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Solid parahydrogen, known as a quantum crystal, is a novel matrix for the study of physical
and chemical processes of molecules at low temperatures by high-resolution infrared spectros-
copy. Ro-vibrational motion of molecules embedded in solid parahydrogen is well quantized on
account of the weak interaction in the crystal. In addition, molecules are almost free from the
cage effect because of the softness of the quantum crystal, so that a variety of chemical reactions
could be observed for molecules in solid parahydrogen at liquid He temperatures. In this article,
we survey our recent studies on photodissociation of methyl radicals and subsequent reactions
in solid parahydrogen, and discuss (1) the nuclear spin selection rule in chemical reactions and
(2) pure tunnelling reactions obtained from the analysis of the present system.
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1. Introduction

Matrix isolation spectroscopy, initially introduced by Lewis et al. [1], has been used
for a variety of applications in the field of physical chemistry [2, 3]. Matrices of rare
gas atoms such as Ne and Ar have been widely used because of their chemically inert
property and weak perturbations. Needless to say, its application to unstable mole-
cules has piloted studies on spectroscopy and chemical dynamics in the gas phase [2].
The resolution is, however, inherently limited due to both homogeneous and inhomo-
geneous line broadening, and the broadness of spectra hides some information that
might provide detailed information on interactions and dynamics of molecules in
condensed phases. In addition, the rigidity of these conventional matrices limits the
study of chemical reactions at cryogenic temperatures, as strong interactions from
the surrounding lattice may distort reaction potential surfaces significantly from
those in the gas phase [4–8].

Recently, we have conducted spectroscopy of molecules embedded in solid para-
hydrogen crystals, and found unique properties of solid parahydrogen as a host for
matrix isolation spectroscopy [9–12]. First of all, not only the vibrational energy
levels, but also the rotational energy levels of molecules are well-quantized in solid
parahydrogen [12–15]. Secondly, the lifetime of these quantized rotation–vibration
excited states is extremely long, so that high-resolution spectroscopy can be applied
to molecules in solid parahydrogen as in the gas phase [12, 16, 17]. The spectral
linewidth is sharp enough to resolve not only their rotational structures, but also fine
spectral structures originating in subtle interactions in the crystal, and the analysis
of such fine structures gives us rich information on intermolecular interactions as
well as the motion of the molecule in the condensed phase. Thirdly, molecules are
almost free from the cage effect because of the softness of the quantum crystal,
so that a variety of chemical reactions could be observed for molecules in solid para-
hydrogen at liquid He temperatures [9, 11, 18–23]. Availing these unique properties,
matrix isolation spectroscopy in solid parahydrogen has been applied to the study of
physical and chemical processes of molecules in this novel quantum crystal by several
groups [11, 12, 24–35].

In this article, we focus on chemical reactions that take place in solid parahydrogen
crystals. Matrix isolation spectroscopy in solid parahydrogen has many advantages
over other techniques in studying chemical reaction dynamics at low temperatures.
Molecules in solid parahydrogen at liquid He temperatures occupy only a limited
number of its rotational levels, mostly the J¼ 0 ground rotational level only.
Therefore, reactions in solid parahydrogen themselves can be considered as state
selective reactions, which give us quantitative information on the state dependent
phenomena for a variety of reactions. As an example, examination of the nuclear
spin selection rule in chemical reactions will be discussed in section 5 [36].

Another important phenomenon in solid parahydrogen is the occurrence of tunnel-
ling chemical reactions [18, 23]. Tunnelling effects become dominant at low tempera-
tures in most reactions, but few studies have been reported due to the difficulty in
making reaction systems at low temperatures. We found that some radicals produced
in solid parahydrogen induce tunnelling reaction with a nearby hydrogen molecule.
Details will be discussed in section 6.
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The reaction system we discuss in this article is the photolysis of methyl iodide
embedded in solid parahydrogen, and its subsequent reactions. The reaction system
has been studied extensively in the gas phase. Despite the simplicity, the present
system gave us rich information which is fundamental to physical and chemical
processes of molecules at low temperatures.

This article is organized as follows. First, we briefly overview properties of the
parahydrogen matrix in section 2. Experimental setups are given in section 3. Then,
details of the reactions subsequently induced by the photolysis of methyl iodides
are described in section 4. Two important results obtained from the analysis of the
present reaction system, that is, the nuclear spin selection rule in the chemical reactions,
and the observation of pure tunnelling reactions, are discussed in sections 5 and 6,
respectively.

2. Solid parahydrogen as a matrix

The rotational angular momentum J of each hydrogen molecule is well defined, remain-
ing a good quantum number in solid hydrogen because of the weak interaction between
hydrogen molecules [37]. The Pauli exclusion principle requires that the rotational
states having even quantum numbers must couple with the I¼ 0 nuclear spin state,
while those having odd quantum numbers couple with the I¼ 1 nuclear spin state,
exclusively. The former is called parahydrogen, and the latter orthohydrogen. At
very low temperatures, parahydrogen occupies only the J¼ 0 rotational level, while
orthohydrogen occupies the J¼ 1 level. Relaxation from the J¼ 1 rotational state to
the J¼ 0 state is extremely slow even in solid hydrogen [37], and parahydrogen and
orthohydrogen can be treated as almost different molecules in solid parahydrogen.

Since the J¼ 0 rotational wavefunction has a spherical shape, parahydrogen mole-
cules at liquid He temperatures have no permanent electric moments of any order.
On the other hand, orthohydrogen molecules occupying the J¼ 1 rotational quantum
number have a small permanent quadrupole moment. The quadrupole moment of
the J¼ 1 orthohydrogen provides slightly stronger interaction with its surroundings
than the J¼ 0 parahydrogen. Therefore, the concentration of orthohydrogen in
parahydrogen matrices needs to be as low as possible in order that molecules in solid
parahydrogen may be least perturbed. Since the J¼ 1 orthohydrogen has about
120 cm�1 higher energy than the J¼ 0 parahydrogen, the concentration of ortho-
hydrogen can be reduced to less than 0.05% by using an ortho–para converter
[11, 25] operated at just above the melting point of 13.8K. The concentration of
orthohydrogen in our sample described in this article was always less than 0.1%.

One of the prominent features of the quantum crystal is the large amplitude of zero-
point lattice vibration [38]. The mean amplitude of the zero-point vibration in solid
parahydrogen amounts to almost 20% of the intermolecular distance [39]. As a
result, the intermolecular distance in solid parahydrogen (3.78 Å) is considerably
larger than the interatomic distance in solid Ne (3.16 Å), although the pair potential
between H2 molecules is similar to the potential between Ne atoms [12]. The large
lattice constant and the large amplitude of zero-point lattice vibration in solid hydrogen
provides more free space for guest molecules than other matrices. Moreover, because
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of the large lattice constant of solid parahydrogen, interactions between the guest
molecule and surrounding host molecules become weak compared with those in
Ne matrix. As a result, the lifetime of excited states of a guest molecule in solid
parahydrogen becomes much longer, which must be the origin of the sharp spectral
linewidth in solid parahydrogen.

Another important feature of solid parahydrogen is its high thermal conductivity.
At liquid He temperatures, the thermal conductivity of solid parahydrogen containing
0.2% orthohydrogen is 50Wm�1K�1 [39], which is comparable to that of Cu,
and is almost one order of magnitude larger than the conductivity of rare gas
crystals [40]. The high thermal conductivity of solid parahydrogen must play an
important role in the photodissociation processes, as it will lead to the fast dissipation
of excess energy produced by photolysis and as a result the photofragments may be
stably isolated in the crystal quickly.

3. Experiments

Since H2 has relatively high vapour pressure even at liquid He temperatures [41], the
standard deposition technique which is usually employed for isolation spectroscopy
of rare gas matrices does not work straightforwardly. Three different techniques
have been developed so far to make transparent parahydrogen matrices [11, 25, 34].
Fajardo et al. have found a condition for growing completely transparent crystals
of millimetre thickness by controlling the deposition rate and the temperature of the
substrate [24, 25]. Recently, Lee et al. developed another deposition technique based
on the supersonic expansion of mixed gas onto the cold surface [34]. Our method of
crystal growth is different from those developed by Fajardo et al. and Lee et al.
We grew our crystals in an enclosed cell [11], which was initially used by Oka et al.
in their high-resolution spectroscopy of solid parahydrogen itself [16].

The enclosed cell is a cylindrical copper cell with both ends closed off by BaF2

windows with indium gaskets. The pure parahydrogen gas containing orthohydrogen
of less than 0.05% was obtained by passing high purity (>99.9995%) normal hydrogen
gas through an ortho–para converter operated at 14K. Details of the converter are
described in a previous review article [11]. About 10 PPM of dopant gas was mixed
with the converted hydrogen gas at room temperature. Subsequently, the mixed gas
was continuously introduced through a thin stainless inlet tube into the copper cell
installed under the cold surface of a standard liquid He optical cryostat. A small
percentage of the dopant molecule escapes condensation in the inlet tube and becomes
incorporated into the parahydrogen solid. The temperature of the sample cell was
kept at around 7–8K during the growth of the crystal. The sample was then cooled
to �4K for observation. All the measurements in this article were done at around
4.5K. The crystal grown in this manner was completely transparent.

For the photolysis of methyl iodide, we used a low-pressure 20W mercury lamp,
which emits UV light at 253.7 nm and 184.9 nm. To effect the selective photolysis
at 253.7 nm, a Toshiba UV-25 cutoff filter was used. Since the filter transmits wave-
lengths longer than 200 nm, light at 184.9 nm can be completely cut while light at
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253.7 nm is transmitted by about 60%. For the photolysis of methyl radicals, we used
193 nm UV pulses from an ArF excimer laser (6mJ/pulse, 30Hz).

The infrared absorption spectra were observed by a Fourier transform infrared
(FTIR) spectrometer (Bruker IFS-120H) with a resolution of 0.1 cm�1 or higher.
A globar source, KBr beam splitter and a liquid N2 cooled HgCdTe (MCT) detector
were used for the measurements of absorption spectra in the mid-IR region.

4. Photochemistry of methyl iodide

In the gas phase, methyl iodide is photolysed to a methyl radical and an iodine atom
efficiently by UV photons. On the contrary, it has been reported that photolysis of
methyl iodide in solid Ne does not yield a methyl radical and an iodine by any light
[5–8]. The strong cage effect prevents the photofragments from being separated.

In a series of works, we have shown that alkyl iodide molecules are readily photo-
lysed to alkyl radicals and an iodine atom in solid parahydrogen [9, 19, 36, 42],
which is in remarkable contrast to the conventional rigid rare gas matrices. The advan-
tageous feature of the mitigation of the cage effect in solid parahydrogen is attribut-
able to the quantum nature of solid parahydrogen as described in section 2. A large
lattice constant and a large amplitude of the zero-point lattice vibration makes
solid parahydrogen a spacious and soft lattice for foreign molecules. In addition,
a large thermal conductivity of solid parahydrogen [39] may play an important role;
the excess energy imparted to nascent photofragments could be quickly removed and
the fragments are rapidly frozen to be protected from geminate recombination.

Figure 1 shows the changes of the infrared absorption spectrum of a parahydrogen
crystal containing a small amount of CH3I. Trace (a) is the spectrum as grown and
recorded before UV irradiation. Trace (b) is the spectrum recorded after half-day
irradiation with 253.7 nm photons. Trace (c) is the spectrum recorded after irradiation
with 193 nm UV pulses for 20min. The irradiation at 193 nm was done just after
the half-day irradiation at 253.7 nm.

Absorptions at 2965 cm�1 and 3058 cm�1 (weak) are assigned to the CH stretch-
ing modes of CH3I. A doublet at 3170 cm�1 that appeared after the 253.7 nm irradiation
is assigned to the �3 mode of CH3 radical. Multiple peaks in the region of
3000–3050 cm�1 that appeared after the 193 nm irradiation are assigned to the
�3 mode of CH4.

Figure 2 shows the changes of infrared absorption of a parahydrogen crystal contain-
ing CD3I. The spectra shown in traces (a), (b) and (c) were observed under the same
condition as in figure 1. Traces (d) and (e) are the absorption spectra of isolated
CD3H and CD2H2 in solid parahydrogen observed separately [12]. Since absorptions
corresponding to CD3I appear outside of the range shown in figure 2, no absorp-
tion peaks are seen in trace (a) in figure 2. Multiple peaks in the region of 3390–
3410 cm�1 after the 253.7 nm irradiation are assigned to the �3 þ �4 combination
band of CD3 radical. All the multiple peaks in the spectral range of 2960–3030 cm�1

in trace (c) are assigned to the transitions of CD3H (�1) and CD2H2 (�1 and �6) as
seen in traces (d) and (e).
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Figure 2. Infrared absorption spectra of CD3I in solid parahydrogen in the spectral regions
2 950–3 040 cm�1 and 3 350–3 450 cm�1. Trace (a): the sample as deposited and recorded before UV irradiation
at 253.7 nm. Trace (b): after half-day irradiation with 253.7 nm photons. Trace (c): after subsequent
irradiation with 193 nm photons for 20min. Trace (d): infrared absorption spectrum of isolated CD3H in
solid parahydrogen observed separately. Trace (e): infrared absorption spectrum of isolated CD2H2 in solid
parahydrogen.
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Figure 1. Infrared absorption spectra of CH3I in solid parahydrogen in the spectral region
2 930–3 220 cm�1. Trace (a): the sample as deposited and recorded before UV irradiation. Trace (b): after
half-day irradiation with 253.7 nm photons. Trace (c): after subsequent irradiation with 193 nm photons
for 20min.
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As reviewed in a previous paper [12], the spectral structure of methane in figures 1
and 2 was completely analysed by crystal field theory incorporated with extended
group theory [43]. The analysis revealed that rotational motion of methane is slightly
hindered in solid parahydrogen. The reduction of the rotational constants is only
10% or less from the gas phase values [13].

The spectral structure of CH3 and CD3 radicals seen in trace (c) of figures 1 and 2
are also attributable to the rotational branches subjected to the crystal field fine
splitting. The degeneracy of the quantum number M, which is the projection of rota-
tional angular momentum along the crystal axis, is lifted due to the anisotropic electric
fields of the parahydrogen lattice. Analysis of the spectral structure revealed that
the rotational motion of the methyl radicals is only slightly hindered as in the case
of methane; the reduction of the rotational constants is about 10% from the gas
phase values [44]. The spectrum of the spin–orbit transition of iodine atoms was
also observed at 7638 cm�1 [42], which is not shown here. The spectral structure
of the spin–orbit transition indicated that some of the produced CH3 radicals were
trapped in a crystal lattice very close to an iodine atom, but the rest of the radicals
were completely separated from iodine atoms.

The spectral changes shown in figures 1 and 2 are summarized as follows. The
253.7 nm irradiation of CH3I in solid parahydrogen yielded methyl radicals (CH3)
and iodine atoms (I). Half-day irradiation with 253.7 nm photons from a 20W
low-pressure mercury lamp with a Toshiba UV-25 cutoff filter led to the photodisso-
ciation of most of the iodides into the radicals. The methyl radicals, CH3, thus pro-
duced were completely stable for a few days in solid parahydrogen at 4.5K. No
production of methane was observed at this stage [18, 19]. As for the irradiation of
CD3I by 253.7 nm photons, a small amount of CD3H was observed in addition to
CD3 radicals. The decrease of the absorption of the CD3 radicals was observed in
a time-scale of a week without irradiation of any radiation, and the increase of
the absorption of CD3H was observed concomitantly (see figure 3). Right after the
production of the methyl radicals in solid parahydrogen, the radical was excited by
193 nm UV pulses. Twenty-minute irradiation with UV pulses from an ArF excimer
laser (6mJ/pulse, 30Hz) was enough to destroy most of the radicals. Along with the
destruction of the radicals, the formation of methane CH4 was observed as seen in
figure 1. The 193 nm irradiation of CD3 in solid parahydrogen yielded CD2H2, but
did not yield CD3H as is clearly seen in trace (c) of figure 2.

Reaction schemes consistent with these experiments are as follows.

CH3Iþ h�ð253:7 nmÞ ! CHy3 þ I! CH3 þ I ð1Þ

CH3 þ h�ð193 nmÞ ! CH�3ð
~BB2A01Þ ! CH2ð ~aa

1A1Þ þH ð2Þ

CH2ð ~aa
1A1Þ þH2! CH4 ð3Þ

UV light at 253.7 nm produces methyl radicals with an excess energy (CHy3), but
the radical is deactivated to its ground state quickly as in reaction (1). Since methyl
radicals absorb at wavelengths shorter than 216 nm, to be excited to a 3s Rydberg
state ( ~BB2A01) [45, 46], the deactivated radical reabsorbs light at 193 nm as in
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reaction (2). The excited radical in the ~BB state dissociates into a singlet methylene ( ~aa1A1)
and a hydrogen atom (2S) [47, 48], the former executing the insertion reaction with
a nearby hydrogen molecule to be methane as in reaction (3) [49].

A subpicosecond dynamics study [47] and photofragment translational spectro-
scopic study [48] in the ~BB2A01 state of the methyl radical have disclosed a rapid dissocia-
tion into single methylene [CH2 ( ~aa1A1)] and H. The barrier height of this dissociation
in the ~BB state is estimated to be 2200 cm�1 [47]. Since the photon energy of 193 nm
radiation (51 800 cm�1) is sufficiently larger than the dissociation barrier height of
48 500 cm�1 measured from the ground state of methyl radical, there should be ample
energetic allowance for the whole sequence of reaction (2). Once singlet methylene
is formed, it reacts with a nearby hydrogen molecule directly with no barrier as in
reaction (3) [50].

One may conceive that the kinetic methyl radicals CHy3 in reaction (1) undergo the
collision-induced reaction (4) below.

CHy3 þH2! CH4 þH ð4Þ

302030103000299029802970
cm−1
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Figure 3. Spectral changes of infrared absorption of CD3 (left) and CD3H (right) in solid parahydrogen.
The sample was kept at 4.5K in a completely dark condition except for the recording period of each
FTIR spectrum. The CD3 radical was prepared by the in situ photolysis of CD3I in solid parahydrogen.
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Translational and internal energy partitioning in the methyl and iodine fragments
formed from photodissociation of methyl iodide in the A-band region has been
extensively studied using time-of-flight (TOF) [51, 52] and velocity mapping measure-
ments [53] as well as using high-resolution infrared diode laser spectroscopy [54].
The n! �� electronic excitation to the lowest lying A-band absorption leads to two
dissociation channels, that is, CH3þ I*(2P1/2) and CH3þ I(2P3/2). Methyl radicals
produced in conjunction with I(2P3/2) have higher excess energy. Referring to the
measurements of kinetic energy distributions of CH3 radicals at various dissociation
wavelengths in the range 240–330 nm [53], the kinetic energy of CH3 radical frag-
ments in the v¼ 0 vibrational ground state produced in conjunction with I(2P3/2) is
estimated to be about 18 000 cm�1 by the excitation of 253.7 nm radiation, while that
in conjunction with I*(2P1/2) is about 11 000 cm�1. Since the activation energy of
the thermal reaction between a methyl radical and a hydrogen molecule is known to
be less than 5000 cm�1 [55, 56] which is by far smaller than the kinetic energies of
the CH3 radical fragments, the collision-induced reaction (4) is energetically allowed
for the CH3 radicals produced by both channels. However, the possibility of reaction
(4) is completely ruled out as no absorption of CH4 was observed in trace (b) in
figure 1. The failure of the formation of methane at 253.7 nm indicates that the conver-
sion from the translational energy of CHy3 to the internal energy for the large-amplitude
motion to accomplish reaction (4) is inefficient. Instead, the translational energy of
CHy3 is probably rapidly transferred to phonons of solid hydrogen. The presumed
rapid dissipation of the excess energy to phonons is probably due to the distinctly
high thermal conductivity of solid parahydrogen [39].

The abstraction of a hydrogen atom from a hydrogen molecule by the excited radical
in the ~BB state is also conceivable for the production of methane as in reaction (5).

CH�3ð
~BB2A01Þ þH2! CH4 þH ð5Þ

However, the possibility of reaction (5) can be ruled out by the parallel study of
photolysis of CD3I in solid parahydrogen. In the deuterated system, the production
of CD3H is expected by the deuterated analogue of the abstraction reaction (5), but
no appreciable increase of the absorption of CD3H was observed in trace (c) of
figure 2, which indicates that reaction (5) cannot be dominant.

Another possibility for the production of methane is the reaction of methyl radicals
in the electronic ground state with nearby hydrogen molecules:

CH3ð ~XX2A002Þ þH2! CH4 þH ð6Þ

The reaction (6) must proceed via tunnelling [18, 23], which will be discussed in
section 6 in detail. In the case of deuterated CD3, we found that the reaction actually
took place in a time-scale of a few days. The small absorption of CD3H in trace (b)
of figure 2 is entirely attributable to methane produced by the tunnelling reaction
(6). On the other hand, CH3 did not react with nearby hydrogen molecules even
after a week; see section 6. In any case, the time-scale of reaction (6) is one or
more orders of magnitude longer than the time-scale of experiments shown in
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figures 1 and 2; it is concluded that the methane molecules observed in trace (c) of
figures 1 and 2 were not produced by reaction (6).

A hydrogen atom, H, produced by reaction (3) may migrate in solid parahydrogen
to encounter another radical to produce methane.

CH3 þH! CH4 ð7Þ

The diffusion rate of a hydrogen atom in our sample was experimentally determined
from the photolysis study of NO [22]. The rate at about 5K was such that migrated
H atoms encounter an impurity molecule in a time-scale of about 1000min. in a
sample containing 1� 1021 molecules m�3 of impurities. The CH3 radicals, however,
were found to stay in any crystal over a week after UV irradiation, which implies
that the reaction (7) cannot be dominant [18, 19]. In fact, most hydrogen atoms
recombined with iodine atoms to produce HI as evidenced in the spectral change of
the spin–orbit absorption of iodine atoms.

In summary, the photolysis of methyl iodides and methyl radicals took place
efficiently in solid parahydrogen, and the reaction schemes are exclusively those
shown in reactions (1), (2) and (3).

5. Nuclear spin selection rule in chemical reactions

It has been discussed that nuclear spin angular momentum is conserved in chemical
processes, where particle rearrangements occur [57, 58]. The nuclear spin selection
rule in chemical reactions plays an important role in various fields, especially in
interstellar chemistry [59–64]. Observation of the abundance of each nuclear spin
state of a molecule provides a key to understanding the formation of the molecule
in interstellar space.

Despite the importance of the selection rule, only a few experimental studies have
been reported so far on the quantitative analysis of the nuclear spin modification
during chemical reactions [36, 65–71]. Selective generation of ortho-H2 by the photo-
dissociation of ortho-H2CO [68, 69] provides evidence for nuclear spin conservation.
Other evidence is the nuclear spin selection rule in an ion–molecule reaction
Hþ2 þH2! Hþ3 þH [70, 71]. Nevertheless, these experiments were performed at
relatively high temperature, where the thermal distribution of each rotational level of
molecules made the analysis quite complicated.

The consecutive reactions (2) and (3) described in the previous section are an
ideal system to examine the nuclear spin selection rule in chemical reactions [36].
The methyl radical, CH3, has two distinct nuclear spin states of I ¼ 3=2 and I ¼ 1=2,
while methylene, CH2, and the hydrogen molecule, H2, have two nuclear spin states
of I¼ 1 and I¼ 0, respectively. Methane, CH4, has three different nuclear spin
states, that is, I ¼ 2(A), I ¼ 1(F ), and I ¼ 0(E ) [72]. Since the reactants CH3 occupy
only the lowest rotational level at 4.5K, one can easily examine the conservation rule
from the intensity of high-resolution infrared absorption spectrum of the
product (CH4).
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Methane, CH4, has three different nuclear spin states, and each nuclear spin
state couples to particular rotational states. The J¼ 0 rotational state of CH4 couples
to the I¼ 2 nuclear spin state, the J¼ 1 couples to the I ¼ 1 state, the J¼ 2 couples
to both the I¼ 1 and I¼ 0 states, and so on [72]. In other words, the lowest rotational
state of each nuclear spin state is the J¼ 0 state for the I¼ 2 nuclear spin state, the
J¼ 1 state for the I¼ 1 state, and the J¼ 2 state for the I¼ 0 state. Thus, the population
of each nuclear spin state can be determined directly from the intensities of rotationally
resolved infrared absorption spectra at low temperature.

In order to determine the population ratio from the intensity of each rotational
branch, one must know the absolute transition intensity of each transition. However,
there is always some ambiguity in determining the absolute transition intensity espe-
cially in condensed phases. In this study, instead of using the information of absolute
intensity, we determined the population ratio of each nuclear spin state from the
analysis of nuclear spin conversion of methane in solid parahydrogen [36].

As we discussed in separate papers [73–75], conversion among the three nuclear
spin states of CH4 takes place in solid parahydrogen. Relaxation from the J¼ 2,
I¼ 0 state to lower states was extremely fast, so that we never observed absorption
from the J¼ 2, I¼ 0 state. On the other hand, relaxation from the J¼ 1, I¼ 1 state
to the J¼ 0, I¼ 2 state took place in a time-scale of a day. Temporal changes of the
mole fraction c(t) of the I¼ 2 nuclear spin state were well fitted with the function

cðtÞ ¼ ½cð0Þ � cð1Þ� expð�ktÞ þ cð1Þ, ð8Þ

where c(0) and c(1) are the mole fraction at t¼ 0 and t ¼ 1, respectively, and k is
the conversion rate, which is a function of temperature. The rate at 4.6K was found
to be k¼ 2.8� 10�3min�1 [75].

In the present reaction system, the initial nuclear spin population of CH4 just
after the reaction can be obtained from the value of c(0) in equation (8). Since the
population in the I¼ 0 nuclear spin state is negligible, the ratio cð0Þ=ð1� cð0ÞÞ corre-
sponds to the population ratio between the I ¼ 2 and I ¼ 1 states. Note that the
population in the I¼ 1 nuclear spin state we observed should be considered as the
sum of the population of the I¼ 1 and I¼ 0 nuclear spin states after the reaction,
since all the J¼ 2, I¼ 0 state had relaxed to the J¼ 1, I¼ 1 state within our experi-
mental time-scale [75].

From the analysis of the nuclear spin conversion, the initial mole fraction of the
I¼ 2 state just after the reactions was obtained to be c(0)¼ 0.19� 0.01 [36]. The
uncertainty in the fraction was estimated to be less than 5%. Therefore, it is concluded
that the population of each nuclear spin state of CH4 just after the consecutive reactions
(2) and (3) was ½I ¼ 2� : ð½I ¼ 1� þ ½I ¼ 0�Þ ¼ 0:2 : 0:8 with an uncertainty of 5%.

The initial population ratio of ½I ¼ 2� : ð½I ¼ 1� þ ½I ¼ 0�Þ ¼ 0:2 : 0:8 is significantly
different from the equilibrium ratio at the high temperature limit of ½I ¼ 2� :
½I ¼ 1� : ½I ¼ 0� ¼ 0:31 : 0:56 : 0:13 [76, 77], or ½I ¼ 2� : ð½I ¼ 1� þ ½I ¼ 0�Þ ¼ 0:31 : 0:69.
Furthermore, it is also significantly different from the equilibrium population ratio
at 4.6K of ½I ¼ 2� : ½I ¼ 1� : ½I ¼ 0� ¼ 0:9 : 0:1 : 0:0. If there is no selection rule on the
nuclear spin modification in the chemical reaction, the initial population must be that
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of the high temperature limit because of the excess energy in reactions (2) and (3). The
significant population in the I¼ 1 state after the reaction indicates that the nuclear spin
selection rule does exist in the present reaction system.

What population ratio would we expect if nuclear spin is conserved during the
processes that led from the CH3 precursor to the CH4 product? The nuclear spin
selection rule in the photodissociation reaction (2) predicted by the theory is shown
in table 1(a) [36]. The I ¼ 1=2 CH3 radical produces both the I¼ 0 and I¼ 1 nuclear
spin states of CH2, while the I ¼ 3=2 radical results in only the I¼ 1 state of CH2.
Table 1(b) lists the nuclear spin selection rule in reaction (3). We assumed that
reaction (3) is the insertion reaction as in the gas phase [49].

The nuclear spin of the N¼ 0, K¼ 0 rotational state of the methyl radical in
the ground electronic state is I ¼ 3=2, while that of the N¼ 1, K¼ 1 state is I ¼ 1=2
[72]. The analysis of the infrared absorption of CH3 in solid parahydrogen revealed
that all the radicals were in the N¼ 0, K¼ 0 lowest rotational state in solid para-
hydrogen. Although the N¼ 1, K¼ 1 state is the lowest rotational state for the
I ¼ 1=2 methyl radical, nuclear spin conversion from the I ¼ 1=2 state to the I ¼ 3=2
state must be fast enough, so that all the radicals relax into the N¼ 0, K¼ 0 ground
rotational state before the initiation of photolysis at 193 nm.

Since the methyl radical in the present system occupied the I ¼ 3=2 state only, the
nuclear spin state of 1CH2 produced by the UV irradiation is I¼ 1 exclusively as
shown in table 1(a). Then, the produced 1CH2 undergoes the insertion reaction with
a hydrogen molecule H2. Since more than 99.9% of hydrogen molecules in
our sample were parahydrogen (I¼ 0), only the I¼ 1 CH4 is produced after the
reaction (3) as shown in table 1(b). In summary, the nuclear spin states relevant to
the present system are exclusively

2CH3ðI ¼ 3=2Þ ! 1CH2ðI ¼ 1Þ þH ð9Þ

and

1CH2ðI ¼ 1Þ þH2ðI ¼ 0Þ ! CH4ðI ¼ 1Þ ð10Þ

Thus, the population of CH4 after the reaction is expected to be ½I ¼ 2� : ½I ¼ 1� :
½I ¼ 0� ¼ 0:0 : 1:0 : 0:0, if the nuclear spin conservation rule is perfect. The observed

Table 1. (a) Ratio of the nuclear spin isomers of 1CH2 produced
by the photolysis of CH3. (b) Ratio of the nuclear spin isomers

of CH4 after the insertion reaction of 1CH2þH2!CH4.

(a) CH3 !
1CH2 þ H

[I¼ 0] : [I¼ 1]

I¼ 1/2 1 : 1
I¼ 3/2 0 : 1

(b) 1CH2 þ H2 ! CH4

[I¼ 2] : [I¼ 1] : [I¼ 0]

I¼ 0 I¼ 0 0 : 0 : 1
I¼ 1 I¼ 0 0 : 1 : 0
I¼ 0 I¼ 1 0 : 1 : 0
I¼ 1 I¼ 1 1 : 1 : 1
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80% population in the I¼ 1 state after the reaction clearly indicates that the nuclear
spin selection rule does exist in the present reaction system.

Note that we have observed about 20% population in the I¼ 2 state of CH4 just
after the reaction, which is not predicted by the theory. One possible explanation
for the production of the I¼ 2 state is that the nuclear spin selection rule is partially
violated in the present reaction system. Another explanation is that, although
the nuclear spin selection rule holds perfectly, the reaction mechanism in solid para-
hydrogen is different from that in the gas phase. As for the latter possibility, if the
reaction between a methylene and a hydrogen molecule is not the insertion reaction,
but a successive abstraction reaction

CH2 þH2! CH3 þH! CH4 ð11Þ

the production of the I¼ 2 nuclear spin state is expected. Table 2 summarizes the
nuclear spin selection rule involved in the above stepwise reaction [36]. The I¼ 2
CH4 is produced by the reaction between the I ¼ 3=2 CH3 radical and I ¼ 1=2 H
atom. The stepwise reaction of the I¼ 1 CH2 and I¼ 0 H2 results in the nuclear spin
population of CH4 as ½I ¼ 2� : ½I ¼ 1� : ½I ¼ 0� ¼ 0:25 : 0:5 : 0:25, or ½I ¼ 2� : ð½I ¼ 1� þ
½I ¼ 0�Þ ¼ 0:25 : 0:75. Thus, a combination of the insertion reaction (3) and the
abstraction reaction (11) might explain the 20% population in the I¼ 2 state produced
by the UV photolysis of CH3.

It is known that the reaction between a singlet methylene 1CH2 and a hydrogen
molecule H2 is the insertion reaction, while the reaction between a triplet methylene
3CH2 and a hydrogen molecule H2 is the abstraction reaction [78, 79]. Thus, if some
of the singlet methylenes 1CH2 relax to the triplet state before the reaction with H2,
the I¼ 2 CH4 could be produced by the stepwise reaction in reaction (11). However,
the possibility of the reaction path via 3CH2 may be denied, since the relaxation rate
from the singlet 1CH2 to the triplet 3CH2 is two orders of magnitude slower than the
rate of the insertion reaction [49, 80]. In fact, no infrared absorption corresponding
to 3CH2 [81] was observed at any stage of the present experiment.

Table 2. (a) Ratio of the nuclear spin isomers of CH3 produced
by the abstraction reaction of CH2þH2!CH3þH. (b) Ratio

of the nuclear spin isomers of CH4 after the reaction of
CH3þH!CH4.

(a) CH2 þ H2 ! CH3 þ H
[I¼ 3/2] : [I¼ 3/2]

I¼ 0 I¼ 0 0 : 1
I¼ 1 I¼ 0 1 : 1
I¼ 0 I¼ 1 1 : 1
I¼ 1 I¼ 1 1 : 1

(b) CH3 þ H ! CH4

[I¼ 2] : [I¼ 1] : [I¼ 0]

I¼ 3/2 I¼ 1/2 1 : 1 : 0
I¼ 1/2 I¼ 1/2 0 : 1 : 1
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Nevertheless, because of the proximity between CH2 and H2 in the solid, the
stepwise reaction in reaction (11) may proceed even via 1CH2 as a result of the long
interaction time between CH2 and H2. The wavefunction of H2 could partially overlap
with CH2 due to the large amplitude of zero-point lattice vibrations, which may
induce the abstraction reaction instead of the insertion reaction. The long interaction
time between reactants is one of the important features of low-temperature chemistry,
which could open different reaction pathways that are supposed to be forbidden at
high temperatures.

In any case, the experimental result indicated clearly and definitively that the nuclear
spin selection rule does exist, but the rule seems to be partially violated in the present
system. Further studies, both theoretically and experimentally, are necessary for more
quantitative understanding of the present reaction system, from which we would obtain
further information on the nuclear spin selection rule in chemical reactions as well
as chemical reactions at low temperatures.

6. Tunnelling chemical reactions

Other important evidence of the reaction relevant to the present system is the
reaction of a methyl radical in the ground electronic state with a nearby hydrogen
molecule (reaction 6). Since the activation energy of the above reaction is estimated
to be 11–14 kcalmol�1 (’ 5500–7000K) [55, 56], the occurrence of reaction (6)
at 4.5K must be ascribed exclusively to pure tunnelling.

Tunnelling reaction is the reaction through a barrier, which is a pure quantum
effect. The existence of tunnelling effects in chemical reactions was first discussed by
Wigner [82]. Many theoretical works have been reported since then [83–85], whereas
few direct indications of tunnelling effects in chemical reactions have been observed
experimentally. Most studies were done at high temperatures, where thermally acti-
vated reactions suppress the possible tunnelling pathways. Under normal conditions,
the tunnelling effect in chemical reactions is barely obtained.

In the present system, we have obtained direct evidence of the tunnelling reaction
of the type XþH2!XHþH. We have studied reactions of all isotopomeric
radicals CD3, CD2H, CDH2 and CH3, and found a clear effect of deuteration on
tunnelling rate as described below [18, 23].

Figure 3 shows the temporal behaviour of the absorption of CD3 and CD3H in
a sample kept at 4.5K without being irradiated by any photons. A decrease in the
absorption intensity of CD3 and concomitant increase in the intensity of CD3H
were observed over a span of about one week. It is clear that CD3 reacted with
surrounding hydrogen molecules through the tunnelling reaction

CD3 þH2 ! CD3HþH ð12Þ

We have observed similar spectral changes in the systems of CD2H and CDH2. On the
other hand, no appreciable changes in the intensity of CH3 and CH4 were observed
under the same conditions. Figure 4 shows the plot of intensity of CH3 in a sample
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kept at 4.5K. No appreciable changes in the intensity of CH3 were observed over a
few days, indicating that the tunnelling reaction between the CH3 radical and para-
hydrogen does not occur or is too slow to detect in our experimental time-scale.

CH3 þH2 6! CH4 þH ð13Þ

The temporal changes of the intensity of CD3 and CD3H shown in figure 3 were
found to be well described by the following equations,

ICD3
ðtÞ ¼ Ce�kt ð14Þ

ICD3HðtÞ ¼ C0ð1� C00e�ktÞ ð15Þ

except for the minor contribution of other reactions initiated by the presence of
an iodine atom [23]. Here, k is the first-order reaction rate, and C, C0, and C00 are
arbitrary constants. Although the reaction (12) is a bimolecular reaction, the reaction
in the present system should be treated as a unimolecular reaction, because the
reaction rate in the present system does not depend on the concentration of H2;
all the radicals were surrounded by 12 H2 molecules with an equal distance of
�3.8 Å at all times. The first-order rate constants k determined by the least-squares
fitting of the above equations for each deuterated system are listed in table 3(a).
Note that the rate listed for CH3 in table 3 is the upper limit of the tunnelling rate.

The crux of the present work is the finding that the reaction of CD3 took place
while the reaction of CH3 did not under the same experimental conditions.
Furthermore, the tunnelling rate increases as the degree of deuteration of the radicals
increase.
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Figure 4. Temporal behaviour of the intensity of the �3 and �4 absorption of CH3 in solid parahydrogen.
The sample was kept at 4.5K in a completely dark condition except for the recording period of each
FTIR spectrum.
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The clear cut-off difference between CH3 and other deuterated systems may be
ascribed to the difference in the enthalpy including the zero-point energies of the
reactants and products [18, 23]. The reaction between the methyl radical and hydrogen
molecule is nearly thermoneutral since the zero-point dissociation energies of H2

(D0¼ 4.4781 eV) [86] and CH4 (D0¼ 4.406 eV) [45] are very close. Consequently, the
small difference in zero-point vibrational energies would cause a drastic change in
the occurrence of the tunnelling reactions. The differences of zero-point energies
between the reactants and products are estimated to be 881 cm�1, 949 cm�1,
1005 cm�1, and 1060 cm�1 for the CD3, CD2H, CDH2, and CH3 system, respectively,
where a positive value means that the zero-point vibrational energy of products is
larger than that of reactants. The difference of the total electronic energies of the
reactants and products without the zero-point energy correction is so close that it is
not yet certain. Assuming that the total electronic energy of the reactants without
zero-point correction is, for example, 1050 cm�1 higher than that of the products, the
reactions of CD3, CD2H, and CDH2 are all endothermic, while the reaction of CH3

is exothermic by 10 cm�1 due to the zero-point energy correction. When the total
energy of the products including the zero-point energy is higher than that of the reac-
tants, no reaction between the radical and H2 is expected. Since the reactants and pro-
ducts in the present system are not freely moving as in the gas phase, but are trapped in
cages formed by the parahydrogen matrix, the actual endothermicity could be slightly
different from that in the gas phase. For example, the H atom that is produced in the
reaction may contribute an additional zero-point contribution to the product side
of the reaction. In any case, the difference in zero-point vibrational energies could be
the origin of the clear-cut difference between CH3 and other systems.

The difference in the potential energy surface of the whole reaction path may also
explain the increase of the tunnelling rate by increasing the degree of deuteration.
The potential energy surface of the whole reaction path is slightly different for different
degrees of deuteration due to the difference in zero-point vibrations. Tunnelling rate
must be sensitive to such small differences in the potential energy surfaces. Recent
theoretical calculations predicted the difference in reaction rates between CH3 and

Table 3. First-order rate constants of the tunnelling reaction of XþH2!XHþH (X¼CD3, CD2H,
CDH2 and CH3). The numbers in the table represent the first-order rate constant (k) in units of s�1.

CD3 CD2H CDH2 CH3

(a) without filters 3.2� 10�6 1.3� 10�6 1.0� 10�6 <1� 10�8 (c)

(b) with a filter
2 170–3 905 cm�1 3.5� 10�6 2.0� 10�6 – –
1 330–2 240 cm�1 – – 1.0� 10�6 –
785–1 390 cm�1 3.5� 10�6 – – –

(a) No filters were used during the recording of FTIR spectra. The sample was exposed to a weak IR source of
700–7 500 cm�1 during the recording.
(b) A filter transmitting the range specified in the first column was placed between the globar source and the sample.
There are several absorptions corresponding to the stretching and bending motion of both methyl radicals and methane
molecules in the regions of 2 170–3 905 cm�1 and 1 330–2 240 cm�1. There is only one absorption corresponding to the
bending motion of CD3H molecules, but no absorption of CD3 in the region of 785–1 390 cm�1.
(c) Upper limit of the rate constant.

548 T. Momose et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



CD3 by one order of magnitude [56]. However, the difference in the tunnelling rate
between CH3 and CD3 is still smaller than that determined experimentally (more
than two orders of magnitude). More precise theoretical study is indispensable in
order to understand the clear dependence on the degree of deuteration.

Note that the nuclear spin selection rule described in the previous section could play
a role in the clear-cut difference between CH3 and other deuterated systems. If the
tunnelling reaction takes place via a CH5 intermediate molecule, the nuclear spin selec-
tion rule relevant to the present system becomes

CH3ðI ¼ 3=2Þ þH2ðI ¼ 0Þ ! CH5ðI ¼ 3=2Þ ! CH4ðI ¼ 1Þ þH ð16Þ

Therefore, the lowest J¼ 0, I¼ 2 state is not accessible due to the selection rule, while
the J¼ 1, I¼ 1 CH4 is accessible whose energy is about 8.8 cm�1 higher than the
lowest state [13]. The difference of 8.8 cm�1 is small compared with the difference in
zero-point energies, but the selection rule actually makes the tunnelling reaction (16)
slightly unfavourable. On the other hand, if the reaction is a one-step abstraction
reaction as in reaction (6), all the nuclear spin isomers of methane are expected to be
produced directly, and therefore the nuclear spin selection rule does not play any
role in the effect of deuteration.

Another possible selection rule is that imposed by the quantum statistics, as the
present reactants and products consist of different numbers of fermions (H) and
bosons (D) [87]. However, it is too early to discuss this kind of selection rule in the
chemical reaction of polyatomic molecules at the moment.

One thing we would like to point out is that the weak probe IR light was found to
affect the tunnelling rates slightly. The effect of probe light on the tunnelling rate
is summarized in table 3(b). A disadvantage of using an FTIR spectrometer for the
observation of the tunnelling reaction is that the sample is exposed to the light
source of the spectrometer during scans. Since the tunnelling rate must depend on
the quantum number of the vibration–rotation states of reactants, excitation by the
light source, although very weak, may change the overall reaction rate. Fortunately,
as shown in table 3, the effect of the light source on the rate of the CD3 and CDH2

systems was found to be negligibly small. On the other hand, a slight increase in the
tunnelling rate of CD2H was observed when the IR beam was filtered out except
for the region of 2170–3905 cm�1 as shown in table 3. The tunnelling effect is so
sensitive that negligibly small changes of environment induced by the weak probe IR
light may affect the tunnelling rate. However, it remains totally unexplained at the
moment. The problem awaits further studies.

Quantum tunnelling in chemical reactions has long attracted chemists’ interest
[83–85]. The nonlinearity of the Arrhenius plot of reaction rate constant versus the
inverse of temperature is taken customarily as an indication of the involvement of
tunnelling. However, the nonlinearity itself should not necessarily be attributed to
tunnelling because of other possible causes such as the temperature dependent effect
of the environment. Therefore, convincing evidence for tunnelling based on the
temperature dependence of reaction rate constants is scarce [88]. Studies of chemical
reactions in solid parahydrogen will contribute to answering this long-standing
question.
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7. Conclusion

This article surveys our recent work on photolysis of methyl iodide and subsequent
reactions in solid parahydrogen. There remain many unsolved problems even in such
a simple reaction system as described in this article. Low-temperature chemistry is
becoming important in connection with molecular evolution in interstellar space [89]
as well as recent developments in making cold molecules [90, 91]. Studies of chemical
reactions in solid parahydrogen, or quantum crystals, is undoubtedly a potential
method for the understanding of nature of low-temperature chemistry.
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