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Introduction

0.1 Salient features of solid parahydrogen for
spectroscopic and chemical dynamics stud-
ies

Because of the symmetry requirement of the total wavefunction of hydrogen
molecule, there are two modifications for hydrogen molecules in nature.!
Hydrogen molecules, Hy, having the nuclear spin angular momentum of I = 0
are called para-hydrogen, and those having I = 1 are called ortho-hydrogen.
Para-hydrogen in its ground electronic state is associated with the rotational
states of even quantum numbers only, while ortho-hydrogen is associated with
odd numbers exclusively. Since the interconversion between the I = 0 and
I = 1 nuclear spin states is very slow in the absence of an external magnetic
field, para-hydrogen and ortho-hydrogen can be considered to be different

molecules under normal conditions.?

At room temperatures, the equilibrium population ratio between ortho-
hydrogen and para-hydrogen is 3:1. At very low temperatures, para-hydrogen
and ortho-hydrogen occupy their lowest rotational energy levels, that is, the
J = 0 and 1 levels, respectively. Hereafter, the terms para and ortho are
used to signify hydrogen molecules in the J = 0 and J = 1 rotational states,

respectively, as we deal with hydrogen molecules at very low temperatures.

In this thesis, energy levels and dynamics of small molecules trapped in

solid parahydrogen (p-Hs) are studied by high resolution spectroscopy. High-



resolution spectroscopy is a powerful technique to investigate details of energy
levels and dynamics of atoms and molecules, but its application is generally
limited to spectroscopy in the gas phase. In condensed media, relaxation of
the excited state is fast due to strong intermolecular interactions to make the
spectral line width very broad. In addition, inhomogeneous broadening of
the line width is inevitable in condensed phase. Broadening of the line width
makes the observation of fine structures in condensed media difficult. Solid
p-Hs, however, allows us exceptionally high resolution spectroscopy, because

of its properties enumerated in the following.

e Since the J = 0 rotational wavefunction has a completely spherical
character, p-Hs has no permanent electric moments of any order. Thus,
the crystal of p-Hy provides a homogeneous environment for a guest

molecule embedded therein.

e As compared with rare gas solids, the lattice constant of solid p-Hg
is considerably larger (3.78 A) because of the large zero-point lattice
vibration due to the small mass of the Hy molecules. The mean ampli-
tude of the zero-point vibration in solid p-H, amounts to almost 20 %
of the lattice constant.® The large lattice constant and the large am-
plitude of zero point lattice vibration of p-Hs molecules in solid phase
provides a free space for guest molecules which is significantly wider

than other matrices.

e Because of the large lattice constants of solid p-Hs, interactions between
the guest molecule and surrounding host molecules become weak com-
pared with those in rare gas atom matrices, although the polarizability
of hydrogen molecule is larger than that of Ne atom. As a result, the
lifetime of excited states of a guest molecule in solid p-Hs becomes

much longer.
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e Because of the softness of the crystal due to the large zero point lattice
vibration, the self-repairing power of solid p-Hy! makes the imperfec-
tion of the crystal structure around the dopant molecules very small,
which allows quantitative analyses of fine spectral structures of doped
molecules as being trapped in the Dgy, crystal field proper to the neat
p-H, solid.4

By virtue of the above salient features of solid p-Hs, infrared spectra of
molecules therein show surprisingly sharp linewidths associated with well-
quantized, rotation-vibration states.* Thus, we have been able to perform
high resolution spectroscopy of dopant molecules and to analyze fine spec-
tral structures originating from subtle interactions by surrounding crystal
lattice.*® For example, CD, in solid p-Hy shows extremely sharp absorption
lines of the v3 and v, ro-vibrational. The width of one of the two becomes
as narrow as 0.015 cm™! (45 MHz) at 3.7 K.° This width is one or two
orders of magnitude smaller than the width of rovibrational lines in conven-
tional matrix isolation spectroscopy. From the quantitative analysis of the
ro-vibrational structure of CDy,, information on intermolecular interactions
was successfully obtained. (See Chapter 1)

In addition to the advantages of the solid p-Hs in high resolution spec-
troscopy, the solid is useful for the study of chemical reactions at cryogenic
temperature; the absence of the cage effect in solid p-Hy, matrix is advanta-
geous for studying photochemical reactions in condensed phase. In rare gas
matrices, vn situ photolysis is prohibitive, because the photolyzed species
can not escape from the trapping site due to the cage effect. In contrast, the
photofragment in the solid p-H, crystal can be separated utilizing the excess
energy of photo-dissociation. Using these advantages of solid p-Hs, unsta-
ble molecules such as methyl radicals produced by the in situ photolysis of
methyl iodide can be easily studied, for example.”

Solid p-Hs matrix allows also a spectral measurement for a long period



of time, which is favorable for observation of slow secondary reactions which
occur subsequent to the photolysis. Thus, we were able to monitor very slow

chemical reactions by quantum mechanical tunneling.

0.2 QOutlines of the spectroscopic study of ro-
tating molecules trapped in solid parahy-
drogen

In Part I, foreign molecules executing rotational motion in solid p-Hy are
studied by analyzing their ro-vibrational spectra. This part consists of three
chapters on the subjects of CDy, CD3 and C3. The CD3 radical was produced
by in situ photolysis of CD3l while C3 was obtained from the photodisso-
ciation of acetylene cluster by using 193 nm ArF laser. The rovibrational
spectra of CD, and CDj3 were successfully analyzed by taking into account
the crystal field potential which is constructed by the summation of the pair-
wise potential between the trapped molecule and the surrounding hydrogen
molecules. Although the rotational constants of CD, and CDj are slightly
decreased in solid p-Hy because of the renormalization of the dynamical mo-
tion of surrounding hydrogen molecules, they are almost freely rotating in the
crystal. On the other hand, the obtained infrared spectra of C3 did not show
a rotational structure. The spectral structure of C3 was explained not by the
rotational motion but by the tunneling motion of C3 in between the trapping
sites of solid p-Hs. The difference of the dynamical motion between methanes
(CHy, CDy) and Cj originates from the difference in the size of molecules.
As molecules become larger, the molecular rotation become hindered, and

finally it stop rotating.
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0.3 Outlines of the chemical dynamics study

Studies of cryo chemical reactions are important not only for analysis of the
contribution of the tunneling effect to chemical reactions, but also for the re-
actions in interstellar clouds. In particular, chemical reactions of the type of
X 4+ Hy — XH + H are regarded as constituting major links in molecular pro-
cesses in the outer space because of the overwhelming abundance of hydrogen
in the universe. Until recently, X was considered to be positive ions as in the
examples of CH" + Hy — CH; + H and NHJ + Hy — NHJ + H. This is be-
cause ion-molecule reactions proceed with temperature-independent Langevin
rate coefficients so that they can be candidates for molecular evolution com-
patible with the environment in the outer space. However, as is reviewed by
Herbst,” reactions between neutral radicals and molecules also appear sur-
prisingly rapid at low temperatures. Under the circumstance the experimen-
tal investigation on the tunneling contribution to chemical reactions between
neutral molecules is desired.!”

In Part II, tunneling chemical reactions of molecules in solid parahydrogen
are studied. Spectra of deuterated methyl radicals (CD3, CHD,, CH,;D, and
CHj;) trapped in solid parahydrogen were observed by an FTIR spectrometer.
The decrease in the absorption intensity of radicals and the increase in the
intensity of methane were observed over a span of about one week. As a result
of the study, it was found that radicals reacts with surrounding hydrogen
molecules.

R+H, - RH+H (1)
(R = CD3, CHDQ, CHQD, CHg)

The reaction (1) takes place at 5 K in solid p-H,. Since the activation en-
ergy of this reactions is ~ 4000 cm™!, thermal activation for the reactions at
5 K is prohibitive. Therefore, the occurrence of the reaction (1) must be as-

cribed exclusively to quantum tunneling. To our knowledge the present work



provides the first direct spectral evidence for exclusive tunneling reaction
between neutral molecules.

Assuming that the reactions can be expressed by a pseudo first-order rate
law, the rate constants were determined by the least squares fitting to the
temporal change of the intensities of radicals and methane. The obtained
rate constants show different values for different species. As the mass of the
radicals increases, the reaction rate increases. This correlation may reflect

the density of state of the ground states of reactants and products.
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Chapter 1

Infrared spectroscopic study of
rovibrational states of
perdeuterated methane (CD,)
trapped in parahydrogen
crystal

Abstract

The triply degenerate stretching (r3) and bending (r4) modes of CDy in
solid parahydrogen at cryogenic temperatures are studied by Fourier trans-
form infrared (FTIR) spectroscopy to reveal crystal field split rovibrational
structures. The observed spectra are analyzed by taking into account the
crystal field potential which is constructed by the summation of the pairwise
(dispersive) potential between the methane and the surrounding hydrogen
molecules. By the least-squares fitting of the observed to a theoretical model
the molecular constants of CD, as well as the potential coefficient are de-
termined as in the previous work on the CHy/p-Hs system. The potential
is approximated to be proportional to the product of the polarizability of
hydrogen molecule, the dipole-quadrupole polarizability of methane, and the

inverse of the seventh power of the intermolecular distance between methane
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and hydrogen molecules. From the ratio of the potential coefficients of CHy
and CDy4 the dipole-quadrupole polarizability of CDy is found to be 0.875
times that of CH4 under the assumption that the quantum renormalization
effect is negligible. A novel temperature dependence of the lineshape of the

v3 and v, modes is discovered over the range of 4.5 and 8.0 K.

1.1 Introduction

Interaction between molecules is a broad concept ranging from vigorous
chemical reactions to subtle perturbations perceptible only by way of the
virial coefficient, for example. As any two molecules approach each other
the dispersion force sets in to form van der Waals complexes which have
long been studied. Recent progress in high-resolution spectroscopy in com-
bination with the molecular beam technique has contributed greatly to the
understanding of the interaction between molecules. Molecular clusters are
one of the popular subjects of the current molecular science.

However, the research of the intermolecular interaction is almost exclu-
sively confined in the gas phase system especially when quantitative assess-
ment of the interaction is concerned. In condensed media the constituent
molecules interact each other much more strongly and in complicated ways
than in the isolated loose complex in the gas phase. The strong interaction
results in a severe spectral line broadening and smears out subtle spectral
information on the intermolecular interaction.

A turning point of this situation arrived in 1989 when Oka and his cowork-
ers found that the linewidth of a high AJ rotational transition (v =0 « 0,
J = 6 « 0) of solid parahydrogen (p-Hy) was as narrow as 180 MHz
(= 0.006 cm™ at FWHM).! An even higher resolution of 0.0003 cm™! was
observed in a stimulated Raman gain spectroscopy of the solid.? These dis-

coveries opened an avenue of high-resolution spectroscopy of the solid p-H,

12
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itself as well as of impurities in the solid.> The extreme sharpness of the

spectral line in solid p-Hs is due to the following intrinsic properties of the

solid:

1. The average charge density in p-Hy at cryogenic temperatures is spher-
ical because the rotational quantum number J = 0 nullifies the expec-
tation value of all the permanent multipole moments. This property
leaves the feeble electrostatic perturbation due to the dispersion force

as the only intermolecular interaction.

2. The distance between the two neighboring hydrogen molecules is as
large as 3.783 A and the zero-point lattice vibrational amplitude amounts
to about 20 % of the nearest neighbor distance. This property brings
forth a roomy and soft environment for molecules embedded in the

solid.

3. Being the lightest molecule the rotational and the vibrational energy
spacings of p-Hs in the solid are very large compared with other molec-
ular aggregates. The low density of state implies inefficient dissipation
of energy of excited molecules in the solid p-Hs, and leads to remarkably

narrow homogeneous linewidths.

4. As a quantum solid like solid *He and *He the solid p-H, has a propen-
sity of self ordering and inhomogeneity caused by the accommodation
of foreign molecules is minimized. This property mitigates the cum-
bersome problem of formation of multi-sites often encountered in con-

ventional rare gas matrices.

By virtue of the above features of the solid p-Hs, foreign molecules em-
bedded in the solid will find themselves in a nearly free and uniform envi-
ronment with a low rate of energy relaxation. Moreover, they are free from

the Doppler effect in contrast to molecules in the gas phase. Capitalizing on

13



Chapter 1

these salient features we have been studying molecular spectroscopy of for-
eign molecules in the solid p-H, since 1995.4 1! Fajardo’s group also has been
studying atoms and molecules in solid p-H,.'>13 In our high-resolution spec-
troscopic studies® ' we have found that the spectral resolution is high enough
to resolve fine splittings due to the anisotropic interaction between a foreign
molecule and hydrogen molecules. The rovibrational spectrum together with
the fine splittings of foreign molecules in the p-H, crystal is subjected to
an extensive quantitative analysis to obtain parameters to gauge the inter-
molecular interaction, in addition to the usual molecular constants such as
the rotational constant and the Coriolis coupling constant.®? The feasibility
of the quantitative analysis of spectrum attaches great importance to high
resolution spectroscopic studies in the p-Hy crystal. The p-Hs crystal used
as the matrix allows us not only the high-resolution spectroscopy but also
photochemical studies by monitoring the change of the unmistakable ”finger-
print” rovibrational spectra of reactants and products in the photolysis,*”

as summarized in our review article.!!

This chapter presents a high-resolution spectroscopic study on intermolec-
ular interaction for the CD,/p-Hy system. The observed spectra of the
vy (triply degenerate C-D stretching) and the v, (triply degenerate bend-
ing) modes of CD, are fully analyzed in terms of a model in which a CDy
molecule substitutionally occupies a site of a p-Hy molecule in the hexagonal
close-packed (hep) crystal of Dy, symmetry. In addition to the rovibrational
structure, crystal field splittings are observed as in our previous study on
the CH,/p-Hy system.®® From the comparison of the molecular constants
of CH4 and CDy determined by the present and the previous work,? we are
able to estimate the isotope effect on the dipole-quadrupole polarizability
of methane quantitatively. Moreover, a remarkable dependence of the line-
shape upon the temperature is found in the range of about 4.5 and 8.0 K.

Such a dependence suggests an intrinsic nature of interaction between the

14



Part 1

intramolecular rovibrational motion and the phonon of the p-Hy crystal.

1.2 Experiment

The experimental procedure is essentially the same as the previous work on
the CH,/p-H, system.? ! The perdeuterated methane (CDy) of 99.2 atomic
% from Isotec Inc. was used as received. The admixture of the deuterated
methane and p-Hy with a contamination of about 0.1% of o-Hs was in the
volume ratio of about 1 to 10°, which was introduced to a copper optical cell
of a dimension of 1.7 ¢cm in inner diameter and 3.0 cm in optical path length
at about 8.5 K to yield a transparent mixed crystal in about 2 hours. The
crystal was then cooled to 4.5+0.1 K, at which temperature all the spectral
recording was performed except for the runs to investigate the temperature
effect on the lineshape. In the latter, the whole v3 and the v4 band regions
were recorded at several temperatures between 4.5 and 8.0 K.

A Fourier transform infrared (FTIR) spectrometer Bruker IFS 120HR was
employed typically with 1000 scans in 10 hours at a resolution of 0.01 cm™!.
A globar source, a KBr beam splitter, and a liquid Ny cooled HgCdTe de-
tector were used as in the previous work on the CHy/p-Hy system.”!! In

the investigation of the temperature effect on the lineshape a resolution of

0.1 ecm™! was employed.

1.3 Theory

In this section we briefly describe the theoretical framework to study the
intermolecular interaction. We have already developed the theory for the
prototype CHy/p-Hs system in our previous study where we have presented
two approaches to express the intermolecular potential.®? The first approach
relies on the symmetry of the methane molecule (73) and of the crystal (Dsy,).

The second approach is based on the summation of pairwise intermolecular

15



Chapter 1

interaction over the whole crystal. In the present work we will adopt the
second approach because of its conceptual concreteness.

In order to analyze the rotational energy levels of methane interact-
ing with surrounding hydrogen molecules, we need the interaction potential
which depends on the orientation of methane. First, we describe the pair-
wise interaction between a methane and a hydrogen. Since both methane
and p-Hs molecules possess no permanent dipole nor quadrupole moment,
the interaction between them is mainly due to the dispersion force. Among
the potential due to the dispersion the first leading anisotropic term for a
single pair of methane and p-H, with a separation of R is approximated as

follows.® 911

v(w; R) = %m%[pg?g(w) — D% ()] (11)

The angle w stands for the Euler angles of the methane relative to the in-
termolecular axis between the paired methane and hydrogen molecules. The
distance-dependent coefficient az(R) can be related to the term involving
the polarizability of hydrogen oy, and the dipole-quadrupole polarizability
of methane A in the classical expansion of the dispersion force as in the

following. (See Appendix)
as(R) o< ap, A/ R” (1.2)

The terms in the square bracket in Eq.(1.1) represent Wigner’s rotation ma-
trices for the methane. The definition and the phase of Wigner’s rotation
matrices are the same as before.® 141 The angular dependence of v(w; R) is
described by the bracketed factor only. The next order interaction term orig-
inating from the quadrupole polarizability of methane is negligibly small®?
so that we will ignore it in this chapter.

Next, we consider the interaction potential of methane surrounded by
the infinite number of hydrogen molecules. Since we can safely assume the

additivity of the dispersion, the potential for the central methane can be
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simply obtained by summing the interactions in Eq.(1.1) for all the pairs
between the methane and hydrogen molecules. The resultant potential can

be concisely written as,

V() = e3.V3(Q) (1.3)

where the distance-dependent coefficient az(R) in Eq.(1.1) is related to the
coefficient €3, in Eq.(1.3) as,

= iV2a3(Ro) Y _(Ro/R:) D§" () (1.4)
=1

and the angular part V3(£2) in Eq.(1.3), after the summation over the whole

D3y, lattice, becomes as

—_

V3(Q) = Z[DSA(Q) — D) 5(2) + D 5() — DY) ()] (1.5)

with the running number 7 in Q_,; in Eq.(1.4) over all the hydrogen molecules
1 ~ 00. Ry and R; in Eq.(1.4) stand for the nearest neighbor distance
between the hydrogen molecules in the crystal and the distance between
methane and a hydrogen molecule i, respectively. The angle € is the Euler
angles of the central methane relative to the crystal axis (c-axis) and the
angle {)_,; represents the orientation of the pair axis between the methane
and the i-th hydrogen molecule relative to the crystal axis. The sum of
Z;’il(Ro/RiYDé?’g*(Q_,i) is calculated as 0.5290: for the hcp lattice.” Here,
the crystal axis (XY Z) is defined such that the Z-axis is along the c-axis and
Y -axis is parallel to one of the two-fold axes of the crystal. The potential thus
obtained in Eq.(1.3) is, of course, invariant to all the symmetry operations of
both methane (7};) and the crystal (Dsp,). We call the potential in Eq.(1.3)
as the crystal field potential. Note that the crystal field is related to the
pairwise intermolecular interaction of Eq.(1.1) as in Eq.(1.4), thus once the
coefficient e3. is determined, we can deduce the pairwise interaction without

ambiguity.
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The rotational energy levels in the ground vibrational state can be cal-
culated as the eigenvalue of the matrix of Hamiltonian 2 = B"J? + V(Q)
where J is the rotational angular momentum operator and B” is the ro-
tational constant of the ground state. The rotational levels in the triply
degenerate excited vibrational states can be obtained with the Hamiltonian
H = U0+B/j2+4%ﬂcor+V(Q) where 1 is the band origin, B’ is the rotational
constant of the excited vibrational states and %, is the Hamiltonian for the
Coriolis interaction.

The interaction potential V() in Eq.(1.3) causes the splitting of the
degenerate states of the spherical rotor in the free space into M sublevels.
The split levels can be labeled by use of the irreversible representations of an
extended group obtained from the direct product of the molecular symmetry
group (7}) and the crystal point group (Dsp) with a proper consideration of
the parity of the whole system.®

1.4 Results and discussion

1.4.1 Spectral assignment

Figures 1.1 and 1.2 demonstrate typical recordings of the 3 and the v, bands
of CDy4 in p-H, at 4.5 K. The temporal change at this temperature due to the
relaxation of the nuclear spin state was insignificant in contrast to the notice-
able isothermal change of the spectral pattern in the CHy/p-H, system.” !
The peaks are assigned to the crystal field split rovibrational transitions as a
result of the analysis similar to that for the CHy/p-Hy system.®? The sticks
in the figures stand for the calculated transitions (see below). With the inter-
action potential in Section 1.3 the rovibrational states of CD, are determined
with a total of 8 parameters, that is, the three rotational constants B”, Bj,

and Bj, the two band origins v3 and vy, the two Coriolis constants (3 and (y,

and one potential coefficient €3. in Eq.(1.3). The potential coefficient €3, is

18
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assumed to be the same for the ground and the excited vibrational states as
in the previous work.” By the least-squares fitting of the observed spectra,
the parameters are determined as summarized in Table 1.1, where the previ-
ously determined values of CHy in the p-H; crystal as well as those in the gas
phase are included for comparison. The spectral assignments attained by the
least-squares fitting are summarized in Tables 1.2 and 1.3 for the v3 and v,
bands, respectively. It is seen that the residual errors between the observed
and the calculated transition energies are satisfactorily small relative to the
typical linewidth of 0.3 cm™!. The sticks in Figs.1.1 and 1.2 represent the

calculated transition energies in Tables 1.2 and 1.3, respectively.

Table 1.1: The optimized molecular constants of CD4 and CHy

CD, CH,°
16,17

Solid hydrogen Gas phase Solid hydrogen  Gas phase

Ground state

B” 2.301(36) 2.591 4.793(42) 5.241
vz Excited state

V3 2257.63(1) 2258.2 3017.26(11) 3019.491

Bi 2.193(15) 2.577 4.603(18) 5.192

(s 0.1335(85) 0.145 0.0450(51) 0.0558
vy Excited state

vy 994.31(9) 995.6 1303.62(11) 1310.761

B, 2.212(25) 2.574 4.591(40) 5.240

Ca 0.334(9) 0.355 0.4654(56) 0.4664

Crystal field
|€e| 22.58(75) 25.80(37)

The rotational constant B, the band origin v, and the crystal field coefficient €3, of the
ground and the v3 and v4 excited states are in units of cm™! except for the Coriolis
coupling constant . The values of CH,4 are taken from Ref. 9, and the gas phase
values in the third column are from Refs. 16 and 17.

We also tried to fit the spectrum by varying the potential coefficient €3,
independently for the three states. However, the resultant values were the
same within the standard deviation. Thus, the assumption of a common

value for €3, for the three different states seems justified.
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Figure 1.1: FTIR spectrum of the v3 fundamental band of CDy isolated in
solid parahydrogen. The sticks show the calculated transition energies in
Table 1.2.

Note that in Table 1.1 the absolute value of the coefficient |es.| is given.
In the previous paper? we reported a negative value for e, as the best-fitting
parameter because the theory® predicted the negativity of es. so that in the
least-squares fitting procedure in the previous work? we started from a neg-
ative initial value for es.. However, since e3. appears only in off-diagonal
elements of the Hamiltonian matrix, the sign of €3, is indeterminable in prin-
ciple. For this reason we list only the absolute value of €3. in Table 1.1.

As shown by asterisks in the last column of Tables 1.2 and 1.3, several
AR # 0 transitions were observed where R stands for the sum of the quan-
tum numbers of the rotational and vibrational angular momenta. These
AR # 0 become allowed transitions due to the interaction potential V' (2) in

Eq.(1.3). By virtue of these AR # 0 transitions the rotational constants B
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Figure 1.2: FTIR spectrum of the v, fundamental band of CDy isolated in
solid parahydrogen. The sticks show the calculated transition energies in
Table 1.3.

and the Coriolis coupling constants (; for the excited vibrational states can

be determined independently as shown in Table 1.1.

1.4.2 Molecular constants

Comparison of the rotational constants and the Coriolis parameters in Table
1.1 reveals that the statement made on the rotational motion of the CHy/p-
H, system in our previous work is also true in the CD4/p-Hs system (see
Section VI-A of Ref.9), that is, a CD4 molecule in the p-Hs crystal is rotat-
ing almost freely as in the gas phase with a slight increase of the effective mass
for the rotation. The rotational constants of CD, in solid p-Hy are about
10% smaller than in the gas phase. The decrease of the rotational constants

should be attributed to the increase of the effective mass of methane caused
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by the isotropic dispersion interaction between the methane and surrounding
hydrogen molecules. Although we cannot evaluate the isotropic interaction
directly from the rotational spectra, we can be sure that the isotropic inter-
action is stronger in the excited vibrational states than in the ground state,
because the decreases of the rotational constants in the excited vibrational
states are larger than the decrease in the ground state. Furthermore, the
reduction of the constants is slightly larger for CD,4 than for CH4, which
suggests that the interaction is stronger for CD4 than CHy.

The decrease of the absolute values of €3, from CHy to CD, amounts
to about 12 % relative to the value of CHy. Two possibilities are conceiv-
able for the cause of the decrease in e3.. One is to ascribe the decrease to
the intrinsic molecular property of CH; and CD4. The other is to associate
with the renormalization effect. We first consider the possibility due to the
molecular property. Since the coefficient €3, is related to the polarizability
of p-Hsy and the dipole-quadrupole polarizability of methane as is seen from
Eqgs.(1.2) and (1.4), the difference in €3, for CHy and CD4 may be attributed
to the difference of the dipole-quadrupole polarizability of CH, and CDy.
If the renormalization effect is ignorable, the ratio of the dipole-quadrupole
polarizability of CD4 and CHy is obtained as A3(CDy)/A3(CH4)=0.875 from
the values of €3, in Tables. In the above derivation of the ratio the im-
plicit assumption is that the dispersion interaction is additive. However, the
obtained ratio may not be seriously affected even if we admit some non-
additivity. Thus, the ratio may well reflect the intrinsic molecular property
of the two methanes. The isotope effect on the hyperpolarizabilities like A
has never been discussed before. We are only aware of the work by Raynes et.
al.!'® who calculated the dipole polarizability of CH, and CD,. The difference
of the polarizability of CH; and CD, was mainly attributed to the difference
in the contribution of the zero point vibration, which led to a smaller po-

larizability of CD4 than CHy4 with a ratio of 0.74. We may expect a similar
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effect for the hyperpolarizability A.

Next, we consider the second possibility for the cause of the decrease in
€3. as due to the quantum renormalization effect. Since CD, is heavier and is
expected to have smaller mean amplitudes of phonon than CH,, the average
of 1/R” may be smaller for CD, for this reason.

At the moment, we have no preference between the two possibilities above.
However, we should like to emphasize that the quantitative isotope effect in
the intermolecular interaction found in the present work is unprecedented.
Reliable quantum chemical calculations on the isotope effect of the dipole-
quadrupole polarizability of methane will allow the assessment of the contri-

bution of the quantum renormalization effect in the crystal field potential of

€3¢

1.4.3 Temperature dependence of lineshape

Figures 1.3 and 1.4 show the temperature dependence of the doublets of
the R(0) lines of the v3 and v, bands at about 2260.6/2261.3 and about
996.8/997.1 cm~!. The spectral resolution in Figures 1.3 and 1.4 is 0.1 cm ™!,
The change is found to be completely reversible. As the temperature rises
from 4.5 to 8.0 K, the intensity of all the four lines decreases. A closer ex-
amination reveals that the maxima of the "red” component of v3 band at
2260.6 cm~! do not shift nor broaden appreciably but the ”blue” compo-
nent at 2261.3 cm~! shift towards blue but not broaden noticeably. On the
other hand, the "red” component of v, band at 996.8 cm ™! shift towards red
and broaden while the "blue” component at 997.1 ecm~! shift towards blue
and much broaden. Other transitions also show similar temperature depen-
dence; some but not all the transitions shift with temperature. The width
of the v3 transition does not broaden appreciably but that of the v, transi-
tion broadens noticeably. These spectral changes with temperature for the

CDy/p-Hy system are peculiar to the deuterated system because such a no-

23



Chapter 1

ticeable change has not been observed for the CHy/p-Hy system so far. The
change in the linewidth should be closely related to the coupling between
the intramolecular rovibrational motion and the lattice motion, i.e., phonon.
These are the most challenging problems to solve. Spectral changes with tem-
perature in the solid state are, of course, not uncommon, and most of them
are explained in terms of the populational change of phonon states. How-
ever, the drastic change of the intensity and the linewidth in such a narrow
range of 4.5 to 8.0 K is remarkable and a new mechanism may be required
for elucidation. We are planning to observe the temperature dependence
on the lineshape of all the isotopes of methane under higher resolutions to
obtain more quantitative information. Since the p-Hs crystal can be charac-
terized much better than any other molecular crystals, the observed spectral
change in the present work may, hopefully, play a priming role for deeper

understanding of microscopic dynamics of molecular aggregates.

S
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0.4 :
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Figure 1.3: Temperature dependence of the v3 band of CDy trapped in solid
parahydrogen. Only the spectral region of the R(0) transition is shown.
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Figure 1.4: Temperature dependence of the v, band of CD, trapped in solid
parahydrogen. Only the spectral region of the R(0) transition is shown.

1.5 Concluding Remark

In this chapter, we have studied the rovibrational transition of CD, isolated in
solid p-Hs. The quantitative analysis of the spectrum reveals the almost free
rotation of CD,4 with a slight increase of the effective mass. From the ratio
of potential coefficients of CH4 and CDy the dipole-quadrupole polarizability
of CDy is found to be 0.875 times that of CHy. The novel temperature
dependence of the lineshape and frequency is found over a small temperature
range of 4.5 and 8.0 K, which is now under further study for more quantitative

understanding.
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Table 1.2: The observed transition energies, the assignments, and the calculated transition energies of the v tran-
sition of CDy in solid parahydrogen.

Calculated
Observed Assignments
Upper state Lower state Predicted
Energy (cm™!)  Polarization J R M I’ J' M" T"  Energy (cm~!) Obs.-Calc. Polarization

2252.48

2253.51 I 0 1 0 Al 1 0 AJFy 2253.65 -0.14 I

2254.35 1 0 1 0 A 1 +1 EFR 2254.39 -0.04 1

2256.71 1 1 1 +1 FER 1 0 APy 2256.71 0.00 1

2257.54 I 1 1 +1 FER” 1 +1 EF 2257.45 0.09 I

2258.09 1 11 0 AxFy 1 41 EFR 2258.06 0.03 1

2258.42 i 1 2 +1 EFR 1 +1 FEFR 2258.26 0.16 i *
2260.61 1 1 0 41 EA 0 0 AjA; 2260.73 -0.12 1

2261.32 I 1 0 0 AgA, 0 0 AjA; 2261.23 0.09 I

2262.72 1 2 1 +1 EF 1 0 Ay 2262.78 -0.06 1

2263.55 I 2 1 +1 EF 1 +1 EF 2263.52 0.03 I

2263.89 2 1 0 Al 1 0 APy 2263.70 0.19 I

2264.46 2 1 0 Al 1 +1 EFR 2264.48 -0.02 1

2265.26 2 3 +1 EF 1 0 Ay 2265.22 0.04 1 *
2266.33 2 1 +1 FEFR 1 41 EFR 2266.49 -0.16 I

2267.14 2 3 0 AR 1 0 AF) 2267.24 -0.10 I *
2270.37 2 1 +2 EFR 1 +1 EFR 2270.70 -0.33 1

2275.70 2 3 +£2 EA 0 0 AjA; 2275.78 -0.08 1 *

The columns of I and I'" show the irreducible representation of the extended group G given in Ref.8.

The asterisk in the last column shows the transitions of AR # 0
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Chapter 2

Infrared spectroscopy of
rovibrational transition of

methyl radicals (CHs, CD3) in
parahydrogen crystal

Abstract

The v3 and v, vibrational transitions of CHs and CD3 embedded in solid
parahydrogen was studied by high-resolution infrared spectroscopy. The ob-
served spectra showed clear fine structures due to quantized rotational mo-
tion, which is subjected to the perturbation from the electrostatic field of
the crystal. The spectral structures of the 5 transition of CD3; were ana-
lyzed by the use of the crystal field theory we have developed previously.
The rotational constant B of CD3 determined by the least squares fitting
method was found to be 6 % smaller than that in the gas phase, while the C'
constant was 15 % smaller. Intermolecular interaction between the radicals
and surrounding hydrogen molecules are discussed based on the crystal field

potential parameters.
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2.1 Introduction

In a series of papers, we have demonstrated that solid parahydrogen is an ex-
ceptional matrix for isolation spectroscopy, because of its high spectral resolu-
tions.! 2 Infrared absorption spectra of molecules embedded in solid parahy-
drogen exhibits linewidths as narrow as 100MHz (~0.003cm™!),'? which is
sharp enough to resolve fine structures originated in subtle interaction by
surrounding crystal lattice.

Due to the weak intermolecular interaction between hydrogen molecules,

22,23

and the large lattice constant of solid parahydrogen, small molecules

13,14,18 4,9,10

such as diatomic molecules, water'® and methane rotate almost
freely in the crystal. These small molecules occupy a single substitutional
site of the hexagonal close packed (hcp) lattice of solid parahydrogen. Self-
repairing nature of solid parahydrogen as a quantum crystal?? makes the
crystal structure around the dopant molecules still perfect irrespective of
the substitution, allowing for the quantitative analysis of the fine spectral
structure with the use of the crystal field theory.?':2* The analysis of the
ro-vibrational spectra of CH, and CD, in solid parahydrogen revealed that
the rotational constants of methane in solid parahydrogen were about 10
% smaller than those in the gas phase. The reduction of the rotational
constants must be a result of the interaction between the rotational motion
of the central molecule and the dynamical motion of the surrounding lattice.
However, physical origin of the reduction is yet to be understood well. A
similar reduction of the rotational constants has been observed for molecules

in superfluid He nano-droplets, whose origin is still under discussion.?>2%

In this paper, we have studied ro-vibrational transitions of CHs and CDj
in solid parahydrogen aiming to understand the energy levels and dynamics
of molecules in the condensed phase in more details. Infrared spectra of the

methyl radicals in solid Ar have been extensively studied by Jacox et. al.2%30
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They found that the rotational levels of the radicals do not undergo major
perturbation in the Ar matrix environment. In this study, we found that
the rotational levels of the methyl radicals in parahydrogen matrix were less
perturbed than those in other matrices. Herein, the quantitative analysis
of rotation-vibration transitions of methyl radicals in solid parahydrogen is

discussed.

2.2 Experiments

The methyl radicals, CH; and CDg3, were produced by in-situ photolysis
of methyl iodides in solid parahydrogen. Details of our experimental setups

1,35,32 Briefly, parahydrogen gas containing

were described in previous papers.
less than 0.05 % orthohydrogen was mixed with a small amount (~10 ppm)
of methyl iodide (CH3I,CD3I) and the mixed gas was continuously run into
a copper optical cell kept at about 8.5 K to grow a transparent crystal. The
size of the optical cell was 3.0 cm in length and 1.7 ¢cm in diameter. A low
pressure 20 W mercury lamp was used without filters for the photolysis of the
methyl iodides. A UV irradiation of about 2 hours was enough to produce
sufficient numbers of methyl radicals. A Fourier-transform infrared (FTIR)
spectrometer (Bruker IFS 120HR) was used for the recording of infrared

absorption. A globar source, a KBr beam splitter, and a liquid Ny cooled

HgCdTe detector were used for the FTIR measurements.

2.3 Observed spectra

Figure 2.1 shows the infrared absorption spectra of CHj in solid parahydrogen
observed at 4.5 K. Traces (a) and (b) show spectra of the doubly degenerate
stretching (v3) transition and the doubly degenerate bending (v4) transition,
respectively. In each transition, only a doublet was observed. The transition

wavenumbers and its polarization are listed in Table 2.1. The assignment of

33



Chapter 2

quantum numbers in Table 2.1 is discussed in later sections. No temporal
change of the intensities was observed for a period of a week.

Figure 2.2 shows the absorption of CDj in solid parahydrogen at 4.5K.
Traces (a) and (b) are the spectra of the doubly degenerate stretching (v3)
transition and the doubly degenerate bending (v4) transition, respectively.
The transition wavenumbers and its polarization are listed in Tables 2.2 and
2.3. The total intensity of the whole band decreased in a few days resulting
from the tunneling reaction of CD3 + Hy — CD3H + H.32:33 Nevertheless, in-
tensity alternation among each transition was not observed for a week within
our detection limit.

As clearly seen in Figs.2.1 and 2.2, the v, transition is much shaper than
the v transition of both the CH3 and CDj radicals. The widths (FWHM;
full width at half maximum) of CHj at 4.5 K were 0.6 cm™! and 0.1 cm™!
for the v3 and vy transitions, respectively, while the widths of CD3 were 0.2

cm~ ! and 0.02 ecm™! for the v3 and vy, respectively.

2.4 Theory

Analysis of rotation-vibration spectra of molecules in crystals is significantly
different from that in gaseous phase. In this section, we describe details of the
theory for the quantitative analysis of the observed spectra. As is discussed

21,24 we assume that each radical occupies a single substitutional

previously,
site of the hexagonal-close-packed lattice. It is also assumed that the iodine
atom dissociated from the radical is trapped far from the radical so that
perturbations of the iodine atom to the ro-vibrational energy levels of the
radicals is negligibly small.' We first discuss the extended group pertinent
to the present system in the subsection 2.4.1. Classification of the rotational

wavefunctions in terms of the irreducible representations of the extended

group is given in 2.4.2. Then, the Hamiltonian of the present system for the
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Figure 2.1: FTIR spectrum of the v5 (upper panel) and vy (lower panel)
fundamental transitions of CHj isolated in solid parahydrogen.
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Table 2.1: The observed transition wavenumbers and the assignments of CHj3 in solid parahydrogen.

wavenumbers polarization assignments
N K| M| I’ N" K| |M"] T/
Vs 3170.5 1 1 1 1 + EAMHEA) 0 0 0 AjA]
3171.5 | 11 0 + AA+AALN 0 0 0 AA]
vy 1401.7 i 1 1 1 + EAMHEA) 0 0 0 AjA]
1402.8 [ 11 0  + AAT(+AAY) 0 0 0 A A
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Figure 2.2: FTIR spectrum of the v3 (upper panel) and vy (lower panel)
fundamental transitions of CDj isolated in solid parahydrogen.
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Table 2.2: The observed transition wavenumbers, the assignments, and the calculated transition wavenumbers of
the vg transition of CDj3 in solid parahydrogen. The columns of IV and I show irreducible representations of
rotation-vibration wavefunction in the extended group G.

Obserbed Calculated
Transition Assignments Transition
wavenumbers Upper state Lower state wavenumbers ~ Obs. Predicted
(em~1) Polarization N’ |K/| |M'| 1 I’ N K" M T (em~1) - Calc.  polarization

2371.44 [ 0 0 0o - AE 1 1 0 AE” 23716 0.1 |
2372.96 1 0 0 0o - A E 1 1 1 EE' 2372.9 0.1 1
2374.24 [ 11 1+ EAHEA) 1 0 1 EAJ 2374.1 0.1 |
2375.56 1 11 0+ AAJ(+AAY) 1 0 1 EA] 2375.5 0.1 1
2375.86 1 11 1+ FEA(+EA) 1 0 0 AA, 2376.1 -0.2 1
2379.15 1 2 2 2 - EE 2 2 0o AFE 2379.0 0.2 il
2380.77 1 1 0 0o - AsE’ 1 1 1 EE' 2380.5 0.3 1
2381.01 1 10 1 - EE" 1 1 0  AE7 23812 0.2 il
2382.51 [ 10 1 - EE" 1 1 1 EE 2382.5 0.0 |
2383.82 1 11 1+ FEA(+EA) 0 0 0 AAY 2383.8 0.0 1L
2385.25 | 11 0+ A A7(+AAY) 0 0 0 A A] 23852 0.0 |
2387.19 1 2 2 1+ EAJ(+EA]) 1 1 0 AE” 23873 0.1 il
2387.84 [ 2 2 0  + AA(+AA) 1 1 0  AE" 2387.9 -0.1 [
2388.70 [ 2 2 1 - EE" 1 1 1 EE 2388.6 0.1 |
2389.34 2 2 0o - A E 1 1 1 EE' 2389.3 0.0 1
2390.51 1 3 3 3 AFE 2 2 2 EF 2390.3 0.2 il
2392.65 2 1 1+ FEA(+EA) 10 1 EAJ 2392.8 0.1 |
2394.31 2 2 2+ EBA(+EA) 0 0 0 A A} 2394.1 0.1 1

2395.51
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Chapter 2

analysis of the observed spectra is described in subsection 2.4.3.

2.4.1 Extended Group

We consider a methyl radical occupying a single substitutional site of a
hexagonal-close-packed crystal (see Fig.2.3). In order to analyze the rotation
vibration spectra of molecules in crystals, it is necessary to take into account
the symmetries of both the crystal and the molecule. For this purpose, it is

convenient to introduce the extended group* as discussed previously.*2!24

Figure 2.3: A methyl radical molecule occupying a substitutional site of the
hep lattice of parahydrogen (left). Crystal-fixed axes are designated as XYZ
(left) and molecule-fixed axes are designated as xyz (right).

The crystal structure belongs to Ds;, point group, which is composed of

12 symmetry operations,
Dgh = {E, 203, 302, Ohp, 253, 3UU}.

Notations of symmetry operations are standard.
The radical belongs to the same Dsgj, point group, but it is more convenient

to use the permutation-inversion group G5, whose symmetry operations are
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given below.
Gi2(M) = {FE,2(123),3(23), E*, 2(123)*,3(23)*}

Here, E represents the identity operator, (123) a cyclic permutation of iden-
tical nuclei and (123)* a cyclic permutation followed by the space-fixed in-
version.3?

The extended group appropriate to the present system is a subgroup of
the direct product group of the space symmetry group Ds;, and the molecular
symmetry group Gio. Explicit express of the symmetry operations are given

below.

G = {FEE,2E(123),3E(23),2C5E, 4C5(123), 6C5(23),

30, F,6C5(123),905(23), o, E*, 204 (123)*, 301,(23)*,

253 F*,455(123)*,6595(23)*, 30, E*, 60,,(123)*, 90,,(23)*}

In the above, symmetry operations on the molecule are represented with
overbars.3* The operations {E, 2C3, 3Cy} of the space symmetry couple only
to the symmetry operations {E,2(123),3(23)} of the molecule, whereas the
operations {oy, 253,30, } of the space couple to {E*,2(123)*,3(23)*}. These
restrictions are introduced because any operation that includes the space
inversion operation either in space operation or in molecular operation, but
not in both, is not a feasible operation in the present system. The group
GG is isomorphic to the direct product group D3 ® G15. The character table
of the group G is listed in Table 2.4. The symmetry species of space fixed

components of the dipole moment p are also listed.

2.4.2 Symmetry Classification

Rotational wavefunction of the radical is conveniently expressed as a lin-
ear combination of Wigner’s rotation matrix DLm(Xaea ¢).* In addition,

anisotropic potential of intermolecular interaction is usually expanded as a
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Table 2.4: Character table of group G.
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linear combination of Wigner’s rotation matrices. Therefore it is useful to
compose symmetry adapted functions of linear combination of the rotation
matrix D under the extended group G.

Explicit expression of the symmetry adapted functions depends on the
definition of both crystal-fixed and molecule-fixed axes. The definitions of
the crystal-fixed axes (XY Z) and molecule-fixed axes (zyz) are shown in
Fig.2.3. Crystal ¢ axis is taken as the Z axes, and one of the C5 symmetry
axes of the crystal (as shown in Fig.2.3) is taken as the X axis of the crystal-
fixed axes. The crystal-fixed axis are identical to the laboratory-fixed axes.
The C3 symmetry axis of the radical is taken as the z axis, and one of the Cy
symmetry axis of the molecule (as shown in Fig.2.3) is taken as the z axis of
the molecule-fixed axes.

The symmetry adapted functions under the extended group GG can be ob-
tained by considering the transformation of the rotational matrix Di’m (x,0,90)
under each operation of the extended group.?"?* The symmetry adapted
functions up to the third rank tensors are classified into each irreducible

representation in Table 2.5.

2.4.3 Hamiltonian

We assume that perturbation from the surrounding lattice to the dopant
molecules is weak enough so that the rotation-vibration Hamiltonian of the
system is well described as a sum of the standard rotation-vibration Hamil-

tonian H,.;_.;» and a crystal field potential V' as
H = H o—vip +V. (21)

The rotational Hamiltonian of the radical in the vibrational ground state

1s written as

Hyo—vis = B"N? + (C" — B")N? (2.2)
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Table 2.5: Symmetry adapted functions of linear conbination of Wigner’s
rotation matrix ngvm(x,ﬁ, ¢) in the extenden group G. The definitions of

Wigner’s rotaiton matrix is that introduced by Wigner.?

6

rank irreducible wavefunctions va m
representation 7
1=0 A A} DY,
I=1 Ay Al Do
A E" D!, Dig
EF Dl—l,—l) Dl—l,lﬁ D%,—lv D%,l
EAj; Dg,_1, Dg
1=2 A AL DZ,
A E D?,,, D3,
A E" D%, ,, D},
EA D§ _5, D,
EF D272,727 D%2,21 D%,727 D%jv Dgl,fl’ Dzl,l? D%,flv D%,l
EA  Di D3,
EE" D2—1,—2: D%,—2a D2—2,—17 D%,—lv D2—2,17 D%,l’ D2—1,27 D%,z
=3 A AT %{D?is,—g -D} ;-D%;5+ D§’73}
A AL %{Dzi:s,fs + D3 53— D335— D33}
AE %{Dil,fii - D§1,3}7 %{D%ﬁ:’) - D%,?)}
A AY %{Dg,fs - D5}
A B %{Diz—s - D?iz,s}v %{Dg,% - DS’,3}
A A7 %{D?is,fs —Di 3+ D%35— D33}
Ay Al %{D?iza,fs +D3 3+ D?35+ D33}, Diy
AyE" %{D?ﬁl,—s + D3, 5}, %{Di% + D33}, D2y, D3
A2A7/1/ %{Dif},(] - Dg,o}v %{Dis,o + Dg,o}
A AY %{D87_3+D8,3}, %{DS,—:’,JFDS,:&}
AyE" %{Diz,fs + D?, 3}, %{Dg,fs + D33}, D3, D3
EA*& %{Di&—l - Dg,—l}v %{Dig,l - Dg,l}
EA, %{Di&—l + D3 .}, %{Dim + D3}, D§ 5, D,
EF D§2,727 Di2,21 D§,727 Dg,% D?il,fl’ Dil)’,flv Dil,lv Dzl)),l
Ef‘Tﬁ/ %{Dig,fz - Dg’,Q}, %{Dig,z - Dg,z}
EA] %{Di&—z + Dg,—z}a %{Di?,,z + Dg,z]’, D 1, D,
Eﬁ Dil,f% D%,727 Dizflv Dgﬁlv DiQ,la Dg,lﬁ D§1727 D:I)’,Q
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where N and N, are the total and projection rotational angular momentum
operators, respectively, and B” and C” are the rotational constants of the
vibrational ground state. We ignored the centrifugal distortion term and
other higher order terms, since the transitions we observed were only those
between J = 0, 1 or 2. The rotation-vibration Hamiltonian in the doubly

degenerate vibrational excited states is written as
Hyot—vip = hvi + BIN? + (C! — B))N? + H,,, (2.3)

where v is the frequency of the band origin of the i-th vibrational transition,
B; and Cj are the rotational constants in the i-th vibrational excited states,
and H,.,, is the Hamiltonian for the Coriolis interaction.

As for the potential V' in Eq.(2.1), we only consider anisotropic potentials
that are a function of the Euler angle €2 of the radical relative to the crystal-
fixed axes, since the isotropic potential does not change relative energies of
rotational states of the radical. Conservation of total energy requires that the
anisotropic potential has to be invariant under any symmetry operation of the
extended group G, i.e. the potential needs to belong to the AlA_’1 irreducible
representation of the group G (see Table 2.5). The first two anisotropic terms

are given as

V(Q) = €2D3,0(Q) + %63{1}33,—3(9) - Dg,—?)(Q) - D:’:3,3(Q) + D§3(Q)] (2.4)

where 2 is the orientation of the radical relative to the crystal-field axes and

€2 and €3 are the coefficients that we call crystal field parameters.

2.4.4 Rovibrational energy

In order to understand the effect of the crystal field potential, V(2), to
the rovibrational energy levels of the radicals, energy shifts and splittings of
the N =0 and N = 1 rotational levels in the vibrational ground state are

depicted in Fig. 2.4.
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Figure 2.4: Energy levels of the N = 0 and N = 1 rotational states in the
vibrational ground state. (a): e = 0, €3 = 0 (correspond to the gaseous
phase). (b)~(d): e = 1.0 ecm™!. (b')~(d’): e = —1.0 cm™*. (b) and (b’):
€3 =0.0 cm™'. (c) and (¢’): e3="5.0 cm™!. (d) and (d’): €3 = 10.0 cm™'.

The degeneracy of the M = £1 and M = 0 levels is lifted due to the
second order potential €5 DZ,(€2). The first order perturbation theory tells
that the second order potential shifts the N = 1, |[k|] = 1, M = 0 and the
N=1, |kl =1, |M|=1hby —%62 and %62, respectively, while the N = 1,
k=0, M =0and the N =1, k =0, |[M| = 1 levels by %62 and —%62,
respectively. Therefore, when the value of € is positive, the M = 0 level is
lower than M = =41 level for the N = 1, k = +£1 state, while the M = £1
level is lower than the M = 0 level for the N = 1, £ = 0 state. On the
other hand, when the value of €5 is negative, the M = +1 level is lower than
M = 0 level for the N = 1, k = £1 state, while the M = 0 level is lower
than the M = =+1 level for the N = 1, k = 0 state.

The effect of the third order potential is complicated, but it is smaller
than that of second order potential. The M =1 and M = —1 levels are yet

degenerated due to the axial symmetry of the hcp structure.
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2.4.5 Optical selection rule

There are optical selection rules of the M sublevels in addition to the standard
selection rule of N and k& quantum numbers. In general, transitions between
the M = 0 and M = 0 levels are active for the radiation polarized parallel
to the c-axis of the crystal, while the transitions between the M = 0 and
M = =1 levels are active for the radiation polarized perpendicular to the
¢ axis. Transition between the M = £1 and M = =1 levels are active for
both polarization. More strict selection rule can be derived easily by the use
of the character table in Table 2.4 and the symmetry classification of each
rotational state shown in Table 2.5. For example, the selection rule for the
Q(1) transition is as follows. The overall symmetries of the rotation-vibration
wavefunction of the N = 1 states in the vibrational ground state are Ay A}
and EAY for the (N =1, k=0, M =0), and (N =1, k =0, |[M| = 1)
states, respectively, while A, E” and EE’ for the (N =1, |k| =1, M = 0),
and (N =1, k = |1|, |M| = 1) states, respectively. In the doubly degenerate
vibrational excited state (E’), the symmetries are AyE’ and EE” for the
(w=1,N=1,k=0,M=0)and (v=1, N=1, k=0, | M| =1) states
respectively, while Ay A} or AyAY for the (v =1, N =1, |[k| =1, M =0, +I)
states, EA} or EA, for the (v =1, N =1, |[k| = 1, |[M| = 1, +1) states, AyE"
for the (v =1, N =1, |k| = 1, M = 0, —I) states and EE’ for the (v = 1,
N =1, |k| =1, |[M| =1, —I) states, where (+1) and (—[) designate Coriolis
doublet.3” Therefore, by taking into account of the symmetry of the dipole
operators, the active transitions for the radiation polarized perpendicular to

the c-axis are
(v=1,N=1,lk|=1,|M|=1,+; EA})) « (v=0,N =1,k = 0, M = 0; Ay A})
(v=1,N=1,]k| =1,M =0, +l; AyA)) «— (v=0,N = 1,k =0, |M| = 1; EA})

(v=1,N=1k=0,|M|=1EE") « (v=0,N=1,|k| =1, M = 0; A,E")
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and

(v=1,N=1k=0,M =, AF") «— (v=0,N =1, k| =1,|M| = 1; EE"),
while the transitions of

(v=1,N=1,]k|=1,|M|=1,+; EA,) « (v=0,N = 1,k =0,|M| = 1; EAL)
and

(v=1,N=1,k=0,|M|=1,EE") « (v=0,N=1,|k| =1,|M| = 1; EE’)

are active for the radiation polarized parallel to the c-axis. All other transi-

tions such as
(v=1,N=1k=0,M=0;AE") « (v=0,N =1,|k| =1, M = 0; A, E')

are inactive.

2.5 Analysis

2.5.1 CD;

Comparison of the polarization dependence of the observed transitions with
theoretically predicted polarization dependence, the spectra shown in Fig.2.2
can be analyzed qualitatively. For example, the transitions at 2371.44 cm™!
and 2372.96 cm ™! in the 3 mode showed polarization dependence of parallel
and perpendicular, respectively. If the perturbation due to the crystal field is
small, these two transitions must be those of (v =1,N =0,k =0,M =0) «—
(v=0,N=1,|k|] =1, M"). Referring to the observed polarization depen-
dence, these two transitions are attributable to (v =1, N =0, |k| =0, M =
0; A1E) «— (v=0,N=1,|k| = 1,M = 0; AyE”) and (v =1,N =0, |k| =
0,M =0;A,F') « (v=0,N = 1,|k| = 1,|M| = 1; EE"), respectively.

The spacing between these two transitions; that is, 1.52 cm ™! corresponds

to the spacing between M = 0 and M = =£1 levels in the N =1, [k| =1
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state of the vibrational ground state. The M = +1 level is lower in energy
than the M = 0 level. The assignment is also supported from the fact that
the spacing between the lowest two transitions of the v, mode (1019.296
cm~ ! and 1020.801 cm™!) are 1.555 ecm ™!, which is in good agreement with

1 as these two transitions are also

the spacing in the 3 mode of 1.52 cm™
assigned to those from the M = 0 and M = =1 levels, respectively, in the
v=0, N=1, |k| =1 state to the (v=1,N =0,k =0, M = 0) level.

In the same way, the third, fourth and fifth transitions from the lowest
frequency side of both modes (v3: 2374.24, 2375.56 and 2375.86 cm ™!, vy:
1023.360, 1024.976 and 1025.201 cm™!) can be assigned to the transitions
from the (v = 0,N = 1,k = 0,|M| = 0 or 1) levels to the (v = 1, N =
1|kl = 1,|M]| = 0 or 1,+1) levels. Only three transition are allowed among
the four possible transitions as discussed in Sec. 2.4.5. By taking differences
of the transition wavenumbers, it is obtained that the spacing between the
M| =1 and M = 0 levels in the N = 1, k = 0 state of the vibrational

ground state is 1.62 cm™1.

Referring to the qualitative assignments discussed above, the spectrum
shown in Fig.2.2 can be analyzed quantitatively with the use of the Hamilto-
nian in Eq.(2.3). We employed the least squares fitting method to determine
the parameters in the Hamiltonian. Unfortunately, it was found that the
number of observed transitions in the v4 mode was not enough to determine
molecular parameters, we focuse only on the analysis of the v3 mode in this
paper. The observed frequencies of the v3 transition were taken into ac-
count to determine total of 7 parameters; that is, the rotational constant of
the ground state (B”, C"), and of the v3 (B, C%) excited states, the band
origin (v3), and two coefficients €5 and €3 of the crystal field parameters in
Eq.(2.4). The crystal field potential parameters e, and €3 were assumed to
be the same for the ground and the v5 vibrational excited states.>® Since the

Coriolis parameter (; and the rotational constants were unable to determine
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independently, we fixed the Coriolis parameter to the value in the gas phase
(3 = 0.201). The assumption is based on the fact that the Coriolis parame-
ter of methane in solid parahydrogen is almost the same value as that in the

gas phase. Table 2.6 summarizes the determined parameters. The gas phase

38-40

values are also listed in Table 2.6 for comparison.

Table 2.6: Molecular constants of CDj3 in solid parahydrogen. The values
except for the Coriolis parameters are given in units of cm~!. The Coriolis
coupling constant ( is fixed to the value of gas phase data. The gas phase
values are taken from Refs. 33 and 34.

Solid para-H, Gas Phase3%34

Ground state

B” 4.529(60) 4.802
c” 2.033(77) 2.390
v3 excited states
V3 2378.81(11) 2381.09
¢ 0.2017 0.201
B 4.479(60) 4.759
Ci 2.018(32) 2.373
Crystal field
€9 -2.44(21)
|es] 8.37(58)

1: fixed to the gas phase values.

Comparison of the observed transition frequencies and the theoretical
frequencies are given in Table 2.2. The residual errors between the observed
and the calculated transition frequencies are fairly small compared to the
typical linewidth of 0.2 cm™! for the v3 transition.

Figure 2.5 depicts the energy levels and the observed transitions. The
observed transitions are indicated by solid and dashed lines; the solid lines
are the transitions for radiation polarized parallel to the ¢ axis, while dashed

lines are the transitions polarized perpendicular to the ¢ axis. The mixing
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of different rotational states due to the crystal field potential allowed us to

observe a few forbidden transitions as shown in Fig.2.5.

2.5.2 CH;

Because of the large rotational constants of CHz (B=9.58 cm™!, and C=4.74
cm~lin the gas phase®’), the population in the ground N = 0,k = 0 state is
expected to be more than 99.9% at 4.5 K. Therefore, only the "R(0) transition
should be observed. The doublet in Figure 2.1 is assigned to the "R(0)
transition with the spacing of the doublet corresponds to the energy splitting
between the M = 0 and M = +1 levels of the N = 1, |k| = 1 states in the
vibrational excited state.

Unfortunately, it is not possible to determine molecular constants of CHg
from only the doublet shown in Fig.2.1 because of the lack of sufficient in-
formation. The only information we obtain from the spectrum is that the
splittings of the doublets of 1.0 em™! for the v transition and of 1.1 cm™!
for the v, transition are related to the crystal field parameters €5 and €3 in
Eq.(2.4). The splittings are smaller than those of CD4 (1.4 ecm™! for the v3
and 1.9 cm™? for the v4). If the crystal field parameters of €, is dominant, the
spacing is roughly equal to 13—062. Thus. the small splittings of CHj3 indicate
that the absolute value of the crystal field parameter e; of CHjs is smaller

than that of CD3. Apparently, we need additional information to discuss

further.

2.6 Discussion

2.6.1 Analysis

As shown in Table 2.2, the agreement between observed frequencies and
theoretically predicted frequencies is not as good as that for methane in solid

parahydrogen.*? In the present analysis we ignored the coupling between the
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Figure 2.5: The rovibrational levels of the ground vibrational (v = 0) and
doubly degenerate vibrational excited states (v = 1). Each energy levels
are labeled by the irreducible representation I'T of rotation-vibration wave-
function in the extended group G. The solid lines between the ground and
vibrational excited states indicate the allowed transitions for radiation po-
larized parallel to the ¢ axis, while dashed lines indicate transitions polarized
perpendicular to the ¢ axis.
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rotational motion and translational motion of the radical in the crystal. Such
effect has been discussed in the case of diatomic molecules.*!*3 The rotation-
translation coupling might be more important for symmetric top molecules
than for spherical top molecules. Modification of the present Hamiltonian by

including the rotation-translation coupling is now underway.

2.6.2 Rotational Constants

The rotational constants of CDj3 in solid parahydrogen were found to be
smaller than those in the gas phase. The constant B is about 6% smaller
than the value in the gas phase, while the constant C' is about 15% smaller.
The reduction is the same orders of magnitude as that of methane in solid
parahydrogen, where the reduction is about 10%.

The reduction of the rotational constants corresponds to the increase
of the effective moment of inertia. The increases of the moment of inertia
have been reported for molecules embedded in superfluid helium droplets.

There are several different explanations for the origin of the increase in He

127 1'28

droplets. They include a hydrodynamic model*’ and rigid cluster mode
Neither model however, can be applied to molecules in solid parahydrogen,
because hydrogen molecules are bounded at their lattice sites. We will discuss
the origin of the increase of the moment of inertia of molecules in solid

parahydrogen in a separate paper.**

2.6.3 Crystal Field Parameter

The crystal field parameters €2 and €3 in Eq.(2.4) contain information on
the intermolecular interaction between the radical and surrounding hydro-
gen molecules. As a first order approximation, we analyze the parameters in
terms of the pair type dispersion interaction between the radical and hydro-
gen molecule.

Since both the methyl radical and the parahydrogen molecule have no
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permanent dipole moment, the anisotropic interaction between them mainly
comes from dispersion forces. The anisotropic potential of pairwise dispersion
interaction between the i-th parahydrogen molecule and the methyl radical

can be written as
(Wi, Ri) = aa(R;) DYy (wi) + ag(Ri) DSy (w;) — D) o(wi)]  (2.5)

where w; is the Euler angles of the methyl radical relative to the intermolecu-
lar axis between the radical and i-th hydrogen molecule and R; is the distance
between the radical and the hydrogen molecule. The coefficients as(R;) and
az(R;) are the functions of the distance R;. Here, we ignore the orientational
dependence of the hydrogen molecule on the potential, since all hydrogen
molecules occupy the J = 0 rotational state. Assuming the additivity of the
dispersion interaction, the crystal field potential in Eq.(2.4) is obtained by
summing up all the pairwise interaction in Eq.(2.5) between the radical and

all hydrogen molecules in the crystal as

V(Q) = ZU(%,R)
= iaﬂRzﬂZD&#(wDé?m)

+3 as(Ri ZDom i) ﬁ DY,.(Q) = DEL.(Q)| (2.6)
=1

where the angle )_,; represents the orientation of the ¢-th pair axis relative
to the ¢ axis of the crystal, and € is the orientation of the radical relative
to the crystal axis. If the hydrogen molecule are completely fixed at the
equilibrium position of the crystal lattice, the crystal field parameters e; and
€3 are expressed as follows.

& = Z(E) DS (Q;) = az(Ro) S (2.7)

=1 v

€5 = Z\/_agRoi(

=1 ¢

Ry 3 )*( 3)
E) D 0,3 Q_m) = Z\/—CL3<R0>S (28)
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Here, Ry is the lattice constant of the crystal (Ry = 3.783A). The parameters
S = 32 (Ro/Ri)°*DEY Qi) and S = 3722 (Ro/Ry) DS} (Q-s) are
calculated to be SéQ) = 0.003048 and S§3) = 0.529017 for the hcp lattice.
From the classical multipole expansion of the dispersion interaction po-
tential,®> the distance dependent coefficients ay(R) and az(R) in Eqs.(2.7)

may be written as,

1 Iy, 1 1
as(R) = — H,1CD; <

— 2.9
(47eo)? 2(Ir, + Iony) > AH,7JCDs (2.9)

RS

1 1 Lulep 1
R)=1\/— 2 2 — A 2.10
%(R) 15 (4meg)? I, + Icp, <RY> 2 220, (2.10)

where Iy, and Icp, are ionization energy of hydrogen and CDs, respectively,

aqp, is the dipole polarizability of hydrogen, ycp, is the anisotropic dipole
polarizability of CD3, Acp, is the anisotropic quadrupole polarizability of
CDs, and (1/R™) (n = 6,7) is the mean value of 1/R™. To derive Egs.(2.9)
and (2.10), we used the London approximation.?®

If the effect of the zero point vibration of parahydrogen molecules in the
lattice is negligibly small, (1/R%) and (1/R") can be replaced with 1/R§
1/RY, respectively, where Ry is the lattice constant of solid parahydrogen.

Then the values of €5 and €3 are estimated to be

e = as(R)SY

_ 1 I, Iep, ia N 5(2)
(47€0)? 2(In, + Icp,) RS 12 7Ps70
= —149x107* (cm™) (2.11)

s = iv2a3(R)SY

/2 1 In,Icp, 1 (3)
— i/ 200Ds 2 Aon, S
! 15 (47’(’60)2 IH2 + ICD;; RZ) OH> 0D 07

= —1.81 (em™) (2.12)

where we used the known values of Iy, = 15.426(eV),*® Icp, = 9.831(eV),*"
Ry = 3.783 x 1071%(m),® ay, = 8.926 x 1074(C-m?/V),?® and vcp, =
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0.0811 x 10741(C - m?/V).®8 As for the dipole-quadrupole polarizability A,
we used the value of methane (Acy, = 2.97 x 107°° C - m3/V).%

The order of the estimated value for the coefficient €3 is the same as the
determined value from the observed spectra as seen in Table 2.6. On the
other hand, the estimated value of ¢ is four orders of magnitude smaller
than the observed value in Table 2.6. Part of the discrepancy in the coeffi-
cients €5 is due to the large zero-point vibration of parahydrogen crystal we
have neglected. Since the amplitude of zero-point lattice vibration of solid
parahydrogen crystal is about 20 % of the lattice constant, the average of

(1/R®) may be different from the value of 1/RS.

2.6.4 Nuclear Spin Conversion

In the case of CH, and CD, in solid parahydrogen, we have observed the
nuclear spin conversion between different nuclear spin states. The intensity
alternation of the observed transitions has been observed in a time scale of a
day, which has been interpreted as to the change of nuclear spin population
from the equilibrium ratio at high temperatures to the ratio at liqg. He
temperature. Contrary to the case of methane, we observed any intensity
alternation for neither CH3 nor CD3. The nuclear spin conversion of the

radical may be too fast to observe in the timescale of our observation.
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Chapter 3

The UV and IR absorption
spectra of C3 trapped in solid
parahydrogen.

Abstract

We present UV and IR absorption spectroscopy of small carbon molecules
of C3 using a by high-resolution Fourier-transform spectrometer. Extremely
sharp UV absorption features with multiplet structures were observed in the
A1Hu<—)~(12g electronic transition. The sharp UV absorption lines demon-
strates the potential of solid parahydrogen as a matrix for high-resolution
spectroscopy of UV-VIS electronic transitions. Details of observed spectra

are discussed.

3.1 Introduction

Small carbon molecules of C3 have attracted considerable attention of many
spectroscopists since the first identification of the molecule by Herzberg.! The
researchers’ interests cover not only the basic science but also its applications
to chemical reactions in combustion flame and interstellar space.?3 Both the

ground X! Zgand the first excited A'Il,electronic states have been extensively
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1 12-20

studied in the gas phase* ! as well as in rare gas matrices.

In this paper, we report high-resolution UV spectra of C3 embedded in
solid parahydrogen (p-Hs). The popularity of solid p-Hy crystals as a host
for matrix isolation spectroscopy has grown steadily in last several years.21 24
The favorable properties of solid p-Hs as a matrix host include astonishingly

24,25

sharp infrared absorption lines and feasibility of in-situ photolysis.?? For

26,27

example, high-resolution infrared spectroscopy of methane and methyl

128 in solid p-H, revealed fully resolved ro-vibrational spectra of the

radica
dopant molecules in single substitutional sites of a hexagonal-close-packed
(hep) crystal. So far, the application of high-resolution matrix isolation spec-
troscopy in solid p-Hjy has been limited to the spectroscopy in infrared (IR)
region. The aim of the present paper is to demonstrate the applicability of
the solid p-Hs matrix to the high-resolution spectroscopy of electronic tran-
sitions of dopant molecules as well.

2931 small carbon molecules C,, (n=3, 5, 7 and 9)

In previous papers,
produced by laser ablation of graphite were successfully isolated in a solid
p-Hs matrix, and the IR absorption spectra of these molecules were identi-
fied. Herein, we present the high-resolution UV absorption spectrum of the
AIHHHXIEQ electronic transition of Cs in solid p-H,. IR absorption spectra
of C3 in solid p-Hy observed with higher spectral resolution than that we

29-31

employed in previous papers are also discussed.

3.2 Experiment

In the present study, Cs molecules were produced by in-situ UV photolysis
of acetylene (CoHs) clusters embedded in solid p-Hs. The UV photolysis of
the CyHy clusters was found to produce Cs molecules more efficiently than
laser ablation of graphite that we employed in the previous papers.?3° We

also performed UV photolysis of benzene (CgHg) as well as laser ablation
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of fullerene (Cg)?! to produce Cz molecules in solid p-H,. Irrespective of
the precursor molecules, the absorption spectra of the Cs molecules were,
including fine spectral structures, exactly the same for all the samples as
discussed below.

Pure parahydrogen gas containing less than 0.05 % orthohydrogen was
obtained by passing normal hydrogen gas (ortho:para=3:1) through ferric hy-
droxide catalysts kept at 14 K.?22%25 Small amount of precursor molecules
(CyHy or CgHg) were mixed with the p-Hs gas at room temperatures. Subse-
quently, the premixed gas was introduced into an optical cell kept at ~ 8 K
in a liquid-helium cryostat to grow transparent crystals. The cell was made
of copper. Both ends of the cell was sealed with BaF,; windows using indium
gaskets. For the UV photolysis, the crystals were irradiated by laser pulses of
an ArF excimer laser (MBX-100, 193 nm 30 mJ/pulse, ~10 ns pulse width,
50 Hz) for a few hours without using any focusing lens.

The UV and IR absorption spectra of the C3 molecules were observed by
using a Fourier-transform spectrometer (Bruker IFS 120 HR). A KBr beam-
splitter, a glober source, and a liquid Ny cooled HgCdTe (MCT) detector
were used for the recording of the IR spectra, while a quartz beamsplitter,
a tungsten lamp, and a photomultiplier were used for the UV spectra. The
spectral resolution was 0.1 cm™! for the UV spectroscopy, and 0.1 ~ 0.01

cm™~! for the IR spectroscopy.

3.3 Results and discussion

3.3.1 UV spectra
The band origin of the Alﬂu-XlEg transition

Figure 3.1 shows the UV spectrum of CoHy/p-Hy system after an irradiation
with 193 nm photons. A strong absorption at 24,499 cm~! (408 nm) is

assigned to the origin band of the Alﬂu—f(lﬁg transition, as the transition
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wavelength is close to that in solid Ar (410 nm),? in solid Ne (405 nm),* 20
and in the gas phase (405 nm).”® In Fig.3.1, the origin band is designated
as A(000)-X(000), where the numbers in parenthesis (1,513) indicate three
vibrational quantum numbers in the upper or lower electronic state. The
linear C3 molecule has one symmetric (stretching v;) and two asymmetric

(bending v5 and stretching v3) vibrational modes.

1.5 -
g -H, (5K)
: C,/ p-H, (5K
7 ~1 ~1_ +
2 AT,-X'Z,
o 1.0 ~ -
(&)
[
@
o)
p —
3
= g
0.5- &) o8 © S i
g8 88 8 iy
| Ll S
D 58 & S
g 28 &
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24000 24500 25000 255010 26000 26500 27000

cm

Figure 3.1: UV absorption spectrum of the AIHu<—)~(12g transition of Cs in
solid p-Hy at 5 K. The spectrum was recorded after the solid p-Hs, sample
containing acetylene molecules (p-Hy/CyHa=1000) was irradiated with laser
pulses at 193 nm from an ArF excimer laser (30 mJ/pulse at 30 Hz) for 3
hours.

Vibronic bands

In the higher-frequency region to the origin band, several absorption bands
were observed at 24,879, 25,292, 25,372, 25,593, and 26,188 cm™! as shown

in Fig.3.1. These bands are assigned to vibronic transitions of Cj in solid
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p-Hy. The separations of each vibronic band measured from the origin band
at 24,499 cm~! were 380, 793, 873, 1,094, and 1,690 cm ™!, respectively. All

the observed frequencies are listed in Table 3.1.

For the II-X type electronic transition of a linear concentric molecule
such as C3, asymmetric vibrational excitations are allowed when the quan-
tum numbers of both the upper and lower states are even or odd.?? Since Cj
molecules at 5 K are in the v = 0 vibrational ground state, transitions to
even-numbered vibronic states, that is v = 2n, are expected to be observed.
In the bending mode of the ATI, upper electronic state, relatively large
Renner-Teller coupling was reported. Referring to the transition frequen-
cies of gas phase LIF spectra,,” the absorption bands at 24,879, 25,372 and
25,292 cm ™! in Fig.3.1 are assigned to A(0270)«—X (000), A(0270)«—X (000)
and A(0470)«X (000) vibronic transitions, respectively. The Renner-Teller
splitting of the v = 2 level in the A state of Cy in solid p-H, is 493 cm ™,

which is in good agreement with the splitting of 491 cm™! in the gas phase.’

Similarly to the case of the bending excitations, asymmetric-stretching ex-
citations are allowed when even-numbered v state is excited. The observed
frequency difference of 1,690 cm™! between the absorption band at 26,188
ecm™! and the origin band at 24,999 cm™! is in good agreement with the
frequency difference of 1,671 ecm™" for the emission band of A(002)— X (000)
and that of A(000)—X(000) in the gas phase LIF spectra.® Thus, the ab-
sorption band at 26,188 cm~! in Fig.3.1 is assigned to the A(002)« X (000)

vibronic transition of Cs.

As for the excitation of symmetric vibrations, transitions with any combi-
nation of quantum numbers are allowed. The band at 25,593 cm~! in Fig.3.1
is attributable to the A(100)«X (000) transition, because the separation of
1,094 cm™! measured from the band origin in Fig.3.1 is in good agreement
with the gas-phase vibrational frequency of 1,085 cm™! for the v; mode in

the upper state.”
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Table 3.1: Observed frequencies of the UV absorption spectrum of Cjs in solid
p—HQ.

b

observed frequency? difference assignment
cm ™! cm ™!
24,470.0 w (-28.6)
24,484.8 w (-13.8)
24,498.6 s 0 band origin A, — X's)
24,500.7 w (2.1)
24,501.7 w (3.1)
24,504.5 m (5.9)
24,507.7 m (9.1)
24,511.1 S (12.5)
24,513.2 w (14.6)
24,515.4 w (16.8)
24,516.1 w (17.5)
24,517.0 w (18.4)
24,518.4 m (19.8)
24,519.1 w (20.5)
24,521.3 m (22.7)
24,525.7 S (27.1)
24,535.1 m,b (36.5)
24,550.7 w (51.5)
24,587.2 w (88.6)

24,878.6~24,902.0 w,b 380.0 (0270)«(000)  asymm. bending
25,291.8~25,306.8  w,b 793.2 (0470)«(000)  asymm. bending
)

25,371.5 w,b 872.9 (02%0)«(000)  asymm. bending
25,592.9 W 1094.3 (100)«—(000)  symm. stretching
25,605.1 w o (12.2)
25,619.6 w o (26.7)
25,630.4 wb  (37.5)
26,188.4 m 1689.8 (002)«—(000) asymm. stretching
26,201.1 m (12.7)
26,216.2 w o (27.8)

aAbbreviations: s,strong; m,medium; w,weak; b,broad.

PThe numbers in parenthesis are the difference in frequency measured from
the lowest-frequency peak within each vibronic band. The numbers without
parenthesis are those measured from the band origin at 24,498.6 cm™!.
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Band shape

Figure 3.2 compares the fine structures of the band origin with those of
both asymmetric and symmetric stretching excitations. Almost exactly the
same spectral structures were observed for all the samples made with various
conditions of crystal growth as well as various precursor molecules. Therefore,
the spectral structures shown in Fig.3.2 must be intrinsic to the properties

of C3 molecules in solid p-Hs.

C;/p-H, (5K)
Aln, X'z,

MAJ (000) - (000)

/ (100) — (000)

(002) — (000)

)

-25 0 25 L 50 75 100
cm’

Figure 3.2: Expansion of parts of the absorption spectrum in Fig.3.1. From
the upper to the bottom panels; fine structures of the band origin, the
A(100)«X (000) symmetric stretching band, and the A(002)«— X (000) asym-
metric stretching band of the AT, «X* ¥ transition of Cs in solid p-Hy. The
offsets for the upper, middle, and lower panels are 24,498.6, 25,592.9, and
26,188.4 cm ™!, respectively.
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In the A(000)« X (000) transition (upper panel in Fig.3.2), multiple sharp
lines were observed whose width was ~0.8 cm™!, (full width at half maxi-
mum: FWHM). The strongest transition was observed at 24,498.6 cm™!. In
addition, two major sharp peaks were seen at 12.5 and 27.1 cm™! above the
strongest transition. A broad peak, which is probably a phonon band, was
seen at 36.5 cm ™! above the strongest transition. The separations of the first
three sharp peaks are nearly equal. We consider that the fine structure is
due to quantized energy levels of hindered rotation or librational motion of
linear Cj in the p-Hj crystal (see Sec.3.3). Contrary to the case in solid p-Hs,
only a single peak accompanied by a phonon band were observed in the band
origin of C5 in solid Ar'? and in solid Ne,!? 41820 though peaks attributable

to different trapping sites were observed.!® 19

Vibronic bands of A(100)« X (000) at 25,592.9 cm~" and A(002)«— X (000)
at 26,188.4 cm™! in Fig.3.1 also showed fine structures composed of equally
separated three to four peaks as shown in the middle and lower panels in
Fig.3.2. These spectral patterns resemble to the pattern of the A(000)« X (000)
band origin. The width of each sharp peak in the A(100)«X(000) transi-
tion was ~3cm~' (FWHM), while those of the A(002)«X(000) transition
was ~lecm™! (FWHM). The symmetric stretching transition gave broader
absorption lines than the asymmetric transition. The difference in the width

must result from different relaxation processes in each excited state.

In contrast to the sharp, well-resolved spectral structures in the origin and
the stretching-excited vibronic bands, three vibronic bands associated with
bending excitations of A(0270)-X(000) at 24,878.6 cm™", A(04~0)-X(000)
at 25,291.8 cm~!, and A(02+0)-X(000) at 25,371.5 cm™" were much more
broadened to 15~25 cm™' FWHM (see Fig.3.1). Bondybey and English
observed a series of vibronic bands of C3 in a Ne matrix by laser induced
fluorescence (LIF) excitation spectra.'® They found that each vibronic band

in Ne matrices was composed of a single peak of a linewidth of ~2 cm™!
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FWHM accompanied by a phonon band at higher frequencies.'* No broad-
ening in the linewidth of the bending excitation transitions was observed in
the Ne matrix, contrary to the case in solid p-Hs. The broadness of the bend-
ing bands in p-H, must originate in the strong coupling between the bending

motion of C3 and the lattice of p-Hy matrix.

3.3.2 IR spectra

The ;3 fundamental

After UV irradiation of CoHy/p-Hy system, new absorption lines appeared
in the C-C stretching region as shown in Fig.3.3. The absorption feature
is assigned to the v3 fundamental of C3. A strong doublet at 2,034.5 and
2,035.9 cm ™! was observed with nearly equal intensity. The spectral width
was less than 0.01 cm~! FWHM. The separation of the doublet was 1.4 cm ™.
The transition frequency and spectral pattern agree well with those in the
previous studies in solid p-Hy.27-2%31

In addition to the strong doublet, a weak doublet was observed at 2,020.1
and 2,021.7 cm™! as shown in Fig.3.3. Another weak doublet was observed
at 1,983.5 and 1,985.0 cm™! as depicted in the inset in Fig.3.3. The splitting
width of each doublet was 1.6 and 1.5 cm™! which are similar to that of the
strong doublet (1.4 cm™!) at 2,935 cm™!. Since 3C isotopes were contained
to its natural abundance of 1.1% in precursor acetylene molecules, part of Cs

must be isotopomers of PC12C12C (~2%) and 2C'3C"2C (~1%). According
to isotopic substitution studies of laser vaporized Cs in Ar matrices, 1719
the v3 fundamental of 3C'2C'2C was detected at 2,026.2 cm~! and that of
L20BC12C was at 1,987.4 cm~!. Therefore, the weak doublet in Fig.3.3 and
that in the inset in Fig.3.3 are assigned to the v3 fundamental of the mono-
substituted isotopomers of ¥C*2C2C and 2C13C2C, respectively. Matrix
shifts of these isotopomeric peaks between p-Hs and Ar matrices were -5.3

1

and -3.2 cm™, respectively. The observed transition frequencies of Cs3 in
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Figure 3.3: IR absorption spectrum of the v3 fundamental transition of Cj3 in

solid p-H,. The spectral resolution was 0.1 cm™t. The left inset shows a low-

frequency region of the spectrum. Peaks with asterisks are due to absorption
of water vapor in the laboratory air.

solid p-Hs are summarized in Table 3.2.

The v; 4+ v3 combination band

An absorption band near 3,244 cm~! shown in Fig.3.4 appeared concomi-
tantly with the 3 band of C3 by the UV irradiation. The transition fre-
quency is close to that of the 14 + v3 combination band in solid Ar (3,245.2
cm~1).1517 Thus, we assigned the band in Fig.3.4 to the vy + v3 combination
of C3 in solid p-Hs. By using the observed frequency of the v3 and the vy + 15
band, the 1y symmetric stretching frequency of the ground-state Cs in solid

p-H, is calculated to be ~1,209 cm™?.
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Table 3.2: Observed IR frequencies of Cs in solid p-Hs.

frequency assignment splitting width

cm™! cm ™!
1983.5 vs 12C-13C-12C
1985.0 1.5

2020.1 vy BC-2C-12C

2021.7 1.6
2034.5 Vs 1203

2035.3 site peak®

2035.9 1.4
2036.4 site peak?®

3244.3 1%} + V3 1203&
3244.5 0.2

#Tentative assignments.
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Figure 3.4: IR absorption spectrum of v; 4+ v3 combination band of Cj in
solid p-Ho.

3.3.3 Fine spectral structure

In the vz infrared absorption spectra, a doublet with the splitting of ~1.5
cm~! was observed. Each component of the doublet was found to show
different polarization dependence relative to the crystal axis. Since the spec-
tral pattern and the splitting width were almost exactly the same for all
the samples prepared by different conditions or precursors, the doublet must
originate in the intrinsic energy levels of C3 in solid p-Hs.

Although the size of the C3 molecule (~4 A) is still comparable or even
smaller than the space of a single substitutional site of the p-Hs lattice,
the spectral structure may not be attributed to the free rotation of the
C3 molecule in solid p-Hs, since there should be more than two rotational
branches to be observed at 5K if the molecule is rotating freely. Instead,
we propose a model that the doublet originates in the tunneling motion of

orientation of the C3 molecule relative to the crystal. There are three sta-
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ble orientations for the C3 molecule in a single substitutional site of the hcp
crystal lattice. The potential barrier among these three orientations may be
too high to make the C3 molecule rotate freely. However the potential bar-
rier could be small enough to connect the three orientations each other by
a tunneling effect. The situation is similar to the case of tunneling splitting
of a methyl group in some molecules.?® In this model, two transitions are
expected, that is A-A and E-F transitions, where A and E represent k& = 0
and k = £1 tunneling levels, respectively (see Ref. 33 for details). Namely,
the splitting of ~1.5 cm™! observed in Fig.3.3 corresponds to the difference

in energies between the A-A and E-E transitions.

Figure 3.5 shows the high resolution spectrum of the v transition of Cg
in solid p-Hy. The higher component of the doublet (2,035.9 cm™!) showed a
sharp peak, while the lower component (2,034.5 cm™!) split into two peaks.
The splitting in the lower component may be attributed to the spectral struc-
ture originated in the lift of the degeneracy in the E state. Perturbations
of C3 molecules could partly destroy the axial symmetry of the crystal lat-
tice that makes the F state slightly non-degenerated. We believe the fine
structure shown in Fig.3.5 supports the model of the tunneling motion as

the origin of the spectral structures seen in all the transitions.

In the A1Hu<—)~(12g electronic transition, fine structures of about 12.5

! spacing were observed as seen in Fig.3.2. The structure must result

cm”
from the same origin as that of the spectral structure of the IR spectra. Al-
most one order of magnitude larger spacing in the electronic transition (~
12.5 em™!) compared with that in the vibrational transition (~ 1.5 cm™')
is worth noting. The large spacing must originate in large energy separa-
tion between the A and F states in the electronic excited state. A reliable

quantum chemical calculation of the potential is needed to discuss the model

further.
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Figure 3.5: A high resolution (0.01 cm™!) spectrum of the v3 fundermental
transition of Cs in solid p-Ho.

3.4 Conclusion

The electronic absorption spectrum of Cs in solid p-Hy is reported for the
first time. The origin band of the A1Hu<—}~(12g transition of Cs was found
at 24,499 cm~! (408 nm). The remarkably narrow linewidth (< 1 em™!)
of the electronic transition allowed us to observe rich spectral structures.
Several vibronic bands were also observed in the A-X transition. Among
them, the vibronic bands related to bending excitations were much broadened
compared with the bands of stretching excitations. In the IR spectrum of
the 3 fundamental of Cs, a doublet was observed with a narrow linewidth
(< 0.01 em™!'). Spectral fine structures observed in both the UV and IR
transitions could originate in the tunneling motion of orientation of the Cs
molecule in solid p-Hs. The present work clearly demonstrate the usefulness

of solid p-H, for high-resolution matrix isolation spectroscopy of electronic
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transitions of dopant molecules.
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Chapter 4

Tunneling chemical reactions in
solid parahydrogen: Direct
measurement of rate constants
of R+ Hy — RH+H (R = CDs,
CDsoH, CDHs, CH3) at 5K.

Abstract

Tunneling chemical reactions between deuterated methyl radicals (R = CDg,
CDyH, CDH;) and the hydrogen molecule in a parahydrogen crystal have
been studied by FTIR spectroscopy. The rate constants of the reactions
R + Hy — RH + H were determined directly from the temporal change in the
intensity of the rovibrational absorption bands of the reactants and products
in each reaction. It was found that the rate of each reaction differs definitely

depending upon the degree of deuteration in the methyl radicals.

4.1 Introduction

Tunneling effect becomes important in chemical reactions at low temperature
because of the suppression of thermally activated reaction processes. Such a

situation is expected to be realized in interstellar clouds, for example.! How-
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ever, the determination of bimolecular rate constants for cryogenic reactions
is not easy because most systems are immobilized.

Compared with this difficulty inherent in bimolecular reactions, unimolec-
ular reactions involving intramolecular tunneling processes are relatively easy
to study. For example, a long-range hydrogen transfer by tunneling in a radi-
ation damaged dimethylglyoxime crystal was studied by ESR spectroscopy.?
Hydrogen atom exchange by tunneling was also studied by microwave spec-
troscopy for a malonaldehyde crystal.> More recently, a cis-trans isomeriza-
tion of formic acid in rare gas matrices was studied in connection with the
matrix effect on the tunneling process in the isomerization.*

As for the bimolecular reaction, the reaction

was studied extensively by ESR spectroscopy.®® Another example of the
bimolecular reaction by tunneling was reported between hydrogen atoms
and molecules.”® We ourselves have been studying the reaction between the
methyl radical and the parahydrogen molecule (p-Hs) at cryogenic tempera-
tures.% 10

In the present work we extend our previous studies by covering all iso-
topomeric radicals CD3, CDyH, CDH; and CHj3. The aim of the present
study is to shed more light on the intrinsic nature of the reactions promoted
by tunneling. In order to give a general background of our study, we will
first recapitulate our previous work.

During the past decade we have been studying rovibrational spectra of
molecules embedded in solid p-Hs which has several salient features in both
high resolution spectroscopic and in situ photolytic studies.®*® The p-H, ma-
trix is capable of providing not only high resolution spectroscopic information
of embedded molecules but also subtle intermolecular interaction between

trapped molecules and the matrix hydrogen molecule.!?13:15718 The feasibil-
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ity of the study of in situ photolysis stems from the fact that molecules in
solid p-Hs happen to be free from the cage effect, which allows us to study
photolytically produced fragments such as radicals originating from the par-

ent molecule.? 1419721

In a previous paper we have observed FTIR spectra of the CD3 radical
trapped in solid p-Hs crystal.” The decrease in the absorption intensity of
CDj3 and the increase in the intensity of CD3H were observed over a span
of about one week at 5 K. As a result of that study, it was found that CDj3

reacts with surrounding hydrogen molecules by tunneling as follows.

CD3 +H2 — CD3H + H

Since the activation energy of the above reaction has been estimated to be
11~14 kecal/mol (=~ 5500 ~ 7000 K),?*23 the occurrence of the above reaction
at 5 K must be ascribed exclusively to pure tunneling. Assuming that the
reaction can be expressed by a pseudo first-order rate law, the tunneling rate
constant was determined as (4.7 £ 0.5) x 107% s71. In the same experiment
no appreciable spectral change was observed for the CHs/p-H, system under
the same conditions. This difference between the two systems was explained
in terms of the enthalpic difference including the zero point energies of the

reactants and products.

In the present work we have improved the spectroscopic resolution from
0.25 cm™* for the previous work to 0.1-0.01 cm™! and compared all the four
isotopomeric systems. As a result, a systematic difference in the rate constant
of the reaction with the matrix hydrogen molecule was disclosed. In order
to get hints on the quantum level dependence of the tunneling reaction a
preliminary test on the effect of the monitoring IR beam on the reaction rate

was also attempted.
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4.2 Experiment

Solid parahydrogen used as the matrix was prepared by the same technique
described in our previous papers.”?° The methyl radicals, CHs, CH,D, CHD,
and CDg, were produced by in-situ photolysis of the corresponding methyl
iodides CH3I, CH,DI (> 98 atom %D), CHD,I (> 98 atom %D) and CD3l
(> 99 atom %D), which were premixed with the p-Hy gas containing less
than 0.05% of orthohydrogen. The admixture was introduced into a copper
optical cell kept at about 8.2 K to grow a transparent mixed crystal. The
size of the optical cell was 3.0 cm in length and 1.7 cm in diameter. BalF,
was used as the windows of the optical cell and the cryostat. A low pressure
20W Hg lamp emitting both 253.7 nm and 184.9 nm photons was employed
for photolysis of the iodides. A 4-hour long UV irradiation gave sufficient
concentrations of the methyl radicals.

An FTIR spectrometer Bruker IFS 120HR was used throughout the work.
To cover both the mid IR and near IR spectral regions two types of the light
source were employed: for the mid IR region (10-2 yum) a glober source was
used while for the near IR region (2-1 pm) a tungsten lamp was used. A
KBr beam splitter and a liquid nitrogen cooled HgCdTe (MCT) detector
were used in common to the measurements of the two spectral regions.

After the UV irradiation, the following three modes of measurement were
performed in order to examine any possible effect of the light source on the

samples.

1. The IR spectra were measured with no optical filter between the light
sources and the sample. Since the sample was exposed for a long period
to the monitoring IR beam covering a range of 700 cm™!, which was
a limit of transmission of the BaF, windows, through 7500 cm™!, a
limit of the KBr beam splitter, it was suspected that the light sources

might have some effect on the sample in this mode of measurement.
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The result of the measurement was listed in the second row of Tables

4.2 and 4.3.

2. To test the suspect mentioned for the mode 1, spectral recording was
carried out with several IR filters being inserted between the light
sources and the sample. Depending upon the spectral bands of our
interest several filters were selected as summarized in the third, fourth
and fifth rows of Tables 4.2 and 4.3. To be more specific IR filters
passing either ranges of 785-1390 cm ™! or 2170-3905 cm ™! were used
for CDsl, a filter of 2170-3905 cm~! for CHD,I, and a filter of 1330-2240
ecm~! for CH,DI, respectively.

3. To test further the possible effect of exposing sample to the monitoring
beam, measurements of mode 3 were also made, where the light sources
were turned off except for the period of spectral scanning which took
about 1 or 2 hours for both the mid IR (with a globar source) and
the near IR (with a tungsten lamp). During the rest of time a day,
that is, about 23 to 22 hours, the sample was kept dark completely.
This type of measurement was repeated every day during the whole
recording lasting about 1 week. Since the effect of this turning off the
light sources turned out to be little, the measurement was performed
only for the CD3l/p-Hy system as shown in the last row of Tables 4.2
and 4.3.

The temperature of the crystal was kept all the way at 5.04+0.1 K.

4.3 Results and discussion

4.3.1 Obserbed spectra

Figures 4.1 through 4.4 show the results of the systems of CD31/p-Hy, CHDoI/p-
H,, CH,DI/p-Hy and CH3l/p-Hy recorded by the mode 1 stated in Section
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II.

In these figures trace (I) shows spectra as deposited at 5K, trace (II)
after a 4 hour UV irradiation, and trace (III) the same as (II) after one
week. In each figure spectra due to methane (CHD3, CHyDo, CH3D, CHy)
are shown at the bottom for the convenience of comparison with the spectra
of products seen in (II) and (III). The symbols I, R, and M stands for methyl
iodide, methyl radical, and methane, respectively. The observed frequencies
of the vibrational fundamental bands of the iodides, the radicals, and the
methanes are summarized in Table 4.1 along with the values observed in the

gas phase?? %

or the values obtained by an ab initio calcurations.? In the
table, frequencies at the center of the band are adopted as the frequency of
the band origin in solid p-Hy. The details of the result of each system will

be discussed below.
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Table 4.1: The observed wavenumbers of the vibrational absorption bands
of deuterated methyl iodides, methyl radicals, and methanes in solid p-Hs.
Labels in the parenthesis represent the character of the vibrational modes.

CHsl CH>DI CHDoI CDsl
p-Hy gas® pHy gas® p-Hy gas® p-Hy gas”
1 (a1) (a1) (a1) (a1)
(sym. stretch) 2979 2970 2237 2241 2189 2194 2151 2155
Vo (a1) (a1) (a1) (a1)
(sym. deform.) 1249 1252 1171 1172 1016 1018 947 951
Vs (a1) (a1) (a1) (a1)
(CI stretch) N/A 533 N/A 518 N/A 508 N/A 501
(e) (a1) (a1) (€)
vy 3059 3061 2997 3002 3027 3030 2298 2298
(deg. stretch) (a}) (a})
3055 3057 2341 2336
(e) (a1) (a1) (€')
Us 1433 1436 1402 1415 1170 1170 1047 1049
(deg. deform.) (a}) (a})
1234 1240 1280 1287
(e) (a1) (a1) (€)
Vg 886 882 N/A 710 N/A 754 N/A 656
(rock) (a}) (ay)

866 862 N/A 659

CH, CH,D CHD, CD;
p-Ho  gas® p-Hy calc® p-Hy calc® p-Ho gas®
1 (ay) (a1) (a1) (a1)
(sym. stretch)  — 3004 - 2985 - 2135 - 2158
Vo (a3) (b1) (b1) (a3)
(sym. deform.) — 606 — 553 - 505 - 458
(¢') (a1) (a1) (€)
V3 3171 3161 2285 2220 3121 3040 2379 2381
(deg. stretch) (b2) (b2)
3071 3080 2228 2295
(€) (a1) (a1) (€)

(continue to the next page)
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(continued from the previous page)

vy 1402 1396 1393 1365 1035 1015 1034 1029
(deg. deform.) (b2) (b2)
1179 1145 1281 1210
CHy4 CH3D CH3Do CHDj;
p-Hy gas” p-Hp gas® p-Hy gas® p-Hy gas”
2 (a1) (a1) (a1) (a1)
(sym. stretch) N/A 2917 2972 2945 2973 2976 2990 2993
(€) (€) (a1) (e)
V9 N/A 1534 1472 1471 N/A 1436 1290 1291
(sym. deform.) (a2)
N/A 1333
(f2) (a1) (a1) (a1)
3017.3 3019 2198 2200 N/A 2202 2140 2142
V3 (e) (b1) (e)
(deg. stretch) 3015 3017 3010 3013 2248 2263
(b2)
2231 2234
(f2) (a1) (a1) (a1)
1303.6 1306 1304 1300 1031 1033 1002 1003
2 (€) (b1) (€)
(deg. deform.) 1155 1155 1090 1090 1035 1036
(b2)
1234 1234

% Reference 24
b Reference 25
¢ Reference 26

CD;l

Trace (I) of Fig.4.1 shows the v, and v4 fundamental bands of CD3l peaking at
947 cm~! and 2298 cm~!. These are close to the reference values in the gas phase.?*
Trace (II) shows the spectra due to the perdeuterated methyl radical (R) and the

residual iodide (I).

253.7 nm—+184.9 nm

CD;I CD; +1 (4.1)
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The v3 and v4 bands of CD3 were observed at 2379 cm™! and 1034 cm™! respec-
tively. Contrary to the previous paper where the v3 band of CD3 was heavily
overlapped with the absorption band of COj, spectrum in trace (II) of Fig.4.1
shows an uncontaminated v3 band of CD3 because the residual air in the spec-
trometer was rigorously evacuated in the present experiment. Structures of the
v3 and v4 bands are attributed to the molecular rotation and to the crystal field

splitting as in the case of the previous work.?

v-”’l”“*w* 4})‘\\ (1) before UV
R
- Ll o (mafteruv

M

m bl b MLM ol o aweek jater
M — “NM sl o CHD4p-H,

rrrrrrrrrrrrrrrrrrrnrrrrrrrrrrrrrn—rrr
3000 2980 2390 23702300 2280 2260 2240 1020 1000 950 930 w/cm?

Figure 4.1: Infrared absorption spectra of CD3l in solid p-Hs. (I) As de-
posited at 5K. (II) Same as (I) after a 240 min UV irradiation. (III) Same as
(IT) after one week. The spectra at the bottom is CHDj in solid p-H, at 4.8K.
The symbols, I, R and M stand for the methyl iodide (CD3l), methyl radical
(CD3) and methane (CHDj3) respectively. Spectra (I)~(III) are displayed in
the same scale.

Although almost unrecognizable in trace (II) of Fig.4.1 very weak signals due to

CH,D, were observed at 2973 cm™!. This methane was produced via the following
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reactions?’ (cf.bottom of Fig.4.2).

CD3 184.9 nm CD2 +D
CDs + Hy — CHyDo (4.2)

Trace (III) of Fig.4.1 recorded after one week long exposition to the light source
beam demonstrates sharp peaks at 2990 cm™!, 2298 cm™!, 2248 cm~!, 1035 cm™?,
and 1002 cm ™!, all of them being attributable to CHD3 as is supported by nice

matching with the authentic spectrum shown at the bottom of Fig.4.1.
CHD,I

The 3027 cm™! band in trace (I) of Fig.4.2 assigned to the vy absorption of
CHDsl/p-Hy is in good agreement with the gas phase spectrum.?® The absorp-
tion bands around 3121 em™!, 2228 cm™?!, and 1035 cm ™! in trace (II) are close
to those of CHD» radical observed in the gas phase. They also compare favorably
with the results of ab initio calculation for the radical?® and can be assigned as
V3a, V3p, V4q bands of CHDg, respectively. Comparison of trace (III) with the spec-
trum at the bottom of Fig.4.2 clearly indicates that the peaks at about 3010 cm ™,
2973 cm™!, 2265 cm ™!, 2231 cm™!, and 1031 cm™! are associated with vsp, v,

V4a + Vie, V3e, and vy, of CHyDs, respectively.
CH,DI

In trace (I) the vy, v, and vs bands of CHyDI are observed at 2997 cm ™!, 2237
cm™!, and 1402 cm~! which are close to those in the gas phase.?> The bands at
around 2285 cm~!, 3071 cm™!, and 1393 cm~! in trace (II) are close to those of
V3a, V3b, Vagbands of the CHsD radical, respectively, observed in the gas phase.
They are also comparable with the result of an ab initio calculation.?® Reference

to the spectrum at the bottom of Fig.4.3 supports the assignment of the bands at
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|
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Figure 4.2: Infrared absorption spectra of CHD,I in solid p-Hy. (I) As de-
posited at 5K. (IT) Same as (I) after a 240 min UV irradiation. (III) Same
as (II) after one week. The spectra at the bottom is CHsDs in solid p-H, at
4.8K. The symbols, I, R and M stand for the methyl iodide (CHD,I), methyl
radical (CHDs) and methane (CHyD,) respectively. Spectra (I)~(III) are
displayed in the same scale.

about 3015 cm™!, 2198 cm~!, and 1304 cm~! in trace (III) to the vsy, 3,4, and

V44 bands of CH3D, respectively.
CH;I

Figure 4.4 for the prototypical system is shown for the sake of the integrity of all
the isotopomeric systems. The result in Fig.4.4 is in complete agreement with the
result of our previous work.'? 20 In brief, the conversion from the CHj radical (R)
to methane (M) is almost ignorable during the one week standing (cf. (II) and
(III) in Fig.4.4). The decrease in the intensity of R is counter balanced by the
increase in the intensity of the methyl iodide (I). This result suggests that only
some of the radicals recombine with the geminately produced iodine atom. This

recombination will be shown to be relatively fast (see below).

93



Chapter /

(1) before UV

) .
R
- J} (1) after UV
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M
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Figure 4.3: Infrared absorption spectra of CH,DI in solid p-Hy. (I) As de-
posited at 5K. (II) Same as (I) after a 240 min UV irradiation. (III) Same
as (II) after one week. The spectra at the bottom is CH3D in solid p-Hs
at 4.8K. The symbols, I, R and M stand for the methyl iodide (CH,;DI),
methyl radical (CH;D) and methane (CH3D) respectively. Spectra (I)~(I1I)
are displayed in the same scale.

4.3.2 Spectral change

A common feature throughout Figs.4.1 to 4.3 is that the absorption of the radicals
observed in trace (II) diminished to be replaced with the appearing absorption
of the respective methanes in trace (III). From this result the following reaction

scheme is immediately derived in accordance with our previous study.’
R+H, & RH+H (4.3)

(R = CD3, CHD,, CH,D)

In sharp contrast to Figs.4.1-4.3, the all protiated system shown in Fig.4.4 showed
almost no measurable change in one week. This result indicates that the reaction

between CHj radical and parahydrogen does not occur or is too slow to detect by
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Figure 4.4: Infrared absorption spectra of CHsl in solid p-Hs. (I) As de-
posited at 5K. (II) Same as (I) after 240 min UV irradiation. (III) Same as
(IT) after one week. The spectra at the bottom is CHy in solid p-H, at 4.8K.
The symbols, I, R and M stand for the methyl iodide (CH3I), methyl radical
(CH3) and methane (CHy) respectively. Spectra (I)~(III) are displayed in
the same scale.

our experiment.

CHs +Hy A CHy +H (4.4)

Figures 4.5 and 4.6 demonstrate the temporal change in the intensity of the ab-
sorption band of various methyl radicals and the corresponding methanes produced
by the irradiation of CD3l, CHD-I and CH3DI systems. Since the baseline determi-
nation was not very reliable owing to the long term fluctuation of the background
signal, the absorption intensity was estimated by assuming a lorentzian line shape
to which the recorded spectral bands were least-squares fitted. In each panel the
upper half shows the temporal changes of the methyl radicals and the counterpart
methanes in arbitrary units, the latter change being multiplied by an arbitrary

constant so as to make the decay of the radicals and the increase of the methanes
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look approximately as a mirror image.

In order to interpret the results shown in the upper part of each panel of Figs.4.5
and 4.6 we have attempted the following two analyses. As will be shown later, the
second method of analysis adopted for own discussion. Hence, however, the result
of both methods is explained. In the first analysis it was assumed that the temporal
changes of the radicals and the methanes were due to the reactions in Eq.(4.3). In
this case the sum of the numbers of disappearing radicals and appearing methanes
should remain constant as expressed in Eq.(4.5), where Ip and Ij; represent the
integrated intensities and Ar and Ajs stand for the absorption coefficients of the
radicals and methanes, respectively.

Ip Iy
L . 4.
An + Ay const (4.5)

The unknown parameters Ar and Ajs; were determined by least-squares fittings.
The result of the fittings, however, disproved totally the constancy of the above
equation.

As a next trial, it was presumed that some of the radicals were formed and
decayed independently of the counterbalancing reaction (3). This presumption is
based on the graphical features seen in the lower part of each panel which show the
summation of the intensities of the methanes in black area and the radicals in grey.
It is seen that the level of the summation becomes quickly (within less than 2 x 10°
s) horizontal as shown in broken lines and that in the early stage a rapidly decaying
component of the radical exists. It was found that the rapidly decaying component
fits roughly an exponential curve, the exponents being summerized in Table 4.2.
The variance of the exponents is admittedly large. It is unclear whether this rapid
decay process is affected by the monitoring IR beam. All what can be said is that a
small fraction of the methyl radicals is subjected to a first decay process, perhaps,

a geminate recombination with the counterpart iodine atom produced from the
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Figure 4.5: The temporal change of CD3 and CD3H in solid p-Hs at 5K after
UV irradiation. Upper left: The sample was exposed to the monitoring IR
beam throughout the experiment with no IR filter being inserted. Lower left:
Same as above with a filter passing 785-1390 cm~!. Upper right: Same as the
lower left except that a filter passing 2170-3905 cm ™! was used. Lower right:
Same as the upper left, but during the idle period of the optical measurement
the light source was turned off.
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Figure 4.6: The temporal changes of CHDy and CHyD5 (the upper two pan-
els) and the changes of CHyD and CH3D (the lower two panels). Upper left:
The sample was exposed to the monitoring IR beam throughout the exper-
iment with no filters being inserted. Upper right: Same as the left except
that a filter passing 2170-3905 cm ™! was used. Lower left: The sample was
exposed to the monitoring IR beam throughout the experiment with no IR
filters being inserted. Lower right: Same as the left except that a filter pasing
1330-2240 cm ™! was used.
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parent iodine by photolysis.

Table 4.2: Pseudo-first order rate constants for the rapidly dacaying compo-
nent of the CDj3 radical in the CD3l/p-Hs system. The numbers in the table
represent the pseudo first order rate constant (k) in units of 107°/sec. The
decay corresponds to the area shown in gray exceeding the broken horizontal
lines in Fig.4.5. Because of the temporal change of this component is rapid

and weak the precision of the rate constants in Table 4.2 is inferior to that
in Table 4.3.

CDs CHDs, CH,;D

no IR filter 1.8+11 16£20 1.5+1.2
filter (2170-3905 cm™!) 4.9+2.6 2.1+4.1 -
filter (1330-2240 cm™1) - - 1.7£5.7
filter (785-1390 cm™') 6.6 £2.5 — —
dark 3.0£2.1 - -

The fact that a horizontal line is attained by subtracting the above component
decaying rapidly suggests that the major component of the radical is associated
with the reaction (4.3), which requires that the sum of the radical and the methane
produced therefrom remains constant. In the next section this major reaction (4.3)
will be discussed after the examination of the geminate recombination between the

radical and the iodine atom.

4.3.3 Reaction rate

Recombination between methyl radical and iodine atom

In order to substantiate the assumption of the additional reaction of the radical
with the counterpart iodine atom we have surveyed the near infrared region of
the photolyzed sample. In that region the magnetic dipole allowed transition of
the iodine atom, 2P /2 —2 Py /2, 18 known to exhibit a characteristic peak at 7640

cm .21 As a matter of fact, the peak was detected easily and showed the temporal
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change as shown for the CDs3l system in the upper panel of Fig.4.7. Concomitantly,
one of the absorption lines of CD3I observed at 947.3 cm ™! increased as shown in
the lower panel of figure 4.7. The rates of the decay and the increase are found to
be in agreement each other within their standard deviations. Similar comparative
measurements were done for all the iodide systems with no IR filter being set in
between the sample and the monitoring IR beam. The observed decay rate of
the decay of the iodine atom 1.0 ~ 1.1 x 107° s~! was found to be favorably
comparable with the rate of the rapid decay of the radicals as listed in Table 4.2.
These results suggest that some of the photolyzed iodides leave the geminately
produced radicals and iodine atoms close to each other and are subjected to the
following recombination.

R+1—RI (4.6)
(R = CD3, CHD,, CH,D, CHs)

We admit that there is no information on the distance between the reacting
partners in reaction (4.6), but they may well be close enough to encounter at the
low temperature of 5 K. The radicals far apart from the iodine atom are considered
to be subjected to the tunneling reaction with the surrounding hydrogen molecules,

which will be discussed in the next section.
Reaction between methyl radical and surrounding hydrogen

As repeatedly stated, one of the salient features of the p-Hy matrix is that it allows
in situ photolysis because of the negligibly small cage effect.??30 In the present
systems too the major process must be the photolytic separation of the pair of the
radicals and the counterpart iodine atom. The subsequent major process is obvi-
ously the tunneling reaction between the radicals and the surrounding hydrogen

molecules in the reaction (4.3). The pseudo-first order reaction constant k in the
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- + | atom

y=yotAexp(-kt)
y,=0.013 + 0.001
A=0.110 + 0.005

k = (1.00 £ 0.09) x 10°° (s )

y=yo,+Aexp(-kt)
Yo = 0.529 + 0.002
- A =-0.120 + 0.006
k= (0.95+0.10) x 10° (s ™)

0 2 4 6 t/s

Figure 4.7: The temporal changes of the absorption of T atom (7638 cm™!)
and CD3I (947.3 cm™!) in solid p-Hy. The solid lines represents least squares
fitting of the observed relative intensities to a single exponential function
plus a residual .

reaction (4.3) is determined by assuming that the number of methanes at time ¢,
that is Ncm, ¢, is described by the following equation, where Ngp, o stands for

the number at an infinitely long period.

NCH4,t = NCH4,oo[1 — exp(—kt)] (4.7)

The rate constant was determined by least-squares fitting to obtain the values
in Table 4.3. The values are comparable with those of the slowly decaying compo-
nent of the radicals within the exponential error. Since the intensity of the radicals
consists of the rapidly and slowly decaying components, we adopt the values of the

increasing methanes for the following analysis of the reaction (4.3). As the second
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row of Table 4.3 shows, the rate constant obtained by monitoring the absorption
spectra without using any IR filter diminishes as the degree of the deuteration in
the radicals decreases. This tendency of the decrease in the rate constant with the
decrease of the degree of the deuteration is also noticed in the experiments using
the IR filters as is seen in the third through fifth rows of Table 4.3. As for the
CDsl system, we also tried to see any possible effect of the week long IR beam
which might affect the reaction through the excitation of the reactions to their
vibrational excited states by using different filters or the mode 3 stated in Sec.4.2.
It turned out that the effects of the IR light source on the rate constant of CDj3
were roughly within 10 % as is seen in Table 4.3.

Table 4.3: Pseudo-first order rate constants for the increase in the intensity
of the three methanes shown graphically in Figs. 4.5 and 4.6. The numbers
in the table represent the pseudo first order rate constant (k) in units of

1079 /sec. The second through sixth rows correspond to the three modes of
the recording the spectra (see text in Sec.4.2).

CD; CHD, CHyD

no IR filter 3.24(5) 1.34(3) 0.97(4)
filter (2170-3905 cm™') 3.47(3) 2.00(2) -
filter (1330-2240 cm™!) - — 0.95(4)
filter (785-1390 cm™')  3.46(4) - -
dark 3.0(1) - -

4.3.4 Discussion

In our previous paper the difference in the reactivity between CDs and CHs in the
reaction (4.3) was associated to the difference in the enthalpy including the zero
potential energies of the reactants and products.’

In the present extended study we have examined the validity of our previous

approach. Figure 4.8 demonstrates the thermicity including the zero point vi-
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bration energies for all the four isotopomeric systems. It is seen that as methyl
radicals become heavier the value of 0 = Ey — E; decreases. Thus, if the crite-
rion of the occurrence of the reaction depends upon this difference as tentatively
suggested in the previous paper, the demarcation line to divide the occurrence and
non-occurrence of the reaction seems to be between CHyD and CHs (see the upper

horizontal bars in Fig.4.8).

E ‘ E. A
E, % E s
A E, X
Y 7875 84201 9474
7325
6913 8276 8879
7659
\ 4 Y \ 4 \ 4
\ 4 \4 \ 4 \ 4
CD, CHD, CH,D CH,

Figure 4.8: The thermicities of R + Hy — RH + H for R = CD3 through CHs.
The numbers for the vertical lines represent the sum of the zero-point vibra-
tional energies of the reactants (initial) and products (final). The units are
in ecm~!. In order to make the values consistent, calculated vibrational fre-
quencies were used for all the methyl radicals,?® while vibrational frequencies
observed in the gas phase were used for all the methane molecules?* and the
hydrogen molecule.?” The differences 0F = E; — E; are 746 cm™!, 951 cm ™!,
1004 cm~! and 1054 cm ™! for the CD5, CHD,, CH,D and CHj systems, re-
spectively. The horizontal bars at the bottom common to the four systems
represent the energy levels of the potential minima for the initial (reactants)
and the final (products) states. The upper horizontal bars show the levels
with the zero point energies included. The figure is drawn such that the final
state with the zero point energies (upper horizontal bar) is higher than the
initial state for the CHj3 system, while the final states are lower than the
initial states for all other systems.

The tunneling reaction rate should be analyzed on the basis of the transition

103



Chapter /

probability between the initial and final states of the reaction. According to the
energy diagrams in Fig.4.8 including the sum of the zero-point vibrational energies
of the reactants and products the energy mismatch among the three deuterated
systems diminishes with the decrease in the degree of deuteration. This tendency
may have relevance to the difference in the rate constants summarized in Table 4.3.
Since the density of the final (product) state should be larger for heavier systems
due to the smaller rotational constant, the chance that the initial and final states
resonantly overlap may become larger for heavier systems. On the other hand,
detailed analysis of the whole reaction path may also be necessary to understand
the difference in the rate constants.?? Detailed analysis of this point is worthy of
further study.

As for the effect of the monitoring IR beam on the reaction rate, significant
increase in the tunneling rate of CHDy was observed when the IR beam was filtered
out except for the region of 2170-3905 cm ™! as is seen in Table 4.3. On the other
hand, the effect is almost absent on the tunneling rate of both CD3 and CHyD.
The effect of the monitoring IR beam on the reaction rate must be related to the
vibrational quantum level dependence of the tunneling reaction, but the results
indicated by Table 4.3 remain totally unexplained at the moment. The problem

awaits further studies.

4.4 Conclusion

The significant conclusion of the present work can be summarized as follows,

1. All the deuterated methyl radicals react with p-Hs molecules at 5 K by tun-
neling to produce methanes. The pseudo-first order reaction rate constants
are determined to be about 3.5x107% s71, 2x1076 s7!, and 1x107% s7! for

the CD3, CHDs, CHyD radicals, respectively. As an extrapolation, the rate
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constant of the prototype system of CHs + Hy is estimated roughly to be

1077 ~ 1078 s~ ! or less.

2. The effect of the monitoring IR beam upon the above reaction is not quite

remarkable except for CHDs.

3. Most of the radical and its counterpoint iodine atom are separated enough
upon the UV photolysis in solid p-Hy. However, some of the geminate pairs
lie close enough to be subject to a rapid recombination to the parent iodide.
The pseudo-first order rate constant is about one order of magnitude larger

than the other reaction involving the surrounding hydrogen molecule.
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Appendix A

Pair interaction between
methyl radical and hydrogen
molecule

A.1 Electronic interaction of pair molecules

When a pair molecules a and b are far apart and the electron exchange can be

neglected, the total hamiltonian J7 is
A = A0 + £ + A (A1)

where %(0), %(0) is the unperturbed hamiltonian of free molecules a and b, and
A" is the electronic interaction in between them which is,
%, = z eiaeibR;:}ib
ia,yib
1
= @® — Mo,alba — §@b,aﬁFb,a,ﬁ e

1
= Qaba — Ma,aFa,a - §®a,o¢ﬁFa,o¢ﬁ T (AQ)

where R;, ;, is the distance from the element of charge e;, in molecule a to e;, in
molecule b, qq, fta,a, Ou,ap are the charge, dipole moment and quadrupole moment

opearators for the molecule a, ¢, is the electric potential at the origin of molecule
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a due to the instantaneous charge distribution of molecule b,
Fa,a = _va¢a (A3)

and

Fa,aﬁ = —vavﬁ¢a (A4)

are the field and field-gradient operator, respectively. The Greek subscripts a, 3
in Egs.(A.3) and (A.3) denote vector or tensor components and can be equal to z,
y, z and a repeated Greek subscript denotes a summation over all the Cartesian

components. For example, ©,3F,3 is expanded as follows.

OusFas = Y. OapFap
a7B:x7y’Z

- @waxx + @znyy + @J:ZFQCZ + Gya:Fyar + @nyyy

The interaction Hamiltonian . can be written as a multipole series,

H = Tuqaqy + Ta,a(Qb:UJa,a - Qaﬂb,ﬁ)

1 1
+Ta,o¢ﬁ <3Qb@a,aﬂ =+ gCIa@b,ozﬁ - Ma,ﬁ/‘b,a)

1 1 1 1
+Ta,aﬂ'y (BQan,aﬂv - EQaQb,aﬁv - gﬂb,a@a,ﬁ'y + 3Na,o¢@b,,87)

N (A.6)

where, if R is the vector from the origin of b to a, the tensor T is,

T. = R! (A7)
Tow = VaR'=—-R,R? (A.8)
Toos = VaVgR ' = (3RyRs— R?0ap)R° (A.9)
Tonsy = —3BRaRsR, — R*(Radp, + Radya + Rydag)]R™"  (A.10)
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The electronic interaction of the molecules in the states of 1/1((1%) and 1/),58) may

be obtained from perturbation theory and is,

Waoso = WO+ W 4+ 0y " |¢ Dy

oy b0 Uiy |05y, ) P
7 W W)+ ) - w)

(A.11)

where Z is the summation over all unperturbed states zpal ’l/)b except T/Jao wbo
The first order perturbed energy <@Z1a0 T,Z)bo |2 |¢a0 1/1(0)> is called electrostatic en-
erqy %elec, which has the values only when both molecules have electric charge.
The second order perturbation energy includes both the induction energy and
dispersion energy. The sets of excited unperturbed states ¢az w and zpao 1/1
which the matrix elements of 7" are diagonal in a and b, produce the induction

enerqy %nq and the remaining excited states constitute the dispersion energy

%disp-
» 5 (b i) | [ ) 2 Z|<wao¢£°>|%’|wao Sh 2
ind — @ 0 0 — 0 0
i£0 ()_ngo) 740 Wy =Wy
(A.12)
(e i) | [ ) 2
%disp = - Z 0 b ‘ (A13)

0 0 0 0)y
i£0,j 40 W W) + (szj) - Wb(o))
By using London approximation, Backingham simplified the dispersion energy in

Eq.(A.13) as follows,

(@) 1(b)
. e (a (b)
Yaiep A(I@ + 1) ThTha0 2,
2 o
20l AL, — oA ] (A1

where I%? equals to the first ionization potential energy, and a®? and A*" are the
dipole and quadrupole polarizability tensor of molecule a and b.

Hence, the pair interaction potential between two molecules can be written as

%pai'r’ = %elec + %nd + %disp . (A15)
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When thinking about pair interaction between symmetric top molecules and p-Ha,
Uetee and Zing in Eq.(A.15) are zero because both molecules have neither electric
charge nor permanent electric dipole moment. Hence Eq.(A.14) represents the pair

potential in the classical approximation.

A.2 Dispersion interaction between CH; (CDj3)
and p-H,

From Egs.(A.9) and (A.10), Eq.(A.14) is rewrited as

J(a) 1)

%disp _4(1(‘1) + I(b))

1 -
[t R 31, R Rl
3
513 (3RaRs — R200s}{5R, RsRe — R*(Ry05c + Rydey + Redys))

a b a
(a8 A0, ~ oA (A.16)

By substituting z,y, z to «, 3,7, 9, €, Eq.(A.16) becomes

1 Lo (@), ) (a) (%) (a) ,(5) (a) , (b)
Udisp —m ﬁ(élazz o) —dog ey — Aoy oy’ + dag o
a a 3 a a a
+4a@al) + 4a{2)a®)) — ﬁ(aéx) AP —a® Al 4+ al) Al
—a®Al) +aWAL) — oAl ) (A17)

Here, the dipole polarizability o, g can be rewrited as a, 3 = ad, g because the

tensor a has only diagonal elements. The matrix elements a&%) of parahydrogen

molecule has the values of aiﬂb) = ag(EZ) = a,&i‘?) = oM2) and the quadrupole

(Hz2)
7ﬂ

a5y equals to zero because the rotational

polarizability of hydrogen molecule A
wavefunction of the ground state of hydrogen molecule is completely spherical.

Therefore,

H R
7(H) 7(R) ia<H2>(4ag§>+ag§>+a;§>)

aZ/dz’sp _4(I(H2) —|—I(R)) RS

_%amw(_Ag@Z C AR AR 4 AR 9A®)| (A 18)
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where a® is the dipole polarizability tensor and AW s the quadrupole polariz-
ability tensor of methyl radical written out in the pair frame axes.
In order to estimate the potential energy from known parameters of molecular

(R) and A® must be transformed in the molecular

polarizability, the parameters «
fixed frame {X,Y, Z}.
The transformation of dipole polarizability from pair frame axis apqir to molec-

ular fixed axis oy, is the similar transformation,

—1
Qpair = P Ctmol‘I“
cospcosbfcosy —singsiny —cos¢pcosfsiny —singcosy cos¢psinb
= sin ¢ cosf cos y + cospsiny —singcosfsiny + cosgcosy sin¢sinb
sin 0 cos x sin 0 sin x cos 6
axx 0 0
X 0 ayy 0
0 0 azz
cos ¢ cos 6 cos x — sin ¢ sin x sin ¢ cos 6 cos x + cos ¢ sin x —sin 6 cos x
X —cos¢pcosfsiny —singcosy —sin¢cosfsinx + cos ¢ cosy sin 6 sin x
cos ¢ sin sin ¢ sin 0 cos 6

(A.19)

where {¢, 0, x} is the Euler angles relating the molecule fixed frame {X,Y, Z} and
pair fixed frame {z,y, z}. The dipole polarizabilities in Eq.(A.18) is transformed

to the molecular fixed frame as

4o, + Qyy + Qg = Q(CVXX + ayy + Ozzz)

1
+(2aZZ —ayy _aXX) <3 cos’ 6 — 2) (A20)

Here, let us introduce the quantities

1
Q= g(OCXX +ayy +azz) (A.21)

and

Y=0z7z —OXX = 0Oz7 — OQYY (A.22)
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where « is called the isotropic part of the polarizability and  is called the

anisotropic part of the polarizability. Finally, Eq.(A.20) becomes,

3 1
4o, + oy + 0z = 6o+ 2y (2 cos? 6 — 2>

= 6a +2vD3,(4bx) (A.23)

where Dgo is the Wigner’s rotation matrix.

On the other hand, A is the quadrupole polarizability tensor defined as

@LL‘JK A$$LL’ Aymx AZJJJI

@xy A;m;y Ay:):y Az:cy

Gy:c A:L‘yx Ayyx Azyx Ex

ny = Awyy Ayyy Azyy Ey (A'24>
@yz Aaryz Ayyz Azyz EZ

6222 szm Ayzm AZZI

ezy Aa:zy Ayzy Azzy

®ZZ szz AyZZ AZZZ

where E is the electric field vector and © is the quadrupole moment induced by
E.

As is in Eq.(A.19), similar transformation was opearated to the tensor A.

Apair = q)ilAmolq)

= ... (A.25)

The quadrupole polarizabilities in Eq.(A.18) was transformed as

—Azez — Ayyz + Azoe + Ay — 2452,

= 2(Axxx —Axyy — Ayxy — Ayyx)
x (sin® f cos® y — 3sin®  cos y sin? ) (A.26)
= ?ADS’%(qbex) (A.27)

where A is the quadrupole polarizability of D3, molecule defined as

A=Axxx — Axyy — Avxy — Ayyx. (A.28)
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By substituting Eq.(A.23) and Eq.(A.27) to Eq.(A.18), dispersion interaction
Uiisp 1s given as,

7(Hs) [(R)
4(I) 4 [(R))

—];73\/5A(R)D8§(¢6X)] (A.29)

1
%disp a(HQ) [W{GQ(R) + QV(R)D80(¢9X)}

where a® 4B and AU are the molecular polarizability of the methyl radical.
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