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Resear ch of chemical reactionsin supercritical fluids
Okitsugu Kajimoto

Okitsugu Kajimoto was bornin 1942. Hereceived his Bachelor of Science in 1965 and Master of Engineering in 1967 from
Kyoto University and then completed his Ph.D. at Osaka University in 1972 while he was appointed as a research associate
at School of Engineering Science, Osaka University (1967-1881). In 1981, he moved to the University of Tokyo as Associated
Professor and started the study of intracluster reactions using supersonic jet technique. In 1991, he joined Graduate School
of Science, Kyoto University as Professor of Chemistry. His current interests lie in the reactions and energy transfer in
supercritical fluids. He was named the project head of 'Reactions in Supercritical Fluids sponsored by Japan Science and
Technology Corporation (1997-2002). He was awarded Japan Photochemical Society Prize in 1990 and Japan Chemical
Society for Creative Work Prize in 1993.

(1) Development of a flow NMR probe for studying reactions in supercritical water: We have
developed a high-temperature and high-pressure flow NMR probe for in situ observation of reacting
species and for the determination of rate constants of reactions in supercritical water (SCW). By
mixing hot SCW with aqueous sample solution within the super conducting magnet, SCW of specific
temperatures and densities can be produced instantaneously, which enables the determination of rate
constants. A schematic diagram of the whole system of the flow-NMR is given in Fig. 1. The
sample tube is made of Si3N4 and durable to 500°C and 50 MPa. The temperature fluctuation of
reacting solution is minimized to less than 1°C with two heaters and hot N, gas flow. The large 'H
signal of water is suppressed to less than 1/400 with the use of binomial Rf pulse sequence and
consequently low concentration products can be detected. ~ Fig. 2 shows the NMR signal recorded
during the Claisen rearrangement of allyl phenyl ether (APE). In comparison with the upper spectrum,
the lower spectrum has much improved S/N ratio because of the adoption of the binomial sequence
method. By changing the flow rate, we can directly follow the time dependence of the
reactant/product species. In the present case, the 1st-order plot of the reactant APE as shown in Fig.
3 gave a beautiful straight line to give the rate constants at various temperatures. Using these rate
constants, we succeeded to determine the activation energy of the Claisen rearrangement of APE in
subcritical water to be 25.5+1.0 kcal/mol.

(2) Observation of radical reactions in supercritical fluids: Regarding the reaction mechanism in
hot water, ionic mechanism is considered to be dominant in subcritical water while in
high-temperature supercritical water radical mechanism is more important as reported for supercritical
oxidation reactions. However, in supercritical water near the critical point, the occurrence of radical
reactions is still a controversial topic. To explore the contribution of radical species to reactions in
supercritical water, we have constructed a laser flash photolysis system for detecting transient
absorption spectrum, intending the observation of the generation and decay of radical species in SCW.
Although we have not yet succeeded in operating the system at SCW temperatures, the transient
absorption spectra of substituted vinyl radical and cation have already been detected in supercritical
CF;H of various densities. Fig. 4 depicts the transient absorption spectra of 4,4’-methoxyphenyl-
benzhydryl cation and radical which is generated by the photolysis of 4,4’-methoxyphenyl-
benzhydryl bromide in supercritical CF;H. From the time dependence of each spectrum, we

evaluated the rates of the recombination reactions of these two species at various fluid densities as



given in Fig. 5. The figure clearly indicates that the rate constant of the ionic species is significantly
suppressed in the middle density range as compared with that of radical species. This tendency
suggests that the ionic species are quite sensitive to the local density enhancement of supercritical

fluid near the critical point.
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Table 1. Free ICl calculation based on the SSE for the helium atom

Iteration Mn? Ritz energy Optimal o
0 1 -2.847 656 250 1.6875
1 6 -2.901 577 012 1.6728
2 26 -2.903 708 675 1.8803
3 74 -2.903 723 901 2.0330
4 159 -2.903 724 347 2.1998
5 291 -2.903 724 373 2.3307
6 481 -2.903 724 376 2.4862
Best value -2.903 724 377

#Number of independent functions
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Exact Wave Function, Theoretical Fine Spectroscopy, and Bio-molecular

Photochemistry
Hiroshi Nakatsuji

Born in 1943. He received his Ph.D. degree from Kyoto University. He was a research associate (department of Hydrocarbon
Chemistry), an associate professor (division of Molecular Engineering), and a professor in the department of Synthetic
Chemistry, Faculty of Engineering, Kyoto University (1990). Now he has been a professor in the department of Synthetic
Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University (1994-). He was also a visiting
professor in Tokyo Institute of Technology (1992-1993) and Tokyo University (1996-1998). He has been a vice-director
(2002-2003) and a director (2004-) of Fukui Institute for Fundamental Chemistry. He has been a member of the International
Academy of Quantum Molecular Science (1993-), a Board of Director, International Society of Theoretical Chemical Physics
(1994-), and an editor of Journal of Computational Chemistry (2000-).

(1) General method of calculating the exact wave function:

Solving the Schrodinger equation (SE) is a central theme of the theoretical chemistry because of its
scientific and practical importance. But it was generally thought that to solve the SE analytically is
very difficult. Recently, we studied the structure of exact wave function and proposed the method for
solving the SE analytically. According to our series of studies, the exact wave function can be obtained
with the ICI or SECC method. To obtain the analytical wave function of atoms and molecules, we
have to overcome the singularity problem that arises from the Coulomb interaction in Hamiltonian.
One solution for this problem is to introduce the inverse SE. How to represent the inverse Hamiltonian
in a closed and compact form is, however, another problem. We introduced scaled Schrédinger
equation (SSE) as anew general solution of these problems. The SSE is equivalent to SE. The free ICI
method associated with SSE produces highly accurate solution and gives good convergence. This
study established a general method obtaining the analytical solution of SE: the highly accurate
variational wave function was obtained automatically.

(2) Theoretical fine spectroscopy with SAC-CI method on Gaussian 03:

The SAC-CI method describes the various electronic states including the excited, ionized,
electron-attached, and high-spin states in high accuracy. The SAC-CI program has been incorporated
in Gaussin03 suite of programs and has been established as a useful method for studying molecular
excited states. The analytical energy gradient is available for al the electronic states and therefore, we
can study the geometry relaxation and chemical reaction dynamics. We extensively performed
theoretical fine spectroscopy for the excited and ionized states with SAC-CI method; both valence and
inner-shell electronic processes are studied in details.



(3) Mechanism of Color Tuning in Retinal Proteins: SAC-CI and QM/MM Sudy:

In order to understand the color-tuning mechanism in the retinal proteins, SAC-CI and QM/MM
methods were applied to calculations of the absorption peaks of the five retinal proteins, Bovine
rhodopsin (Rh), bacteriorhodopsin (bR) in BR, K, and KL states, and sensory rhodopsin Il (sRIl). The
SAC-CI results nicely agree with the experimental excitation energies. This is the first theoretical
study which succeeded in accurately and systematically reproduced the electronic absorption peaks of
several retinal proteins. The calculations provide an insight into the mechanism of the color-tuning: the
large blue shifts in Rh and sRIl from BR. The underlying mechanism is completely different, i.e., the
geometric distortion leads to a major part of the shift in Rh, while the protein electrostatic effect
dominates that in sRIl. These results indicate that the present approach is promising for determining
the excitation spectra of the retinal proteins and therefore would be useful for studying the color tuning
of theretinal proteins.
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Science, Kyoto University in 1968, as a Postdoctoral Fellow of Canadian National Research Council through 1977-1978,
and as Associated Professor of Faculty of Science, Kyoto University in 1986. He currently holds full professorship in the
Institute of Chemical Research, Kyoto University since 1994. His research interest is the structure, dynamics, and reactions
of solution using the NMR spectroscopy, with emphasis on extreme conditions including supercritical. He serves as President
of the Japan Society of High Pressure Science and Technology in 2000, and as President of the Japan Society of Solution
Chemistry since 2004. He was given the 2004 award of Japan Society of High Pressure Science and Technology for the
distinguished achievement of NMR in high-pressure and supercritical conditions.

(1) NMR Spectroscopic Evidence for an Intermediate of Formic Acid in the Water-Gas-Shift
Reaction  The water-gas-shift (WGS) reaction (CO + H,O == CO, + H,) is investigated in
connection to formic acid. Using NMR spectroscopy, the reversible decomposition pathways of formic
acid to both sides of the WGS reaction are studied in hot water at 240-260 °C. This reversibility
strongly suggests that formic acid exists as an intermediate in the WGS reaction, and it is indeed
demonstrated that carbon monoxide is treated in hot water to produce formic acid. The present result
enables us to generate and store hydrogen in the liquid form of formic acid and to transform formic
acid to hydrogen in water by tuning the thermodynamic conditions.

(2) Lipid Membrane Dynamics and Drug Transport by High-Field-Gradient, High-Resolution
NMR: Sef-diffusion rates of lipids and a trapped endocrine disruptor, bisphenol A (BPA), are
determined in fluid lipid membranes. Micelles and vesicles of 3- to 400-nm diameters are used as
model membranes, to get an insight into the molecular diffusion in such soft environments. We have
specially designed a high-power field gradient probe for a 600 MHz apparatus. The probe can exert a
field gradient up to 1350 G/cm, which is sufficient to monitor dynamic events in highly viscous cell
membrane. The motion of BPA is not rapid in membrane but 10 to 50 times slower than that in water.
The BPA mobility is almost equal to the membrane lipid diffusion. It isin sharp contrast to the motion
of benzene and toluene in membrane, which diffuse faster than the lipid matrices (Figure 2). The
slowdown of BPA and lipid motions is leveled off in 100- and 400-nm vesicles, although the
hydrodynamic continuum model gives the molecular motion slowed inversely to the lipid particle size.
Instead, the limited motion is related to the intra-membrane fluidity. The self-diffusion rates of
akylbenzenes and alkylphenols, anesthetics, and channel peptides are also successfully determined in
membranes.
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Precise analysis of the structural transfor mation
New halogen reaction mechanismsin thetroposphere

Masahiro Kawasaki
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photodissociation dynamics, elementary reactions and atmospheric radical reactions.

1. Atmospheric reactions of dimethyl sulfide (DM S)
1.1. DMSoxidation by thelO radical in the atmosphere

Cavity-ring down measurements
10 radicals react with DMS to form I atoms and dimethylsulfoxide (DMSO) with a yield of almost unity,
which undergoes further oxidation to give aerosols and condensation nuclei as shown in Fig.1:

10 + CH;SCH; — 1+ CH;S(O)CHs. (1)

The measured rate constants for the IO + DMS reaction are pressure-dependent, e.g., k; = 25 x 10™* and
1.0 x 10™ cm’® molecule™ s at 100 and 5 Torr, respectively. The value at 5 Torr corresponds to the
NASA recommendation value of 1.2 x 10" c¢m® molecule” s , which is based on the low-pressure
measurements (< 2 Torr). At about 100 Torr total pressure, the reaction reaches almost a high-pressure



limit. Hence, the value determined at 100 Torr can be used as the rate constant for IO + DMS in the
troposphere. The Arrhenius expression for this reaction exhibits a negative activation energy of about
-19 kJ mol', which suggests a mechanism involving a complex intermediate species:

10 + CH,SCH; j_’ [[0-DMS] - I+ CH;S(O)CH;. (2)

1.2 Modd calculations and field measurements

Recent measurements show that concentrations of 1O in the marine boundary layer are much higher
than previously thought, as high as 1.5 x 10° molecules cm™. With the present rate constant of k; = 2.5 x
10" cm® molecule's™, the atmospheric lifetime of DMS with respect to 1O is estimated to be 7 hr while it
is 56 hr with respect to OH with koy = 5.0x10™'% cm® molecule's™ and [OH] = 1.0x10° molecules cm™. We
examine the importance of the IO + DMS reaction rate coefficient within a photochemical box model. The
chemical mechanism utilized in the model includes O;-CO-NMHC-NOx chemical reactions from
Regional Atmospheric Chemistry Mechanism. CH,I, flux is fixed to 1.61x10* molecule cm™ s for 24
hours so that the daytime averaged 10 mixing ratio is calculated to be 2.3 pptv, similar to the observed
average. The 24-hour-averaged DMS mixing ratios are calculated to be 34 pptv. The lower mixing ratio
resulted from the faster chemical loss of DMS because the DMS influx is assumed to be the same among
the runs. The averaged DMS lifetimes are 14 hours. for this run. Using the revised rate coefficient
results in a significantly shorter lifetime (14 hr), clearly emphasizing the importance of the iodine
chemistry. In the base run, DMS is oxidized by OH, NOs, and IO by averages of 40%, 21%, and 39%,

respectively.
1.3. DMSoxidation by the BrO radical in the atmosphere

The rate constant of the reaction of BrO with DMS under atmospheric condition is determined to be ks
=4.6x 10" ¢cm® molecule™ s in 100 Torr of N, diluent at 300 K.

BrO + CH;SCH; — Br+ CH;S(O)CH,; 3)

This value is 1.8 times greater than the NASA data panel's recommendation of k; = 2.6x 10 cm’

molecule” s that is based upon the low pressure data. The Arrhenius expression gives a negative
activation energy (E, = - 9 kJ mol™). These results are in consistent with what are observed in the reaction
of IO with DMS (Ex=- 19 kJ mol™). The magnitude of the negative activation energy suggests a shorter
lived intermediate for BrO-DMS than for IO-DMS. This is consistent with the smaller pressure effect seen
for reaction (3) than for reaction (2). Based on these results, DMS forms adducts with these potential
oxidizers.

This result provides compelling evidence that the NASA recommendation value of ks = 2.6 x 10" cm’

molecule” s which used in present global atmospheric models are too low by approximately a factor of



1.8. It is clear that reaction with BrO radicals is an important sink of DMS and an important source of

DMSO in marine environments.

1.4. A new natural sourceof IO radicalsin the atmosphere

It has been considered that the major source of 10 radicals from MBL is the reaction of an I atom with
s, which is produced by solar photolysis of CH,l,, CH,IBr and CH,ICI. However, the major source of
reactive iodine compounds in the atmosphere is not CH,IX but CH;I with 1-2 Tg year production. In the
daytime atmosphere, the lifetime of CH;l is controlled almost entirely by photodissociation and OH and
Cl initiated attack could account for 10-20% of the removal of CH;l.

CH;I+OH - CHJI+HO. (4)

As suggested indirectly by Masaki et al. the following two-body processes occur for the CH,I radical;

CH,J+0, - I0+HCHO, (5b)
— HCOOH +1, (5¢)
— CHIO + OH. (5d)

By monitoring the absorption of 10 radicals with CRDS, the yield of IO from CH,I + O, is estimated to be
unity in 100 Torr total pressure of N, diluent. Therefore, our results predict that the IO concentration in
the troposphere is affected not only by the photodissociation of CH,IX but also by the reaction of CH;l.

2 Measurement of O(*D) formation from Ozone

We have investigated the quantum yields of O('D) formation from Os in the UV region with VUV-LIF
technique to evaluate a new OH formation process.

There are two primary processes:

O;+hv - 0O('D)+0,
O;+hv > O(CP)+O0,

Thus produced O('D) atoms react with H,O to generate OH radicals that are a key radical in the oxidation
processes:
0('D) + H,0 — 20H

Below 30 km altitude, the UV photodissociation processe t290-330 nm are due to the hot-band of ozone
parent molecules. Hence, the quantum yield of O('D) tormation from hot Os is a strong function of
temperature and also wavelength. In this program, we have obtained reliable data that are quite useful for



accurate estimation of OH radical concentration in the air as shown in Fig. 3. We find that at 20 km

altitude, OH concentration should be increased by 30%.
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(1) Geometries and Bonding Nature of Transition-metal Complexes of Cg and Similar
Conjugated Hydrocarbons

Transition-metal complexes of Cg, such as Pt(PH3)2(Ce), IrClI(CO)(PH3)2(Cso),
RhCI(CO)(PH3)2(Ceo), were theoreticaly investigated with DFT and MP2 to MP4(SDQ)
methods. The DFT method significantly underestimates the binding energy. The best
value of the binding energy of Pt(PH3)2(Cso) is about 47 kcal/mol, which was calculated by
the MP4(SDQ) method with ONIOM technique. This binding energy is much larger than
the previously reported binding energy which was calculated with the DFT and HF methods.
Transition-metal complexes of corannulene, and sumanene were also theoretically
investigated. In these complexes, the DFT method considerably underestimates the binding
energy, whereas the DFT-calculated binding energy of Pt(PH3)2(C2H4) is moderately smaller
than that by the better method. This weak point that is first displayed here results from the
feature that the DFT method overestimates conjugation.



(2) Interesting Reaction Behavior of Transition-metal Complexes of Group 4: Early
transition-metal complexes exhibit reaction behavior different from those of late
transition-metal complexes, in general. Here, we theoretically investigated reaction
mechanism of CpyZr-catalyzed hydrosilylation of akene and compared the reaction
mechanism and reaction behavior with those of late transition metal complexes, such as
Pt(PHs), and RhCI(PH3),. In the CpyZr-catalyzed hydrosilylation of alkene, not only alkene
insertion into the Zr-SiR; bond but also the coupling reaction of Cp,Zr(alkene) with silane
takes place easily to afford Cp,Zr(H)(CH,CH,SiR3) and Cp,Zr(SiR3)(CH2CH3). The fina
step is not direct reductive elimination but akene-assisted reductive elimination and
metathesis of these intermediates with silane. This complicated reaction mechanism
completely different from the reaction mechanism of Pt(0)- and Rh(l)-catalyzed
hydrosilylations. The difference between Cp,Zr and the late transition-metal complexes
such as Pt(0) and Rh(l) complexes comes from the fact the Cp,Zr species has its occupied d
orbital at much higher energy than the Pt(0) and Rh(I) complexes.

(3) Comparison of Electronic Structure Theories for Solvated Molecules. RISM-SCF
versus PCM: In the last two decades, the theory of the electronic structure of solvated
molecules has attracted many researchers’ attentions, and various types of combination
methods have been developed. These methods of the electronic structure of solvated
molecules have been developed and assessed in terms of linking to experimental knowledge.
Hence, agreement with experimental data, especially in solvation energy, is usualy the
primary concern, and recent theories satisfy these requirements to high accuracy. Even
though the agreement in energy is improved, how about the wave function obtained by the
method? Moreover, a comparison of the wave functions or energy profiles computed by
different solvation models has been rarely examined. In this study, two modern theories,
RISM-SCF and PCM, are compared in a typical SN2 reaction: Cl- + CH3Cl - CICH3 + Cl-.
The potentials of mean forces for the reaction in aqueous solution calculated with the two
methods are very similar despite the different theoretical standpoint in dealing with solvation
effects. However, a new energy-partitioning analysis indicated that both of the electronic
structures computed by RISM-SCF and PCM are polarized compared to that from the
standard gas-phase computation, but they are dightly different from each other in detail.
The polarization of the C-H bond is emphasized in RISM-SCF, but that of the CI-C bond is
dominant in PCM. We emphasize that even in a situation in which the computational energy
is almost identical there could still be a difference in the description of chemica phenomena
such as the solvation structure. Further careful analysis and continuous efforts to develop
more sophisticated methods are highly desired to clarify the true process in the real solution
system.
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Time-resolved energy and structure change measurements during protein

reactions
Masahide Terazima

Born in 1959. He received his Ph.D. degree from Kyoto University. He was a research associate in Tohoku University
(1986-1990), a lecturer in the Department of Chemistry, Faculty of Science, Kyoto University (1990-1993), an associate
professor in the Department of Chemistry, Faculty of Science, Kyoto University (1993-1994), and an associate professor in
the Chemistry Division, Graduate School of Science, Kyoto University (1994-2001). Now he has been a professor in Kyoto
University (2001-). He got the Award of Japanese Photochemistry Association, Japanese IBM award of Science, The
Chemical Society of Japan Award for Creative Work. He has been developing a new scientific technique, time-resolved
thermodynamical detection, and elucidating the molecular mechanisma of reactions of biological proteins.



(1) Ligand dissociation process from Myoglobin: The carbon monoxide (CO) docking sites
involved in the ligand escape process from the iron atom in hem of myoglobin (Mb) to
solution at physiological temperature were studied based on the effect of xenon (Xe€) on the
ligand escape rate by the transient grating (TG) technique. The TG method provides a direct
measurement of the changes in molecular volume. The apparent CO escaping rate and the
volume contraction increase with increasing the X e pressure. The pressure dependence of the
rate is consistent with that of the Xe population at the Xe(1) site. This result clearly shows
that CO is trapped at the Xe(1) site before escaping to solvent in a Xe free solution. A
dissociation scheme is proposed to explain the observed escaping rate (Fig.1). There are two
branches for the CO escaping pathway. The dominant part of the dissociated CO escapes to
the solvent through the X e(1) trapping site under the X e free condition, and there are at least
three intermediate states along this pathway. When a X e atom blocks the Xe(1) site, the CO
escapes through another route.

(2) Protein refolding dynamics detected by the time-dependent diffusion coefficient:
Kinetics of intermolecular interaction between reduced cytochrome ¢ (Cyt ¢) protein and
solvent during the protein refolding process is studied by monitoring the time dependence of
diffusion coefficient (D) using the TG technique. The refolding was triggered by
photoinduced reduction of unfolded Fe(111) Cyt cin 3.5 M guanidine hydrochloride (GdnHCI)
solution and the change in the diffusion coefficient was monitored in time-domain. The
relationship between D and the protein conformations under equilibrium condition was
investigated at various GdnHCI concentrations using a photo-labeling reagent. The time
dependence of the observed TG signal was analyzed using these data and two models: a
continuous change model of the intermolecular interaction and a two-state model. It was
found that the TG signals in various time ranges can be consistently reproduced well by the
two-state model (Fig.2). The folding process of Cyt c is discussed based on these
observations.

(3) Signal transduction process of sensory Rhodopsin: Dynamics of protein conformational
change of sensory rhodopsin Il (pSRII) (Fig.3) and of pSRII- transducer protein (pHtrll)
complex are investigated in solution phase at room temperature in real time. Significant
differences was found in the volume change and the molecular energy between pSRII and
pSRII-pHtrIl complex samples. Relatively large molecular volume expansion and contraction
were observed in the last two steps for pSRII. Additional volume expansion and contraction
were induced by the presence of pHtrll. This volume change, which should reflect the
conformational change induced by the transducer protein, suggested that this is the signal
transduction process of the pSRII-pHtrll complex.
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Very Low Temperature Molecular Spectroscopy

Takamasa Momose
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Award for Young Scientist. He has been developing a new spectroscopic technique of low temperature molecules using
guantum condensed phases.

(1) Spectroscopy and analysis of rovibrational transitions of methane in solid
parahydrogen: We have extensively studied the rotation-vibration transitions of methane
molecules embedded in parahydrogen crystals using high-resolution infrared absorption
spectroscopy.  Surprisingly sharp and well-resolved rotation--vibration spectra were
observed, which led to the quantitative analysis of the rotation-vibration energy states of
molecules in a crystal for the first time. Because of the sharpness of the spectrum, the fine
structure resulting from the subtle interactions in the crystal could be completely resolved in
the spectrum. We were able to analyze the fine spectral structures completely using the
crystal field theory we have formulated from extended group theory. The theory was
successfully applied to methane molecules in addition to others, such as CO and CD3, in the



crystal. The analysis gave us new and revealing information on the rotational motion of
molecules in condensed phases as well as on the anisotropic intermolecular interaction
between the embedded molecule and surrounding hydrogen molecules.

(2) Vibrational dephasing of methane in solid parahydrogen: Study of relaxation
mechanisms in condensed phases is important because they contain information on interaction
and energy dissipation in many body systems. The linewidth of the condensed phase is
caused by both population relaxation (T;) and pure dephasing relaxation (T2). In general,
however, because of strong inhomogeneous broadening of the spectrum in the condensed
phase, the analysis of the relaxation mechanism by frequency domain spectroscopy has been
impossible to perform.  Contrary to this generalization, we found that spectra of moleculesin
solid parahydrogen are free from inhomogeneous broadening, so that the information on the
relaxation mechanism is directly obtained from the linewidth of the spectra.  We observed a
drastic temperature dependence of the linewidths of infrared transitions of methane in solid
parahydrogen, which were attributable to pure dephasing. The temperature dependence of
the pure dephasing relaxation we observed was about T#, contrary to the theoretical prediction
of T'. This discrepancy between the experiment and theory must be due to the poor
development of the theory regarding pure dephasing at very low temperatures. | am now
collaborating with several theoreticians on constructing a new theory of dephasing at low
temperatures based upon my observed data.

(3) Direct observation of tunneling chemical reaction of methyl radicals in solid
parahydrogen: Solid hydrogen is an ideal matrix for the quantitative study of chemical
reactions at low temperature because of (1) weak intermolecular interaction between
hydrogen molecules, (2) the absence of a “ cage effect” for photolysisin the solid, (3) fully
quantized rotational motion of molecules embedded in the solid, and (4) the narrow spectral
linewidths of optical transitions. By virtue of the softness of the crystal, we could produce
various unstable molecules in the crystal by means of photodissociation, etc. We found that
some unstable molecules, such as the methyl radical, react with surrounding hydrogen
molecules even at 4.2K in a dark environment. The reaction is clear evidence of the
quantum tunneling phenomenon, and “ pure tunneling rates’ were directly determined from
the analysis of the temporal change of infrared absorption. Asaresult, the tunneling rates of
thereactionof R+H, -~ RH + H (R =CD3; CD,;H, CDH,, and CH3) were determined
to be 3.3x 10° s, 2.0x 10° s?, 1.0x 10° s*, and < & 10-8 s™ for the systems CD3, CDH,
CDHp,, and CHg, respectively. A definite dependence of the tunneling rate on the degree of
deuteration was observed, but its quantitative explanation is yet to be given.

(4) Solid parahydrogen as high efficiency Raman shifter: For various spectroscopic
applications, it is highly desirable to develop intense pulsed laser sources in the mid-infrared
region. Tunable sources such as parametric oscillators are now commercially available, but
most of these are limited to arange of wavelengths shorter than 4 um. In a series of papers,
we have developed a pulsed, continuously-tunable laboratory laser source for the mid-infrared
radiation at 4.4 - 8 um using solid parahydrogen as a Raman shifter. Solid parahydrogen is
characterized by its extremely narrow Raman lines. The sharpness of the transition and the
high density of the crystal make solid parahydrogen an extremely high gain medium for the
stimulated Raman process. By pumping solid parahydrogen with infrared pulses produced
by a commercial OPO laser ( 1-2 um, 20 mJ/pulse, 7 ns width), we obtained output energies



of 2mJat 4.4 um and 0.8 mJ at 8 um with a single pass configuration. Spectra of NO, H,O
and CH, molecules recorded with these intense mid-infrared pulses demonstrate that the solid
parahydrogen Raman shifter we developed is a powerful laser source for spectroscopy in the
mid-infrared region.
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