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Photochemical reactions of molecules in solid orthodeuteriohid,j have been studied by high-resolution
infrared spectroscopy and compared with previous results obtained in solid parahygrégign{ltraviolet
photolysis of CRI molecules in soli-D, yielded CI3 radicals and iodine atoms efficiently, which indicates
a small cage effect in solid-D,, as in the case of solig-H,. The Fourier transform infrared spectrum of the
vz Vvibrational band of CBshowed a rotational structure with additional splitting due to crystal field interactions.
The magnetic dipole transitioRy» < ?Psp) of the | atom isolated in solid-D, was observed together with

a strong rotational satellite of deuterium molecules through the eleetodon coupling in solid hydrogen.
The tunneling reaction between €Bnd D, was not observed in a time scale of a few days, which gives the
upper limit of the tunneling reaction rate of 0s* at 4.2 K.

Introduction The advantage of solig-H, stems from the weak intermo-

Quantum matrices such as solid parahydrogeH)® and lecular interactions in solig-H, and the _softness of quantum
superfluid He droplefs2 are proven to be excellent matrices C'ystal- Parahydrogen molecules at liquid He temperatures
for high-resolution spectroscopy of cold molecules. Molecules ©ccUpy thed = 0 rotational state with thé = 0 nuclear spin
embedded in these quantum matrices exhibit quantized rotationafState only. Since thé= 0 rotational wavefunction is spherical,
states and extremely long lifetime of vibratiorotation excited ~ P-Hz molecules possess no permanent multipole moments of
states, which makes the rovibrational transitions of molecules any order as an average, so that intermolecular interaction in
in these quantum matrices extremely narrow. The spectral solid p-H; is essentially weak. Another important feature of solid
linewidths are narrow enough to resolve fine spectral structuresp-Hz is its quantum nature due to the small mass ef $blid
originated in subtle interaction between guest and host moleculesf-H: is classified as a quantum crystal. One of the characteristics
atoms. of quantum crystals is its large amplitude of zero-point lattice

It has also been proven that these quantum matrices arevibration (ZPLV). In the case of soligh-H,, the amplitude
applied to the study of chemical reactions at low tempera- extends more than 1.5 R.The large amplitude makes the
tures31213 Due to the weak cage effect, molecules in these intermolecular distance between twe iMolecules in solig-H.
quantum matrices can be easily dissociated by photons, andvery large, that is, 3.8 A%3! Note that the minimum of the
radicals produced by the photolysis are subjected to further pajr potential between two Hmolecules is 3.2 A, which is
reactions at low temperatures. Especially, sphl; is useful  sjgnificantly smaller than the intermolecular distance in solid
for the study of low-temperature reactions, such as quantum .y, As a result of the large intermolecular distance, interac-
tunneling reaction$;“*>which are supposed to be very slow. {jons in solidp-H, become extremely weak. In addition, the

It has been demonstraféd!® that in situ photolysis of alkyl large ZPLV makes solig-H, soft, which is the origin of the
iodides in solidp-H; yields the alkyl radicals and | atoms, which small cage effect observed in sofigHo.

is in contrast with rare gas matrices, where in situ photolysis lid d . is al ded I
does not result in dissociation due to recombination caused by S°lid deuterium (B) is also regarded as a quantum crystal;

the strong cage effed® 22 Recently, it has been shown that therefore, it is expected to have features as a matrix similar to
chlorine molecules can be dissociated in sqiti, by UV those of solidp-H,.2>%! Because of thé = 1 nuclear spin of
photons as welt23 The production of radicals and atoms in the deuterium atom, there are three nuclear spin modifications
solid p-H, allowed us to study various reactions and low- Of deuterium molecules, that is,= 0, 1, and 2. Due to the
temperature dynamics. They include quantum diffusion of H Symmetry restriction of the rotational and nuclear spin wave

atoms?425chemical reactions via tunneling efféétSinfrared functions of B, rotational states witleven quantum numbers
induced chemical reactid?® and nuclear spin conservation in ~ are coupled with thé = 0 andl = 2 nuclear spin states, while
chemical reactions’28 rotational states witlodd numbers are coupled with tHe= 1
nuclear spin state. The former is called orthodeuterias4),
I Part of the "Giacinto Scoles Festschrift’. ___andthe latter is called paradeuteriupay). The statistical ratio
morggsevgg&nf%?f: ndence should be addressed. Electronic mail betweeno-D, andp-D; is 2:1. Because of the large rotational
*Kyoto University. constant B = 30 cnt1)?° of D5, 0-D, occupies only the = 0

§ Present address: Institute for Molecular Science, Okazaki, Japan.  rgtational state antp-D, the J = 1 state at liquid He
Il Present address: Terahertz Sensing and Imaging Laboratory, RIKEN, Lo
Sendai, Japan. temperatures. Therefore;D; at liquid He temperatures has no
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moments induced by tHe= 2 spin state. As a result, interaction CD,I (v,) CD; (v;) 1 (CP,<P,,)
in solid 0-D; is expected to be very small, as in the case of
solid p-Ha.

The effective quantum de Boer parameté solid p-Ha, @ N\ A
solid 0-D,, and solid Ne are 1.731, 1.224, and 0.58, respec- M
tively.3! 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.3! Since the quantum parameter of deuterium is still ~ (®

significantly larger than that of Ne, the ZPLV is expected to be R \\ P A \\ .2 A
relatively large in solid deuterium, which reduces the cage effect 2148 2150 2152 2154 ™2360 2380 2400 7640765076607670
on photodissociation processes so that unstable species can be wavenumbers (cm™)

produced by in situ photolysis in solio-D,. Photochemistry  Figure 1. FTIR spectra of CBl in solid 0-D, before and after the UV
of dopants in solid-D, will provide us useful information on photolysis: (a) before UV irradiation and (b) after UV irradiation at
isotopic effects of chemical reactions at low temperatures, such250 nm for 5 min. The assignments are given at the top of each
as tunneling reactions. transition.
So far, properties of solid-D;, itself have been investigated
intensively33-38 while few spectroscopic studies on dopants in
solid 0-D, have been reported-42 In the present paper, we
have investigated in situ photolysis of gimbedded in solid (a) p-H,
0-D, and compare these experiments with previous results
obtained in solidp-Ha.

® oD A

1 T T T
2370 2380 2390 2400

Experimental Section

With a help of magnetic catalysts kept at low temperatures, wavenumbers (cm)
the concentration 0b-D, can be increased as a result of the Figure 2. FTIR spectra of thes transition of CQ3 (a) in solid p-H2
nuclear spin conversion from the= 1 to eitherl = 0 or 2143 and (b) in solido-D.

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 lowestand 2150.8 cm'. After the UV irradiation, the absorption bands
possible temperature. Since the melting point of solid<L8 of CDsl at 2150.8 and 2150.4 cmh almost disappeared and
K, the expected purity 0b-D- is 98.8%, calculated from the  new absorption bands were observed in the spectral regions of
thermal population between tlle= 0 andJ = 1 states at 18  2360-2410 and 7655 cmi. The former absorption is assigned
K.3LIn our experiments, we converteeD, into 0-D; at 20 K to the vz vibrational band of CB referring to the gas-phase
using ferric oxide based orthgara catalyst IONEX-type). The  value of 2381 cm®#*and the latter absorption to the magnetic
equilibrium concentration ofo-D, at this temperature is  dipole transition {Py, — 2Psjp) of | atoms, which appears at
calculated to be 98.0%. We assume tbi®, concentration 7603 cnttin the gas phas®.The ultraviolet pulses at 250 nm
without any measurement. dissociates the €l bond of CDyl molecules to yield CB
Normal deuterium (99.93 atom %D, Cryogenic Rare Gas Inc.) radicals and | atoms even in soliD,. The formations of CB
with the ortho-to-para ratio of 2:1 was introduced into a stainless radicals and | atoms indicate the small cage effect on the
tube containing the orthepara catalyst to make 98% ofD, photodissociation in soli@-D,. We note that the UV photon
molecules, which was stored in a nonmagnetic vessel at theenergy (~4.95 eV) amply exceeds the dissociation energy of
room temperature. The converted gas was mixed withICD the C-I bond (~2.3 eV), but no dissociation occurs in solid
(>99 atom %D) with the concentration of-400 ppm. The Ne *22 while dissociation takes place in both sofieH, and
premixed gas was sprayed onto a Bafndow kept at 4.2 K solid 0-D,. We do not have any quantitative data on how much
with the flow rate of~50 cn® min—1.4 Crystals thus made were the excess energy distributes to the internal and translational
almost transparent, but slightly foggy due to some defects. All energies of the fragment radical, but the cage effect in solid
the spectroscopic measurements were done at 4.2 K. hydrogen is weak enough so that the excess energy-2felV
Fourier transform infrared (FTIR) spectra with a resolution is enough for methyl radicals to be fragmented in these quantum
of 0.1 cnT! were observed using an FTIR spectrometer (Bruker crystals.
IFS 120HR) combined with a KBr or Calbeam splitter and a
liquid N2 cooled MCT or InSb detector. UV pulses £ 250 Discussion
nm, rep 10 Hz, +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.

(a) Rotational Structures. The v3 absorption band of CP
shows a rotational substructure with additional splittings caused
by the crystal field potential.The spectral structure is quite
similar to that in solidp-Hz, as shown in Figure 2, indicating
that CD; radicals in solido-D, are rotating almost freely as in
the case of those in solig-H; and that the crystal structure

Results around the CBradical is hexagonal close packed, havidg,
Trace a in Figure 1 shows an FTIR spectrum of;CBEolated point group symmetr§® The spectral structure shown in Figure
in solid 0-D, as deposited, and trace b shows the spectrum after2 can be analyzed by the crystal field theory developed

UV irradiation for 30 min. The concentration of GDn the previously?#” Details of the analysis will be published in a

premixed gas was 4 ppm. Before the UV irradiation, absorption separate papéf. Here, we briefly describe the result of the
peaks of the, vibrational band of CEl were observed at 2150.4  analysis.
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TABLE 1: Molecular Constants of CD3 in Solid Hydrogen
(in cm™1)

solido-D; solid p-Hz gas
rotational constaAt B 3.916 4.652 4.802
band origirt vo 2379.71 2379.05 2381.09
Coriolis coupling ¢ 0.201 (fixed) 0.240 0.201
crystal field parameter e, 0.16 0.30 -
crystal field parameter ez 15.48 16.13 -

aThe rotational constant in the ground vibrational state. The
rotational constant€ was fixed to 0.B, by assuming that the radical
has a planer structure wifbz, symmetry.? The band origin of the’;
transition.c References 44 and 51.

The HamiltonianH, we used for the analysis is expressed
as a sum of the standard rotatievibration Hamiltonian of the
radical in free spaceo,*® and the anisotropic potential due to
the electric field of surrounding lattic&ys, as

H=Hy+ Vs Q)
The crystal field is a function of the orientation of the radical,
Q, with respect to the crystal axes, and the explicit expression
depends on the symmetry of the system. In the case of the
methyl radical Dsn point group) in a hexagonal close packed
crystal Dz, point group), it is given by

Vcrys(Q) = E2Do,02(9) + 6ex[Dfa,f:ss(Q) - D3,733(Q) -
D_35%(Q) + D35(Q)] (2)

where Dy (Q) is Wigner rotation matrix? and ¢; are coef-
ficients. The anisotropy of the crystal field given in eq 2 lifts
the degeneracy of the quantum numbkpf CDs;, whereM is
the projection of he rotational angular momentum with respect
to the crystal axis. The splitting of thil level causes fine
structures in vibratiorrotation 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 constantspf CD
obtained from the analysis.

The frequency of the band origin of the transition of CQ3
in solid 0-D; is almost the same as that in sopeH,, and the
shift from the gas-phase value is only-2 cnr®. The small
shift indicates that the perturbation of matrices to vibrational
motion in solido-D; is similar to that in solido-Ha.

The rotational constar of CDs in solid 0-D- is about 82%
of the gas-phase value, while that in sotidH, is about 96%.
The larger reduction of the rotational constants in sohD»
than those in soligh-H; is partly due to the mass effect of the
surrounding latticé? 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 0§CD
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Figure 3. (a) An FTIR spectrum of the spirorbit transition of | atoms

in solid p-H,. (b) An FTIR spectrum of the spitorbit transition of |
atoms in solido-D,. The concentration of CfDin the premixed gas
was 4 ppm. The right panels show the corresponding spectral region
of the absorption bands of GDand GDe.

TABLE 2: Observed Frequencies of the?Py, < 2Pz,
Transition of | Atoms in Solid 0-D; and p-H,

solid 0-D,

7654.1, 7654.8
| (complexy 7674.2, 7674.9 7660.9, 7661.6
| + Sy(0) 7834 7994

a Complex with other neutral species such asGid C;De. ® Center
frequency of the band.

solid p-H;
7637.8, 7638.5

| (free)

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

The line width of CIQ in solid 0-D» is broader than that in
solid p-Hy, as seen in Figure 2. The full-width at the half-
maximum (fwhm) of thev; absorption band of CPin solid
0-D; is about 0.4 cm?, while the fwhm in solidp-H, is about
0.2 cnt. The broader width in solid-D; is due to the larger
interaction in solido-D, than in solid p-H,, and possible
inhomogeneities in the-D, crystal structure. Another cause of
the larger line width in solid-D; is the larger concentration of
J = 1 p-D, impurities than that off = 1 o-H, impurities in
solid p-Hz. The concentration of the residudl= 1 p-D,
impurities in solido-D, is about 2%, which is almost 40 times
larger than that in soligh-H. 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 52 If the J = 1 p-D, impurities exist next to the radicals, it
should cause significant broadening in the spectrum of. @D
is possible that the electron spin of gBould convert the
nuclear spin op-D; to 0-D,,° so that the lifetime of thd = 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 solid-D, as a matrix host over solig-Ha,
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 | Atom. Figure 3 compares

Such an analysis has been published in a previous paper forthe spin-orbit transition of | atoms in solig-H, and in solid

the case of metharfeThe simple modéf predicts that the
increase of the moment of inertia is proportional to the mass of

0-D,. The concentration of C{Din the premixed gas was 4
ppm. The transition at 7655 crhis assigned to the spiorbit

host molecules/atoms. Therefore, the increase of the momentransition of iodine atoms isolated in soldD,. The transition

of inertia in solido-D is expected to be twice of that in solid
p-Hz. The observed larger reduction of the rotational constant
in solid 0-D, than that in solido-H, can be explained by this
model qualitatively. The observed increase of the moment of
inertia, however, of CRin solid o-D, with respect to the gas-
phase value is about 5 times larger than that in gehty, which

is more than the predicted ratio of 2 based on the simple

frequency of iodine atoms in solitD, and that in solidp-H;

are summarized in Table 2. The iodine atom giving rise to the
absorption at 7655 cm is supposed to be well separated in
the solid by photoinduced fragmentation, so there is no
perturbation to the spinorbit transition of the | atom from other
impurities® The fine spectral structure seen in the absorption
band of | atom in solidp-H, has been interpreted as the
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Figure 4. Matrix shift of the 2Py, < 2Ps, transition of | atoms in
various cryogenic matrices as a function of the dipole polarizability:
a(Xe) = 4.04 A356 q(Kr) = 2.48 A356 a(Ar) = 1.64 A356 a(Hy) =
0.81 A57 ando(D2) = 0.79 A5

hyperfine structure of the | atonh £ 5/, nuclear spin) broadened
by the crystal fielc* The similar doublet structure is barely
seen in the spectrum in sol@D».

The frequency of the magnetic dipole transition of the iodine
atom in solido-D; is 52 cnt! higher than that in the gas phase.
It has been reportéelthat 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

Fushitani et al.
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Figure 5. (a) An FTIR spectrum of the spirorbit transition of | atoms

in solid p-Hz. (b) An FTIR spectrum of the spirorbit transition of |
atoms in solido-D,. The concentration of CfDin the premixed gas
was 50 ppm. The right panels shows the corresponding spectral region
of the absorption of CB and GDs.

(a) p'Hz
1
PW [+5,(0)
I +5,(0)
(b) 0-D, PW
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solid rare gas matrices is mainly a dispersion interaction, the rigyre 6. The 2Py, — 2Py, transition of I atoms in solid hydrogen in

shift must be related to the dipole polarizability, of a
constituent of the host crystals. Figure 4 plots the matrix shifts
as a function of the dipole polarizabili®§:5” The matrix shift

is almost proportional to the polarizability of crystals. The sign
change of the shift indicates that the energy shift3Raf, and
2p,;, states depend on the polarizability; when< 2 A3 the
2P,, state is more stabilized than tfey, state, while vice versa
whena > 2 A3 The change in the polarizability of+and Dy

is almost negligible (0.81 Afor H, and 0.79 & for Dy),57 but

the shift of the magnetic dipole transition in satidD, (52 cnT?)

is clearly larger than that in solig-H; (35 cnm?). The larger
shift in solido-D, must be due to the smaller lattice constant in
solid 0-D; (3.6 A) than in solidp-H, (3.8 A)3! The smaller
lattice constant makes the interaction slightly stronger in solid
0-D,, which causes the larger shift of transition frequency.

The width of the spir-orbit transition of | atoms is slightly
broader in solido-D; than in solidp-H,, as seen in Figure 3.
The broader width in solid-D, could be due to the stronger
interaction in solidb-D, than in solidp-H; and the quadrupolar
interaction of the residual = 1 p-D, impurities. The width,
however, is still sharp enough to resolve splitting due to the
hyperfine structure of | atoms.

When the initial concentration of GDin the premixed gas
was increased to 50100 ppm, an additional transition was
observed in the magnetic dipole transition of | atoms after UV
photolysis. The left panels in Figure 5 show the magnetic dipole
transition of | atoms in such samples. In both sqiH, and
solid 0-D,, an additional doublet was observed at slightly higher
frequency of the magnetic dipole transition of free | atoms,
whose transition frequencies are listed in Table 2. In such

the spectral range of 7668400 cnt®: (a) in solid p-H; and (b) in
solid0-D». I: the transition of isolated | atoms. PW: phonon side band
of the spir-orbit transition of | atoms. H- $(0): the simultaneous
transitions of an | atom andy@®) transition of solid hydrogen.

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

(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 frequené&$.Such phonon side bands for the
magnetic dipole transition of | atoms have been reported in solid
Ar, Kr, and Xe®® indicating the large electrerphonon coupling.

In solids of 0-D, and p-H, similar phonon side bands were
observed, as indicated by PW in Figure 6, which appear 68
and 74 cm?, respectively, higher than the transition of the
isolated | atom in solidb-D, and p-H,. The intensity of the
phonon side band in solid-D, is strong enough to observe
clearly, but that in solidp-H, is barely seen. Compared with
other rare gas matricé8the PW in solido-D, and p-H, are
extremely weak. The weak phonon side band in solid hydrogen
indicates weak coupling between the sparbit 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 df= 0 0-D,
must be slightly stronger than that df= 0 p-H, to cause
stronger PW in solid-D».

samples, the absorption corresponding to deuterated ethane In solid 0-D,, an additional broad band is observed around

(C.Dg) was always observed at 2081 thas shown in the

7838 cnt?l, as seen in Figure 6. This band is blue-shifted by

right panels of Figure 5. Since ethane molecules are produced180 cnt? from the transition of the isolated iodine atom at 7654

in the cluster of CHl trapped in solid hydrogen, the additional
doublet at 7675 cm' in solid 0-D, and 7661 cm? in solid
p-H2 must be due to the magnetic dipole transition of | atoms

cm~L. Since the shift is nearly the same as the frequency of the
S(0) transition § = 2 <— J = 0) of 0-D, molecules at 176
cm~1,33 the band is attributed to the simultaneous transition of

in such clusters of guest molecules. Perturbation from nearby the magnetic dipole transition of the iodine atom and the pure

impurity molecules, plausibly Ds or CDsl in this case, shifts
the magnetic dipole transition by about 20 ¢ntoward blue>*
We did not observe any change in the intensity of such an

rotational transition of-D, molecules. Here, we denote the
transition as H Sy(0). The corresponding transition is also seen
at 7994 cm! in solid p-Hy, where the shift from the transition
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0-D, p-H,
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Figure 7. (a) The I+ S(0) simultaneous transition of | atoms in solid
0-D,. (b) The Q(0) + Sy(0) simultaneous transition in sol@D,. (c)
The 1+ S4(0) simultaneous transition of | atoms in sofieH,. (d) The
S1(0) + S(0) simultaneous transition in soljotH>.

of isolated iodine atom is 355 crh which is in good agreement
with the transition frequency of they®) transition ofp-H, at
356 cnr1.30:33

The full bandwidth of the H- Sy(0) transition measured at
the bottom of the broad band is about 30 @mwhich is an
order of magnitude broader than the line width of the spin
orbit transition of | atoms isolated in sol@D, andp-H,. The
broad bandwidth of the simultaneous transition can be inter-
preted in terms of thd = 2 rotational manifold. It is known
that thed = 2 level of 0-Do/p-H, molecules builds up a band
structure in solicb-D,/p-H; called the roton bantf.For a single
transition,J = 2 rotational excitations are only to the= 0
level of the roton band due to the conservation of the crystal
momentum k), namely theAk = O selection rule, where only
three states in thé = 2 band are optically allowe¥. When
the roton band is excited simultaneously with other excitation,
such as vibrational or electronic excitation in an impurity
molecule inside the solid, thAk = 0 selection rule can be
achieved in a way that the roton carries a momentum with
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+ Sy(0) transition must reflect the
bandwidth of thel = 2 roton band, whose estimated bandwidth
is 31.0 cnttin solid 0-D, and 25.0 cmt in solid p-H2.3° Figure
7 compares the # Sy(0) transitions in solido-D, and solid
p-H2 with simultaneous transitions of solid hydrogen itself. The
sharp absorption at 6015 ctin panel b of Figure 7 is the
S,(0) transition of solidb-D,, while the broad band in the range
of 6020-6050 cnt! is the Q(0) + So(0) simultaneous
transition. The g0) transition is a single transition, so it appears
as a sharp transition as a result of thk = 0 selection rule.
On the other hand, the D) + Sy(0) simultaneous transition
shows a width of about 30 cm, corresponding to the width of
the $(0) roton band of solicb-D,. The width of the Q0) +
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hydrogen and the magnetic transition of | atoms. Since there
are no permanent multipole moments in the= 0 hydrogen,
interaction between thd = 0 hydrogen and the magnetic
transition of | atoms is expected to be small. On the other hand,
the I+ S(0) simultaneous transition is a result of the interaction
between thel = 2 hydrogen and the magnetic transition of |
atoms. The electric quadrupole moment of e 2 hydrogen
could interact with the electric field gradient generated by the
finite electric distribution of the 5p orbital of iodine atoms. Thus,
the electror-roton coupling is expected to be stronger than
electron-phonon coupling in solid hydrogen. So far, many
double transitions such as roténroton, roton+ vibron, vibron

+ libron, and vibron+ phonon in pure solid hydrogens have
been observed;while few siumltaneous transitions of doped
molecules/atoms and hydrogen molecules have been repétted.
Recently, it has been reported that other halogen atoms in solid
hydrogen show similar transitions due to the electrozton
coupling, whose intensities are significantly different for dif-
ferent halogen atonf! 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 CIQ and D,. In previous
studies, we found that methyl radicals of @@oduced in solid
p-H2 react with a surrounding Hmolecule via a quantum
tunneling effect. It is worthwhile investigating the isotope effect
on the tunneling reaction of GD+ X, — 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 Thot
3850 cnt! ~ 5500 K82 Therefore, if the reaction occurs at 4
K, it must be due to the pure tunneling process. The tunneling
reaction rate of CBin solid p-H, has been determined to be
3.3 x 107957115 Since the tunneling particle in the reaction of
CD; + D, — CD4 + D is a D atom, the tunneling rate of this
reaction is expected to be roughly four times slower than that
in the H, system. The estimated tunneling rate is 831077
s™1, corresponding to about 7% decrease of the absorption of
CD; after 1 day. However, no decrease of the absorption of
CDs nor any trace of an absorption of Gvas observed in
solid o-D, after 3 days. We estimate the upper limit of the
tunneling rate of the reaction GB&+ D, — CD4 + D to be 1x
1078 s! 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 €B D, — CD4 + D, the
ZPVE of the product is 2.52 kcal mdl larger than that of the
reactants, which is obtained by using ZPVE(B- 4.45 kcal
mol~t, ZPVE(CDs;) = 13.8 kcal mot?, and ZPVE(CRQ) =
20.77 kcal motL.83 The electronic energy of the reactants is
calculated to be higher by 2.638.15 kcal mot? than that of
the productd# Therefore, it is expected that the reactants are
slightly unstable with respect to the products, suggesting that
the tunneling reaction of CH+ D, — CD,4 + D could occur in

So(0) simultaneous transition is about the same as that of the | solid 0-D,. However, the estimated upper limit of the tunneling

+ $(0) transition in solido-D,, as shown in the panel a of

rate of 1x 1078 s71 is almost 2 orders of magnitude smaller

Figure 7. Panels ¢ and d compare the simultaneous transitionghan that of CQ + H, — CDsH + H. Note that in the case of

of I + S(0) and S(0) + Sy(0) in solid p-H,. Again, the width
is roughly 25 cm! in both transitions, corresponding to the
width of the $(0) roton band of soligp-H..

The | + Sy(0) simultaneous transition is stronger than the
phonon sideband, which indicates stronger electroon
coupling than the electrerphonon coupling. The phonon
sideband is a result of the interaction between dhe= 0

CD3; + H, — CDsH + H, the ZPVE of the product is also 2.52
kcal molt larger than that of the reactants. Therefore, the
difference in the total energies between thesGbD, — CD4

+ D reaction system and GD+ H, — CDsH + H system is
almost exactly the same. Nevertheless, we did not observe any
tunneling reaction of Cp+ D, — CD4 + D within our
experimental time scale. The difference betweeny @H, —
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CDsH + H and Cy + D, — 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 sol@D; 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 sadidD,, as in the
case of soligp-H,. The linewidths of rovibrational and electronic
transitions in solicb-D, are slightly broader than those in solid
p-H2 due to the larger concentration df= 1 impurities in solid
0-D, than in solidp-H,, but the widths are still narrow enough
to resolve fine structures such as hyperfine splitting in the-spin
orbit transition of | atoms. As for the in situ photolysis, the
cage effect in solidb-D, is weak enough to allow photodisso-
ciation of molecules in the solid as piH,. We found that the
tunneling reaction of Cp+ D, — CD, + D did not occur
within our experimental time scale, which is in contrast to the
relatively fast tunneling reaction in the G& H, — CDsH +
H reaction system. Comparison of tunneling reactions in solid
0-D, and in solidp-H, 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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