopologues with
center '°C are on one line and another five isotopologues with
'3C are on another line. If the Born—Oppenheimer approxima-
tion remains effective, the force constant should be the same for
different isotopologues, and even the CO,—H, interactions have
been taken into account. The anomalous isotope shifts can be
explained by the following: if the nearby H, molecules are
kinetically involved in the CO, vibrations, as the H, molecules
adhere to the stretching motion of the central CO, molecule,
there will be additional corrections to the reduced mass and also
probably to the anharmonicity of the vibration which are both
more sensitive to the center carbon atomic mass.

v3 Band Structure. A few groups of lines spread within a few
wavenumebrs in the CO, v3 band region. The spectral features
are almost the same for different CO, isotopologues. Figure 4
shows the v; band of B¢cleo,/ p-H, measured at different times
before and after annealing. The ortho-H, concentration in the
matrix is estimated to be 0.15%. Two band features marked with
A and B on the figure have reversible character before and after
annealing. The irreversible feature at the higher spectral part
(near 2279.8 cm ™' for 13CléOz/p—Hz) is assigned to aggregated
(CO,), clusters. As shown in Figure 4, the group B lines dropped
quickly when the crystal temperature was raised to 5.2 K during
annealing and slowly went up when the temperature decreased
again to 4.0 K after annealing. To illustrate such a slow relaxation
process at 4.0 K, the spectrum has been continuously measured
for over 15 h. The evolution of the relative intensity of the B line
to the A line is shown in Figure 6. A single exponential fitting
shows that the relaxation time is about 2.2 h.

There can be several explanations of the observed spectral
splitting. The leading lines of the A and B features have also been
observed by Tam and Fajardo,” and it is proposed that the
features are related to different trapping sites on the basis of
single-, double-, and triple-substitutional vacancies in solid p-H,.
However, as discussed in the simulation section of the present
work, and also because of the reversible character of the spectral
feature, it is more likely that the CO, molecule will simply
substitute single p-H, molecule in the crystal. The reversibility of
the feature also excludes the explanation with unstable trapping
sites of the CO, molecule in the crystal. Other explanations may
include guest molecule aggregation, rotation, or crystal defects.
The possibility of aggregation can be easily excluded since the
features remain almost the same with the CO, concentration in
the sample varying from several to hundreds ppm. It is also
unlikely to be from guest molecule rotations though the rever-
sible nature of the spectral features implies a population dis-
tribution very sensitive to the temperature. As shown in Figure 3
and as concluded in our simulation, the rotation of the CO,
molecule should be hindered by the presence of surrounding p-
H, molecules. We cannot fully exclude the possibility that the
spectral splitting comes from miscellaneous crystal defects
around the guest molecule or from the rearrangement of the
neighboring hydrogen molecules, but the reason for the tem-
perature dependence is inexplicit and we do not have further
observation to support this explanation. Here, we tend to assume
that the spectral feature may come from the energy level splitting
because of multiple alignments of the doped CO, molecule. As
we have discussed in section 2, there are a few different CO,
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Table 1. v; Band Shifts in Solid p-H, of Different Isotopologues of Carbon Dioxide

isotope” @ VpH, A° u

626 2349.143 2343.817 —5.325 4.36326
627 2340.014 2334.717 —5.297 4.39831
628 2332.112 2326.843 —5.270 442912
728 2322.436 2317.192 —5.244 4.46678
828 2314.048 2308.831 —5.217 4.49995

isotope G, Vpu, A u
636 2283.487 2278.300 —5.187 4.62265
637 2274.087 2268.929 —5.158 4.66197
638 2265.971 2260.839 —5.132 4.69651
738 2255.954 2250.851 —5.103 4.73898
838 2247291 2242214 —5.077 4.77636

“Index of different isotopologues, 626 for '°0'2C'°0, 627 for '°0'*C'"0, and so on. ” Gas-phase values from refs 28 and 29.  Solid p-H, matrix
shift, A=vpy, — G,. 4Reduced mass of the v; antisymmetric stretching mode.

530

525

515 [

Matrix Red Shift (cm™)

510 [

838

. . I 1
0.460

0.465 0.470
Square Root of 1/u

. . 1
0.475

0.480

Figure S. The v; band shifts in solid p-H, of different isotopologues of
carbon dioxide. The CO, isotopologues are indexed as 628 for
1°0'2C"®0, 636 for 1°0"°C'°0, etc.
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Figure 6. Time evolution of the relative intensity of line B over line A
measured at 4.0 K after the crystal has been annealed at 5.2 K.

alignments in the crystal. The presence of tunneling will lead to
energy splitting among degenerated energy levels. We assign the
A and B spectral features to such a splitting effect. In this case,
when the temperature changes, the populations on different
sublevels will change accordingly, and it leads to a different
intensity ratio of the A and B lines. According to the spectra, we
can conclude that the A line is related to sublevels with higher
energy which is less populated at low temperature but is more
populated at relatively higher temperature. It is also consistent
with the observation given in ref 20, which shows that the A line is
relatively stronger at 4.8 K but is weaker at 2.4 K. At the present
stage, it is still hard to quantitatively interpret the relative line
intensity and the long relaxation time shown in Figure 6.
Absorption Spectral Features because of CO,-(0-H,),
Clusters. As shown in Figure 4, each of the A and B features
actually consists of a group of lines. To have a further insight into
this feature, we measured the spectrum with different concentra-
tions of ortho-hydrogen by mixing a controlled amount of
normal hydrogen with the para-hydrogen gas before the deposi-
tion. Figure 7 shows the results. All the spectra were measured at
4.4 X after the film was annealed at 5.2 K for 30 min. It is clearly
shown that when the concentration of ortho-hydrogen increases,
the band weight center moves to the blue side. In this way, we
assign the observed features to the CO, -« - (0-H,), clusters in
solid p-H,. The distances between the nearby CO,- -+ (0-H,),
(n=0, 1, 2) lines in the A features shown in Figure 4 (for Bcl0,)
and in Figure 7 (for >C'°0,) are all about 0.09 cm ™. This value
is very close to the experimental v; band shift between the
CO,- - -p-H, and CO,- - - 0-H, complexes which is 0.10 cm !

given in refs 22 and 23. Such agreement also confirms the
assignments.

It is interesting that for statistical reason, CO,-(0-H,), clusters
with large n number should hardly appear with very low
concentration of 0-H,. For instance, with 0.1% o-H, concentra-
tion in solid p-H,, the statistical probability for the CO,
molecules with one and two nearest neighbor o-H, molecules
should be only 1.2% and 7 x 10>, respectively. However, it is
obvious that the observed line intensities assigned to these
clusters are much larger than expected. It provides evidence of
the diffusion of the o-H, molecules in the solid molecular
hydrogen. Such diffusion takes place with the exchange of the
nuclear spins and rotational quanta between a gair of nearby p-
H," - +0-H, molecules. As given by Ran et al, * the calculated
potential energy of the CO,* * - 0-H, complex is lower than that
of CO,- - - p-H, by about 22 cm” ' As a result, the doped CO,
molecule would accumulate 0-H, molecules in its inner solvent
shell. As Figure 7 shows, with 25% o-H, concentration, the inner
shell surrounding the CO, dopant is almost fully occupied with o-
H, molecules.

The CO," - + (0-H,), assignment is further confirmed with the
spectrum we observed when some O, gas was mixed in the sam-
ple gas before deposition. Figure 8 shows the spectrum recorded
with CO,/0,/p-H, sample just after deposition, 20 h later, and
120 h later. The O, concentration was 0.5% and the initial o-H,
concentration was about 0.1%. As shown in the figure, beside the
new peaks observed around 2344.6 cm™ ' which can be readily
assigned to the CO,—0, clusters, the lines starting from 2343.9
em” !, which were assigned to CO,+ * + (0-H,),, (n= 1,2, 3, etc.)

1044 dx.doi.org/10.1021/jp108769n |J. Phys. Chem. A 2011, 115, 1040-1046
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Figure 7. The v3 band of 12C%0, isolated in solid hydrogen with
different ortho-hydrogen concentration in the matrix (4.4 K). The lines
marked with “*” are due to gas-phase CO, in the interferometer
chamber. The index 1, 2, etc. shown on the figure indicates the number
of 0-H, molecules in the nearest neighbor of the doped CO, molecule.
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Figure 8. The v; band of '>C'®0, isolated in solid para-hydrogen with
0.5% O,. From bottom to top, three panels show the spectrum recorded just
after deposition, 20 h later, and 120 h later, respectively. The lines marked
with “*” are due to gas-phase CO, in the interferometer chamber, and the
peaks around 2344.6 cm " are assigned to the CO,—O, clusters in the p-H,
matrix.

clusters, disappeared after several tens of hours after the deposi-
tion. As reported by Abouaf-Marguin et al., the doped para-
magnetic O, molecule can work as effective catalyst to transfer o-
H, to p-H, in the solid hydrogen.4 In the present experiment, the
presence of O, led to the slow decrease of the 0-H, concentration
in the matrix, which resulted in the decreasing of the transitions
from the CO,--:(0-H,), clusters. We have measured the
0-H, = p-H, conversion rate in the O, doped solid molecular
hydrogen in a separate experiment, which gives about (15 h) .
Such a conversion rate also agrees well with the results presented
in Figure 8.

With high o-H, concentration, some new lines come out at the
higher frequency region over 2345 cm ™' in the case of '>C'°0,.
These lines are also reversible when the temperature changes. As
discussed earlier, since the doped CO, molecule can attract o-H,

molecules, the nearby p-H, molecules will be fully substituted
with o-H,. This is why the spectrum becomes clean again and
does not change when the o-H, concentration is further in-
creased. The new blue-shifted lines are thus assigned to the
energy splitting because of different alignments of the CO,
molecule in a solid 0-H, matrix. The energy-splitting mechanism
should be similar to that which has been discussed for the p-H,
matrix.

5. CONCLUSION

The spectrum of the v; band in solid H, exhibits rich spectral
structures. Simulation of the potential energy of the CO,
molecule doped in para-hydrogen matrix was carried out on
the basis of the two-body CO,—H, potential. It shows that the
CO, rotation is hindered by the solid H, matrix, but there will be
considerable tunneling between different orientations of the CO,
molecule in the matrix. Different groups of spectral lines are
observed reversible and sensitive to the temperature, and the
relaxation time of the spectral feature is hours long at 4 K but
much shorter at 5 K. We propose to attribute it as a result of
energy level splitting because of tunneling between different
alignments of the doped CO, molecules in the matrix. The
temperature dependence can be interpreted as the change of the
population distribution of different orientations of CO, in the
matrix when the temperature changes. However, it is still hard to
give a quantitative interpretation without further theoretical and
computational studies.

On the basis of the observation carried out with different
ortho-hydrogen concentrations in the matrix, the fine spectral
features are assigned to the CO, - - + (0-H,),, clusters. The assign-
ments are supported with the experiments recorded with differ-
ent CO, isotopologues and also with that obtained with codoped
O, in the matrix. The matrix shift analysis of the spectra observed
with different isotopologues also reveals that some nearby H,
molecules may be kinetically involved in the stretching vibrations
of the doped CO, molecule.

Study of the spectrum of solid hydrogen doped with molecules
like CO, can potentially provide rich dynamics of molecular
system with only very weak van der Waals interactions involved.
Further theoretical and experimental investigations will continu-
ously supply more quantitative information and deeper under-
standing of the dynamics in this interesting system. Since trace
CO, often presents as a minor contamination in the sample when
studying solid hydrogen, the CO, v3 band spectra presented in
this work will also provide an alternative way to characterize the
solid hydrogen matrix, such as to determine the temperature and
the 0-H, concentration in the solid molecular hydrogen.
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