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Photochemical reactions of molecules in solid orthodeuterium (o-D2) have been studied by high-resolution
infrared spectroscopy and compared with previous results obtained in solid parahydrogen (p-H2). Ultraviolet
photolysis of CD3I molecules in solido-D2 yielded CD3 radicals and iodine atoms efficiently, which indicates
a small cage effect in solido-D2, as in the case of solidp-H2. The Fourier transform infrared spectrum of the
ν3 vibrational band of CD3 showed a rotational structure with additional splitting due to crystal field interactions.
The magnetic dipole transition (2P1/2 r 2P3/2) of the I atom isolated in solido-D2 was observed together with
a strong rotational satellite of deuterium molecules through the electron-roton coupling in solid hydrogen.
The tunneling reaction between CD3 and D2 was not observed in a time scale of a few days, which gives the
upper limit of the tunneling reaction rate of 10-8 s-1 at 4.2 K.

Introduction

Quantum matrices such as solid parahydrogen (p-H2)1-8 and
superfluid He droplets9-13 are proven to be excellent matrices
for high-resolution spectroscopy of cold molecules. Molecules
embedded in these quantum matrices exhibit quantized rotational
states and extremely long lifetime of vibration-rotation excited
states, which makes the rovibrational transitions of molecules
in these quantum matrices extremely narrow. The spectral
linewidths are narrow enough to resolve fine spectral structures
originated in subtle interaction between guest and host molecules/
atoms.

It has also been proven that these quantum matrices are
applied to the study of chemical reactions at low tempera-
tures.3,12,13 Due to the weak cage effect, molecules in these
quantum matrices can be easily dissociated by photons, and
radicals produced by the photolysis are subjected to further
reactions at low temperatures. Especially, solidp-H2 is useful
for the study of low-temperature reactions, such as quantum
tunneling reactions,3,14,15which are supposed to be very slow.

It has been demonstrated16-18 that in situ photolysis of alkyl
iodides in solidp-H2 yields the alkyl radicals and I atoms, which
is in contrast with rare gas matrices, where in situ photolysis
does not result in dissociation due to recombination caused by
the strong cage effect.19-22 Recently, it has been shown that
chlorine molecules can be dissociated in solidp-H2 by UV
photons as well.6,23 The production of radicals and atoms in
solid p-H2 allowed us to study various reactions and low-
temperature dynamics. They include quantum diffusion of H
atoms,24,25chemical reactions via tunneling effect,14,15 infrared
induced chemical reaction,6,26 and nuclear spin conservation in
chemical reactions.27,28

The advantage of solidp-H2 stems from the weak intermo-
lecular interactions in solidp-H2 and the softness of quantum
crystal. Parahydrogen molecules at liquid He temperatures
occupy theJ ) 0 rotational state with theI ) 0 nuclear spin
state only. Since theJ ) 0 rotational wavefunction is spherical,
p-H2 molecules possess no permanent multipole moments of
any order as an average, so that intermolecular interaction in
solidp-H2 is essentially weak. Another important feature of solid
p-H2 is its quantum nature due to the small mass of H2. Solid
p-H2 is classified as a quantum crystal. One of the characteristics
of quantum crystals is its large amplitude of zero-point lattice
vibration (ZPLV). In the case of solidp-H2, the amplitude
extends more than 1.5 Å.29 The large amplitude makes the
intermolecular distance between two H2 molecules in solidp-H2

very large, that is, 3.8 Å.30,31 Note that the minimum of the
pair potential between two H2 molecules is 3.2 Å, which is
significantly smaller than the intermolecular distance in solid
p-H2. As a result of the large intermolecular distance, interac-
tions in solidp-H2 become extremely weak. In addition, the
large ZPLV makes solidp-H2 soft, which is the origin of the
small cage effect observed in solidp-H2.

Solid deuterium (D2) is also regarded as a quantum crystal;
therefore, it is expected to have features as a matrix similar to
those of solidp-H2.29-31 Because of theI ) 1 nuclear spin of
the deuterium atom, there are three nuclear spin modifications
of deuterium molecules, that is,I ) 0, 1, and 2. Due to the
symmetry restriction of the rotational and nuclear spin wave
functions of D2, rotational states witheVen quantum numbers
are coupled with theI ) 0 andI ) 2 nuclear spin states, while
rotational states withodd numbers are coupled with theI ) 1
nuclear spin state. The former is called orthodeuterium (o-D2),
and the latter is called paradeuterium (p-D2). The statistical ratio
betweeno-D2 andp-D2 is 2:1. Because of the large rotational
constant (B ) 30 cm-1)29 of D2, o-D2 occupies only theJ ) 0
rotational state andp-D2 the J ) 1 state at liquid He
temperatures. Therefore,o-D2 at liquid He temperatures has no
permanent multipole moments other than weak magnetic
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moments induced by theI ) 2 spin state. As a result, interaction
in solid o-D2 is expected to be very small, as in the case of
solid p-H2.

The effective quantum de Boer parameters32 of solid p-H2,
solid o-D2, and solid Ne are 1.731, 1.224, and 0.58, respec-
tively.31 The quantum parameter is a dimensionless parameter
that defines the magnitude of the quantum mechanical effect in
solids. The parameter is roughly proportional to the amplitude
of ZPLV.31 Since the quantum parameter of deuterium is still
significantly larger than that of Ne, the ZPLV is expected to be
relatively large in solid deuterium, which reduces the cage effect
on photodissociation processes so that unstable species can be
produced by in situ photolysis in solido-D2. Photochemistry
of dopants in solido-D2 will provide us useful information on
isotopic effects of chemical reactions at low temperatures, such
as tunneling reactions.

So far, properties of solido-D2 itself have been investigated
intensively,33-38 while few spectroscopic studies on dopants in
solid o-D2 have been reported.39-42 In the present paper, we
have investigated in situ photolysis of CD3I embedded in solid
o-D2 and compare these experiments with previous results
obtained in solidp-H2.

Experimental Section

With a help of magnetic catalysts kept at low temperatures,
the concentration ofo-D2 can be increased as a result of the
nuclear spin conversion from theI ) 1 to eitherI ) 0 or 2.1,43

The ortho-para conversion normally takes place just above the
melting point of hydrogen in order to maximize the contact
between the magnetic catalysts and hydrogen at the lowest
possible temperature. Since the melting point of solid D2 is 18
K, the expected purity ofo-D2 is 98.8%, calculated from the
thermal population between theJ ) 0 andJ ) 1 states at 18
K.31 In our experiments, we convertedn-D2 into o-D2 at 20 K
using ferric oxide based ortho-para catalyst (IONEX-type). The
equilibrium concentration ofo-D2 at this temperature is
calculated to be 98.0%. We assume thiso-D2 concentration
without any measurement.

Normal deuterium (99.93 atom %D, Cryogenic Rare Gas Inc.)
with the ortho-to-para ratio of 2:1 was introduced into a stainless
tube containing the ortho-para catalyst to make 98% ofo-D2

molecules, which was stored in a nonmagnetic vessel at the
room temperature. The converted gas was mixed with CD3I
(>99 atom %D) with the concentration of 4-100 ppm. The
premixed gas was sprayed onto a BaF2 window kept at 4.2 K
with the flow rate of∼50 cm3 min-1.4 Crystals thus made were
almost transparent, but slightly foggy due to some defects. All
the spectroscopic measurements were done at 4.2 K.

Fourier transform infrared (FTIR) spectra with a resolution
of 0.1 cm-1 were observed using an FTIR spectrometer (Bruker
IFS 120HR) combined with a KBr or CaF2 beam splitter and a
liquid N2 cooled MCT or InSb detector. UV pulses (λ ) 250
nm, rep 10 Hz, 1-2 mJ/pulse) obtained as the second harmonics
of visible pulses from a commercial OPO laser system (MOPO-
SLX-W, Spectra Physics Inc.) pumped by a Nd:YAG laser
(QUANTA-RAY PRO-230-10-W, Spectra Physics Inc.) were
used for photolysis.

Results

Trace a in Figure 1 shows an FTIR spectrum of CD3I isolated
in solido-D2 as deposited, and trace b shows the spectrum after
UV irradiation for 30 min. The concentration of CD3I in the
premixed gas was 4 ppm. Before the UV irradiation, absorption
peaks of theν4 vibrational band of CD3I were observed at 2150.4

and 2150.8 cm-1. After the UV irradiation, the absorption bands
of CD3I at 2150.8 and 2150.4 cm-1 almost disappeared and
new absorption bands were observed in the spectral regions of
2360-2410 and 7655 cm-1. The former absorption is assigned
to the ν3 vibrational band of CD3, referring to the gas-phase
value of 2381 cm-1,44 and the latter absorption to the magnetic
dipole transition (2P1/2 r 2P3/2) of I atoms, which appears at
7603 cm-1 in the gas phase.45 The ultraviolet pulses at 250 nm
dissociates the C-I bond of CD3I molecules to yield CD3
radicals and I atoms even in solido-D2. The formations of CD3
radicals and I atoms indicate the small cage effect on the
photodissociation in solido-D2. We note that the UV photon
energy (∼4.95 eV) amply exceeds the dissociation energy of
the C-I bond (∼2.3 eV), but no dissociation occurs in solid
Ne,19-22 while dissociation takes place in both solidp-H2 and
solid o-D2. We do not have any quantitative data on how much
the excess energy distributes to the internal and translational
energies of the fragment radical, but the cage effect in solid
hydrogen is weak enough so that the excess energy of 1-2 eV
is enough for methyl radicals to be fragmented in these quantum
crystals.

Discussion

(a) Rotational Structures. The ν3 absorption band of CD3
shows a rotational substructure with additional splittings caused
by the crystal field potential.2 The spectral structure is quite
similar to that in solidp-H2, as shown in Figure 2, indicating
that CD3 radicals in solido-D2 are rotating almost freely as in
the case of those in solidp-H2 and that the crystal structure
around the CD3 radical is hexagonal close packed, havingD3h

point group symmetry.46 The spectral structure shown in Figure
2 can be analyzed by the crystal field theory developed
previously.2,47 Details of the analysis will be published in a
separate paper.48 Here, we briefly describe the result of the
analysis.

Figure 1. FTIR spectra of CD3I in solid o-D2 before and after the UV
photolysis: (a) before UV irradiation and (b) after UV irradiation at
250 nm for 5 min. The assignments are given at the top of each
transition.

Figure 2. FTIR spectra of theν3 transition of CD3 (a) in solidp-H2

and (b) in solido-D2.
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The Hamiltonian,H, we used for the analysis is expressed
as a sum of the standard rotation-vibration Hamiltonian of the
radical in free space,H0,49 and the anisotropic potential due to
the electric field of surrounding lattice,Vcrys, as

The crystal field is a function of the orientation of the radical,
Ω, with respect to the crystal axes, and the explicit expression
depends on the symmetry of the system. In the case of the
methyl radical (D3h point group) in a hexagonal close packed
crystal (D3h point group), it is given by2

whereDM,k
l(Ω) is Wigner rotation matrix,50 and εi are coef-

ficients. The anisotropy of the crystal field given in eq 2 lifts
the degeneracy of the quantum numberM of CD3, whereM is
the projection of he rotational angular momentum with respect
to the crystal axis. The splitting of theM level causes fine
structures in vibration-rotation spectra seen in Figure 2. By
using the least-squares fitting of the observed frequency, we
could obtain rotational constants, Coriolis coupling constant,
and the frequency of band origin as well as the crystal field
parameters. Table 1 summarizes the molecular constants of CD3

obtained from the analysis.
The frequency of the band origin of theν3 transition of CD3

in solid o-D2 is almost the same as that in solidp-H2, and the
shift from the gas-phase value is only 1-2 cm-1. The small
shift indicates that the perturbation of matrices to vibrational
motion in solido-D2 is similar to that in solidp-H2.

The rotational constantB of CD3 in solid o-D2 is about 82%
of the gas-phase value, while that in solidp-H2 is about 96%.
The larger reduction of the rotational constants in solido-D2

than those in solidp-H2 is partly due to the mass effect of the
surrounding lattice.52 The decrease of the rotational constants
is a result of the increase of the effective moment of inertia,
which is mainly caused by the motion of the surrounding
hydrogen molecules in the lattice along with the rotation of CD3.
Such an analysis has been published in a previous paper for
the case of methane.2 The simple model52 predicts that the
increase of the moment of inertia is proportional to the mass of
host molecules/atoms. Therefore, the increase of the moment
of inertia in solido-D2 is expected to be twice of that in solid
p-H2. The observed larger reduction of the rotational constant
in solid o-D2 than that in solidp-H2 can be explained by this
model qualitatively. The observed increase of the moment of
inertia, however, of CD3 in solid o-D2 with respect to the gas-
phase value is about 5 times larger than that in solidp-H2, which
is more than the predicted ratio of 2 based on the simple

model.2,52 More detailed analysis is necessary to interpret the
reduction of the rotational constants quantitatively.

The line width of CD3 in solid o-D2 is broader than that in
solid p-H2, as seen in Figure 2. The full-width at the half-
maximum (fwhm) of theν3 absorption band of CD3 in solid
o-D2 is about 0.4 cm-1, while the fwhm in solidp-H2 is about
0.2 cm-1. The broader width in solido-D2 is due to the larger
interaction in solido-D2 than in solid p-H2, and possible
inhomogeneities in theo-D2 crystal structure. Another cause of
the larger line width in solido-D2 is the larger concentration of
J ) 1 p-D2 impurities than that ofJ ) 1 o-H2 impurities in
solid p-H2. The concentration of the residualJ ) 1 p-D2

impurities in solido-D2 is about 2%, which is almost 40 times
larger than that in solidp-H2. It is known that the quadrupole
moment of theJ ) 1 impurity in solid hydrogen causes
significant broadening of line width due to electrostatic interac-
tion.53 If the J ) 1 p-D2 impurities exist next to the radicals, it
should cause significant broadening in the spectrum of CD3. It
is possible that the electron spin of CD3 could convert the
nuclear spin ofp-D2 to o-D2,6 so that the lifetime of theJ ) 1
p-D2 impurities next to the radical could be short. Since we did
not observe any significant change in the line width upon
annealing or after a few days, no experimental evidence on the
nuclear spin conversion has been obtained on our experimental
time scale. In any event, the broader line width could be a
disadvantage of solido-D2 as a matrix host over solidp-H2,
but the width is still sharp enough to resolve fine splittings due
to the rotational motion and the crystal field interaction, as seen
in Figure 2.

(b) Spin-Orbit Transition of I Atom. Figure 3 compares
the spin-orbit transition of I atoms in solidp-H2 and in solid
o-D2. The concentration of CD3I in the premixed gas was 4
ppm. The transition at 7655 cm-1 is assigned to the spin-orbit
transition of iodine atoms isolated in solido-D2. The transition
frequency of iodine atoms in solido-D2 and that in solidp-H2

are summarized in Table 2. The iodine atom giving rise to the
absorption at 7655 cm-1 is supposed to be well separated in
the solid by photoinduced fragmentation, so there is no
perturbation to the spin-orbit transition of the I atom from other
impurities.54 The fine spectral structure seen in the absorption
band of I atom in solidp-H2 has been interpreted as the

TABLE 1: Molecular Constants of CD3 in Solid Hydrogen
(in cm-1)

solido-D2 solidp-H2 gasc

rotational constanta B 3.916 4.652 4.802
band originb ν0 2379.71 2379.05 2381.09
Coriolis coupling ú 0.201 (fixed) 0.240 0.201
crystal field parameterε2 0.16 0.30 -
crystal field parameterε3 15.48 16.13 -

a The rotational constant in the ground vibrational state. The
rotational constantC was fixed to 0.5B, by assuming that the radical
has a planer structure withD3h symmetry.b The band origin of theν3

transition.c References 44 and 51.

H ) H0 + Vcrys (1)

Vcrys(Ω) ) ε2D0,0
2(Ω) + ε3[D-3,-3

3(Ω) - D3,-3
3(Ω) -

D-3,3
3(Ω) + D3,3

3(Ω)] (2)

Figure 3. (a) An FTIR spectrum of the spin-orbit transition of I atoms
in solid p-H2. (b) An FTIR spectrum of the spin-orbit transition of I
atoms in solido-D2. The concentration of CD3I in the premixed gas
was 4 ppm. The right panels show the corresponding spectral region
of the absorption bands of CD3I and C2D6.

TABLE 2: Observed Frequencies of the2P1/2 r 2P3/2
Transition of I Atoms in Solid o-D2 and p-H2

solido-D2 solidp-H2

I (free) 7654.1, 7654.8 7637.8, 7638.5
I (complex)a 7674.2, 7674.9 7660.9, 7661.6
I + S0(0) 7834b 7994b

a Complex with other neutral species such as CD3I or C2D6. b Center
frequency of the band.
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hyperfine structure of the I atom (I ) 5/2 nuclear spin) broadened
by the crystal field.54 The similar doublet structure is barely
seen in the spectrum in solido-D2.

The frequency of the magnetic dipole transition of the iodine
atom in solido-D2 is 52 cm-1 higher than that in the gas phase.
It has been reported55 that the transition frequency is also blue-
shifted in solid Ar but red-shifted in solid Kr and Xe. The shift
must be a result of intermolecular interactions between guest
and host matrices. Since interaction in solid hydrogen and in
solid rare gas matrices is mainly a dispersion interaction, the
shift must be related to the dipole polarizability,R, of a
constituent of the host crystals. Figure 4 plots the matrix shifts
as a function of the dipole polarizability.56,57 The matrix shift
is almost proportional to the polarizability of crystals. The sign
change of the shift indicates that the energy shifts of2P1/2 and
2P3/2 states depend on the polarizability; whenR < 2 Å,3 the
2P3/2 state is more stabilized than the2P1/2 state, while vice versa
whenR > 2 Å.3 The change in the polarizability of H2 and D2

is almost negligible (0.81 Å3 for H2 and 0.79 Å3 for D2),57 but
the shift of the magnetic dipole transition in solido-D2 (52 cm-1)
is clearly larger than that in solidp-H2 (35 cm-1). The larger
shift in solido-D2 must be due to the smaller lattice constant in
solid o-D2 (3.6 Å) than in solidp-H2 (3.8 Å).31 The smaller
lattice constant makes the interaction slightly stronger in solid
o-D2, which causes the larger shift of transition frequency.

The width of the spin-orbit transition of I atoms is slightly
broader in solido-D2 than in solidp-H2, as seen in Figure 3.
The broader width in solido-D2 could be due to the stronger
interaction in solido-D2 than in solidp-H2 and the quadrupolar
interaction of the residualJ ) 1 p-D2 impurities. The width,
however, is still sharp enough to resolve splitting due to the
hyperfine structure of I atoms.

When the initial concentration of CD3I in the premixed gas
was increased to 50-100 ppm, an additional transition was
observed in the magnetic dipole transition of I atoms after UV
photolysis. The left panels in Figure 5 show the magnetic dipole
transition of I atoms in such samples. In both solidp-H2 and
solido-D2, an additional doublet was observed at slightly higher
frequency of the magnetic dipole transition of free I atoms,
whose transition frequencies are listed in Table 2. In such
samples, the absorption corresponding to deuterated ethane
(C2D6) was always observed at 2081 cm-1, as shown in the
right panels of Figure 5. Since ethane molecules are produced
in the cluster of CD3I trapped in solid hydrogen, the additional
doublet at 7675 cm-1 in solid o-D2 and 7661 cm-1 in solid
p-H2 must be due to the magnetic dipole transition of I atoms
in such clusters of guest molecules. Perturbation from nearby
impurity molecules, plausibly C2D6 or CD3I in this case, shifts
the magnetic dipole transition by about 20 cm-1 toward blue.54

We did not observe any change in the intensity of such an

additional doublet for a few days as well as upon annealing,
which indicates that the I atoms in such complexes are fairly
stable. A similar shift of the magnetic dipole transition of I atoms
in solid p-H2 has been observed for other systems.58

(c) Electron-Phonon and Electron-Roton Couplings.
Depending on the magnitude of the electron phonon coupling,
electronic transitions are often accompanied by phonon side
bands at higher frequency.59 Such phonon side bands for the
magnetic dipole transition of I atoms have been reported in solid
Ar, Kr, and Xe,55 indicating the large electron-phonon coupling.
In solids of o-D2 and p-H2, similar phonon side bands were
observed, as indicated by PW in Figure 6, which appear 68
and 74 cm-1, respectively, higher than the transition of the
isolated I atom in solido-D2 and p-H2. The intensity of the
phonon side band in solido-D2 is strong enough to observe
clearly, but that in solidp-H2 is barely seen. Compared with
other rare gas matrices,55 the PW in solido-D2 and p-H2 are
extremely weak. The weak phonon side band in solid hydrogen
indicates weak coupling between the spin-orbit transition and
the phonon modes, even though the lattice vibrations are the
lowest excitation mode in the solids. The weak absorption of
phonon side bands must reflect the weak intermolecular
interaction ofJ ) 0 hydrogen. The interaction ofJ ) 0 o-D2

must be slightly stronger than that ofJ ) 0 p-H2 to cause
stronger PW in solido-D2.

In solid o-D2, an additional broad band is observed around
7838 cm-1, as seen in Figure 6. This band is blue-shifted by
180 cm-1 from the transition of the isolated iodine atom at 7654
cm-1. Since the shift is nearly the same as the frequency of the
S0(0) transition (J ) 2 r J ) 0) of o-D2 molecules at 176
cm-1,33 the band is attributed to the simultaneous transition of
the magnetic dipole transition of the iodine atom and the pure
rotational transition ofo-D2 molecules. Here, we denote the
transition as I+ S0(0). The corresponding transition is also seen
at 7994 cm-1 in solid p-H2, where the shift from the transition

Figure 4. Matrix shift of the 2P1/2 r 2P3/2 transition of I atoms in
various cryogenic matrices as a function of the dipole polarizability:
R(Xe) ) 4.04 Å3,56 R(Kr) ) 2.48 Å3,56 R(Ar) ) 1.64 Å3,56 R(H2) )
0.81 Å3,57 andR(D2) ) 0.79 Å3.57

Figure 5. (a) An FTIR spectrum of the spin-orbit transition of I atoms
in solid p-H2. (b) An FTIR spectrum of the spin-orbit transition of I
atoms in solido-D2. The concentration of CD3I in the premixed gas
was 50 ppm. The right panels shows the corresponding spectral region
of the absorption of CD3I and C2D6.

Figure 6. The 2P1/2 r 2P3/2 transition of I atoms in solid hydrogen in
the spectral range of 7600-8400 cm-1: (a) in solid p-H2 and (b) in
solido-D2. I: the transition of isolated I atoms. PW: phonon side band
of the spin-orbit transition of I atoms. I+ S0(0): the simultaneous
transitions of an I atom and S0(0) transition of solid hydrogen.
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of isolated iodine atom is 355 cm-1, which is in good agreement
with the transition frequency of the S0(0) transition ofp-H2 at
356 cm-1.30,33

The full bandwidth of the I+ S0(0) transition measured at
the bottom of the broad band is about 30 cm-1, which is an
order of magnitude broader than the line width of the spin-
orbit transition of I atoms isolated in solido-D2 andp-H2. The
broad bandwidth of the simultaneous transition can be inter-
preted in terms of theJ ) 2 rotational manifold. It is known
that theJ ) 2 level of o-D2/p-H2 molecules builds up a band
structure in solido-D2/p-H2 called the roton band.30 For a single
transition,J ) 2 rotational excitations are only to thek ) 0
level of the roton band due to the conservation of the crystal
momentum (k), namely the∆k ) 0 selection rule, where only
three states in theJ ) 2 band are optically allowed.30 When
the roton band is excited simultaneously with other excitation,
such as vibrational or electronic excitation in an impurity
molecule inside the solid, the∆k ) 0 selection rule can be
achieved in a way that the roton carries a momentum with+k
and the other excitation with-k. As a result, all states in the
roton band become optically allowed in simultaneous transitions.
Thus, the bandwidth of the I+ S0(0) transition must reflect the
bandwidth of theJ ) 2 roton band, whose estimated bandwidth
is 31.0 cm-1 in solido-D2 and 25.0 cm-1 in solidp-H2.30 Figure
7 compares the I+ S0(0) transitions in solido-D2 and solid
p-H2 with simultaneous transitions of solid hydrogen itself. The
sharp absorption at 6015 cm-1 in panel b of Figure 7 is the
S2(0) transition of solido-D2, while the broad band in the range
of 6020-6050 cm-1 is the Q2(0) + S0(0) simultaneous
transition. The S2(0) transition is a single transition, so it appears
as a sharp transition as a result of the∆k ) 0 selection rule.
On the other hand, the Q2(0) + S0(0) simultaneous transition
shows a width of about 30 cm-1, corresponding to the width of
the S0(0) roton band of solido-D2. The width of the Q2(0) +
S0(0) simultaneous transition is about the same as that of the I
+ S0(0) transition in solido-D2, as shown in the panel a of
Figure 7. Panels c and d compare the simultaneous transitions
of I + S0(0) and S1(0) + S0(0) in solidp-H2. Again, the width
is roughly 25 cm-1 in both transitions, corresponding to the
width of the S0(0) roton band of solidp-H2.

The I + S0(0) simultaneous transition is stronger than the
phonon sideband, which indicates stronger electron-roton
coupling than the electron-phonon coupling. The phonon
sideband is a result of the interaction between theJ ) 0

hydrogen and the magnetic transition of I atoms. Since there
are no permanent multipole moments in theJ ) 0 hydrogen,
interaction between theJ ) 0 hydrogen and the magnetic
transition of I atoms is expected to be small. On the other hand,
the I+ S0(0) simultaneous transition is a result of the interaction
between theJ ) 2 hydrogen and the magnetic transition of I
atoms. The electric quadrupole moment of theJ ) 2 hydrogen
could interact with the electric field gradient generated by the
finite electric distribution of the 5p orbital of iodine atoms. Thus,
the electron-roton coupling is expected to be stronger than
electron-phonon coupling in solid hydrogen. So far, many
double transitions such as roton+ roton, roton+ vibron, vibron
+ libron, and vibron+ phonon in pure solid hydrogens have
been observed,30,60while few siumltaneous transitions of doped
molecules/atoms and hydrogen molecules have been reported.5,61

Recently, it has been reported that other halogen atoms in solid
hydrogen show similar transitions due to the electron-roton
coupling, whose intensities are significantly different for dif-
ferent halogen atoms.5,61 The analysis of the intensity of these
simultaneous transitions of dopant molecules/atoms and hydro-
gen molecules will give us more information on the interaction
between these two species.

(d) Tunneling Reaction between CD3 and D2. In previous
studies, we found that methyl radicals of CD3 produced in solid
p-H2 react with a surrounding H2 molecule via a quantum
tunneling effect. It is worthwhile investigating the isotope effect
on the tunneling reaction of CD3 + X2 f CD3X + X (X ) H
or D). The barrier of the reaction between a methyl radical and
a hydrogem molecule is known to be about 11 kcal mol-1 ∼
3850 cm-1 ∼ 5500 K.62 Therefore, if the reaction occurs at 4
K, it must be due to the pure tunneling process. The tunneling
reaction rate of CD3 in solid p-H2 has been determined to be
3.3× 10-6 s-1.15 Since the tunneling particle in the reaction of
CD3 + D2 f CD4 + D is a D atom, the tunneling rate of this
reaction is expected to be roughly four times slower than that
in the H2 system. The estimated tunneling rate is 8.3× 10-7

s-1, corresponding to about 7% decrease of the absorption of
CD3 after 1 day. However, no decrease of the absorption of
CD3 nor any trace of an absorption of CD4 was observed in
solid o-D2 after 3 days. We estimate the upper limit of the
tunneling rate of the reaction CD3 + D2 f CD4 + D to be 1×
10-8 s-1 at most.

The reaction enthalpy including zero point vibrational energies
(ZPVEs) of the reactants and products must be negative,
otherwise the tunneling reaction cannot proceed at any temper-
ature. In the case of the reaction CD3 + D2 f CD4 + D, the
ZPVE of the product is 2.52 kcal mol-1 larger than that of the
reactants, which is obtained by using ZPVE(D2) ) 4.45 kcal
mol-1, ZPVE(CD3) ) 13.8 kcal mol-1, and ZPVE(CD4) )
20.77 kcal mol-1.63 The electronic energy of the reactants is
calculated to be higher by 2.62-3.15 kcal mol-1 than that of
the products.14 Therefore, it is expected that the reactants are
slightly unstable with respect to the products, suggesting that
the tunneling reaction of CD3 + D2 f CD4 + D could occur in
solido-D2. However, the estimated upper limit of the tunneling
rate of 1× 10-8 s-1 is almost 2 orders of magnitude smaller
than that of CD3 + H2 f CD3H + H. Note that in the case of
CD3 + H2 f CD3H + H, the ZPVE of the product is also 2.52
kcal mol-1 larger than that of the reactants. Therefore, the
difference in the total energies between the CD3 + D2 f CD4

+ D reaction system and CD3 + H2 f CD3H + H system is
almost exactly the same. Nevertheless, we did not observe any
tunneling reaction of CD3 + D2 f CD4 + D within our
experimental time scale. The difference between CD3 + H2 f

Figure 7. (a) The I+ S0(0) simultaneous transition of I atoms in solid
o-D2. (b) The Q2(0) + S0(0) simultaneous transition in solido-D2. (c)
The I + S0(0) simultaneous transition of I atoms in solidp-H2. (d) The
S1(0) + S0(0) simultaneous transition in solidp-H2.
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CD3H + H and CD3 + D2 f CD4 + D must be due to the
isotope effect on the entire potential surface. A quantum
chemical calculation with good quality is needed to understand
the observed difference.

Conclusions

Here, we showed that solido-D2 is another excellent matrix
for high-resolution spectroscopy of dopant molecules as well
as for photochemistry and tunneling reactions. We have shown
that methyl radicals rotate almost freely in solido-D2, as in the
case of solidp-H2. The linewidths of rovibrational and electronic
transitions in solido-D2 are slightly broader than those in solid
p-H2 due to the larger concentration ofJ ) 1 impurities in solid
o-D2 than in solidp-H2, but the widths are still narrow enough
to resolve fine structures such as hyperfine splitting in the spin-
orbit transition of I atoms. As for the in situ photolysis, the
cage effect in solido-D2 is weak enough to allow photodisso-
ciation of molecules in the solid as inp-H2. We found that the
tunneling reaction of CD3 + D2 f CD4 + D did not occur
within our experimental time scale, which is in contrast to the
relatively fast tunneling reaction in the CD3 + H2 f CD3H +
H reaction system. Comparison of tunneling reactions in solid
o-D2 and in solidp-H2 would give us more detailed information
on the quantum tunneling effect in chemical reactions, which
is difficult to obtain by other experimental techniques.
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