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The microwave and/or infrared spectra of alkali monoxides and NOg were observed in order to charac-
terize these molecules in detail, which play significant roles in atmospheric chemistry. Similar studies were
carried out on a few inorganic molecules, including SinHy, neutrals and ions with n=1, 2 and m=1, 2,
3, in view of their important roles in electronic-device processing. Recent innovations in high-resolution

spectroscopic methods are briefly discussed.

Free radicals are defined as being molecular species
that include (an) unpaired electron(s). Because chemi-
cal reactions proceed by breaking (a) chemical bond(s),
followed by its (their) replacement by new one(s), free
radicals exist as intermediates in chemical processes. As
a result, they often act as the key species of chemical
reactions. It is then natural to include in a discussion
of free radicals some molecular species which do not
have unpaired electrons, but are quite reactive and be-
have just like free radicals as intermediates in reaction
processes. We refer to all such molecules as transient
molecules. They are either difficult or impossible to
isolate from other stable molecules, and can thus be in-
vestigated only in situ in systems where reactions are
taking place.

Chemists have postulated the existence of appropri-
ate intermediate species to explain the mechanisms of
chemical reactions. In older days many of them were
nothing but virtual existence. However, along with the
advent of flash photolysis around 1950 and of lasers
around 1960 the situation changed considerably; many
important transient molecules have now been confirmed
to really exist, and even their structures have been de-
termined precisely, thanks to remarkable developments
concerning spectroscopic methods. Lasers have im-
proved the resolution and sensitivity of molecular spec-
troscopy by orders of magnitude.

Such spectroscopic investigations of transient mole-
cules started in the visible and ultraviolet regions, where
we expect to observe primarily the electronic transitions
of molecules. It is certainly sensible to begin the study
with electronic spectroscopy, because its high sensitiv-

ity is indispensable for the study of transient molecules,
which are quite difficult to generate at high concentra-
tions, and thus give only weak signals. In addition,
electronic spectroscopy could be easily combined with
a then new method of flash photolysis by the use of
photographic plates. However, electronic spectroscopy
has a few drawbacks: polyatomic molecules often pre-
dissociate in excited electronic states, prohibiting their
high-resolution spectra from being recorded. It is more
difficult to achieve high resolution with electronic spec-
troscopy than with spectroscopy in the long-wavelength
regions, such as infrared and microwave spectroscopy.
Fortunately, the sensitivity of these long-wavelength
spectroscopic methods has recently been greatly im-
proved and has reached a stage at which they could be
successfully applied to quite a large number of transient
molecules. The present paper illustrates a few examples
of such studies recently carried out or being performed
in the infrared and microwave regions.

High-resolution spectroscopic studies of transient
molecules are highly rewarding for the following rea-
sons:

(1) Electronic Structure Unveiled through the
Fine and Hyperfine Structure. The angular mo-
menta of an unpaired electron, orbital and/or spin, in-
teract with other angular momenta in the molecule,
such as the overall rotation, spin(s) of other unpaired
electron(s) if any, and nuclear spin(s), splitting the ro-
tational spectra and/or rotational structure into fine
and/or hyperfine components. The unpaired electron-
(s) thus act(s) as a monitor by which we can obtain
detailed information concerning the electronic structure
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of the molecule.

(2) Reaction Intermediates Traced in Real
Time. As already stressed, transient molecules act
as intermediates in reaction processes. Therefore, their
high-resolution spectra are ready to be used to follow
the process of a reaction in detail. Since we can de-
termine the distribution of such species even over an
individual quantum state, the information can be ex-
tremely precious.

(3) Applications to Astronomy. It has been
known that about half of the interstellar molecules so
far detected are transient molecules under terrestrial or
laboratory conditions. Once an interstellar molecule is
identified, its high-resolution spectra serve as a monitor
to diagnose atomic and molecular processes taking place
in interstellar and circumstellar space.

(4) Applications to Atmospheric Chemistry.
Artificial exhausts in the upper atmosphere of the Earth
produced by human activities cause additional chemical
reactions there, which can lead to a serious imbalance in
the atmopheric compositions of the molecular species.
Ozone depletion is the most famous example. The high-
resolution spectra of transient molecules certainly pro-
vide us with clues of how to monitor minor, but crucial,
species in the upper atmosphere.

(5) Applications to Plasma Science and Re-
lated Fields. A weak plasma with an electron den-
sity less than on the order of 1012 cm™3 is a good source
for generating transient molecules. Hence, high-reso-
lution spectroscopy of transient species occuring in a
plasma provides us with a clue about how to diagnose
the plasma conditions. We may find similar applications
of high-resolution spectra to the diagnosis of molecular
systems where chemical processes are taking place.

The examples we discuss in the present paper include
alkali monoxides and the NOj3 radical, both of which
play important roles for atmospheric chemistry, as well
as some inorganic molecules, such as Si,H,,.

Alkali Monoxides

Alkali monoxides, MO (M=Lj, Na, K, Rb, and Cs),
have been attracting much interest for several reasons;
three of them are mentioned below:

(1) Ionic versus Neutral Potential Surfaces.
Several pieces of evidence, such as the hyperfine struc-
ture, as mentioned below, clearly indicate that alkali
monoxides in the ground electronic states comprise al-
most completely ionized constituents, Mt and O~.
However, the ground states obviously dissociate into
neutral fragments, M and O, because this dissociation
limit is lowest in energy. For example, the ionization
potential of Na is 5.138 eV, which surpasses the elec-
tron affinity of O, 2.103 eV.? This situation is similar
to that of alkali halides. There must thus be a crossing
of the potential curves somewhere between the equilib-
rium bond length of the lowest bound state and the
dissociation limit. Nemukhin, Almléf, and Heiberg?
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calculated the potential-energy curves of the three low-
est-lying electronic states (*S*, 2II, and ?Y~) of LiO
by using a complete active space self-consistent field
(CASSCF) method; however, they did not pay atten-
tion to the crossing or avoided crossing. Woodward,
Hayden, and Gole® have recently observed the emission
spectra of alkali monoxides prepared by the reaction of
alkali metals with dinitrogen monoxide; the emission
extended from 450 to 570 nm in the case of LiO, and
was assigned to the B2II—X2II transition. The upper
B2II state is located at about 3.0 eV above the ground
state, and the chemical bond in this state is supposed to
be of covalent nature; thus, the B state may correspond
to the covalent counterpart.

(2) Symmetry of the Ground Electronic State,
2I1 versus 2%, It has been shown both
experimentally*—'® and theoretically>!'—'7 that the
ground states of LiO and NaO belong to 2II, whereas
those of RbO and CsO belong to 2X*. A similar
crossover of symmetry has been known for a few se-
ries of molecules. A most typical example is the Cy, H
series (n denoting an integer). The first member of this
series, CCH, has a 2X% ground state accompanied by a
21 excited state at about 3600 cm~! above the ground
state.'® Although the 2 state is also lowest in energy in
the second molecule, CCCCH,'?) there are some anoma-
lous features in the rotational spectra of this molecule,
particularly in those in excited bending states, indicat-
ing the presence of a low-lying 211 state.?” The 2II state
becomes the ground state in the third molecule, CCC-
CCCH. It took some time for Saito et al. to realize that
the interstellar spectra already observed were to be as-
signed to this molecule;?'?? they initially thought the
CgH molecule has a 2%t ground state, and searched
for its spectra at even multiples of an estimated B ro-
tational constant, but did not scan the region around
odd multiples of the B constant, where the rotational
lines of a 21 linear molecule were expected to appear.
Another example is the series CN, SiN, and GeN; it has
been known that the first two have 2%+ ground states
and that the lowest excited state of 2II symmetry is lo-
cated at 9122.042 66 (30) [v=0]?® and 1972.759 53 (56)
[T00]*” cm™! above the ground state for CN and SiN,
respectively. Although it has not been shown experi-
mentally, GeN is very likely to be a 2II molecule in the
ground electronic state.

As mentioned above, since alkali monoxides are al-
most completely ionic, an unpaired electron, or more

“appropriately stated, a positive hole, is localized on the

oxygen atom. This hole may occupy either a pm or
po orbital, resulting in a 2II or %7 state, respectively.
Allison et al.!*'® have explained the energy difference
between the 2II and 2%t states in terms of two com-
peting factors: the quadrupole attraction of the oxygen
ion, which favors 2II states, and of the Pauli repulsion,
which favors 2Zt. Most interesting is the case of KO,
for which the two states, 2II and 2Z7, are expected to
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be very close to each other. In fact, conflicting results,
both in experiment*® and ab inito calculation,!4—1725)
have been reported for KO.

(3) Origin of the Sodium Night Glow and of
the Luminescence of Meteor Trails. Chapman®®
ascribed the sodium D-line emission in the mesosphere
to sodium stoms in the 2P excited stated prepared
by the reaction of NaO and O. However, Plane and
Husain®” have found that this reaction, if NaO was in
the 2II state, produced a too-small amount of excited
sodium atoms to account for the emission. Herschbach
et al.?®) have recently pointed out that the reaction of
Na with ozone resulted in a considerable amount of NaO
in the A2X+ state, which, when reacted with O, pro-
duced sodium atoms in 2P with a branching ratio as
large as 2/3.

In order to clarify the various points mentioned
above, including the mechanism for the sodium D emis-
sion in the mesosphere, more information is obviously
indispensable concerning alkali monoxides and their re-
lated molecules in low-lying electronic states. Yamada
and his collaborators have thus applied microwave and
infrared diode laser spectroscopy to alkali monoxides;
their so-far obtained results are summarized below.

LiO. Yamada et al.®) observed the rotational spec-
trum and Yamada and Hirota® the fundamental vibra-
tional band of LiO. Both of these studies confirmed
that the ground electronic state of LiO is 2II, as re-
ported in previous investigations. The observed A-type
doubling constants, when interpreted based on some as-
sumptions, lead to a separation between the lowest ex-
cited A2X7 state and the ground X2II state to be 2000
to 2500 cm~!. The fundamental frequency, harmonic
frequency, and vibrational anharmonicity have been de-
termined to be:

vo = 799.067 11 (29) cm ™',
we = 814.62 (15) cm ™,

and
WeZe = 7.78 (15) cm ™,

where the values in parentheses denote the standard de-
viations. [This statement holds throughout the present
paper, unless otherwise commented.] The equilibrium
internuclear distance is calculated from the B. constant
to be

re = 1.688 221 59 (2) A.

The axially symmetric component of the nuclear
quadrupole coupling constant (eQqo) of “Li was deter-
mined to be 0.463 (20) MHz in the ground vibronic
state, which may be compared with the correspond-
ing value [0.420 792 (34) MHz| of LiF.?® The latter
molecule has been known to be a most typical ionic
molecule, and, thus, this comparison of the nuclear
quadrupole coupling constants indicates that LiO is also
an ionic molecule. Four magnetic hyperfine coupling
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constants (a, b, ¢, and d) have been determined; the
magnitudes of these constants are quite small, reflect-
ing the fact that the unpaired electron or the hole is
primarily localized in the oxygen ion. The Fermi in-
teraction constant (b,) is negative (—17.77 MHz); the
negative sign is ascribed to spin polarization.

NaO. Yamada et al.” have observed the rotational
spectrum in order to determine the molecular param-
eters in the ground (v=0) and three excited (v=1 to
3) vibrational states. As in the case of LiO, the ground
electronic state was confirmed to be 2II. A simple inter-
pretation of the observed A-type doubling constants al-
lowed Yamada et al. to estimate the A2X+ —X2II sepa-
ration to be about 2050 cm~!. They calculated the har-
monic vibrational frequency by inserting the observed
B, and D, constants in the following expression:

we = (4B2 /D)% = 492.27 cm™,

and the equilibrium internuclear distance r, from B, to
be
re = 2.051 548 (1) A.

The nuclear quadrupole coupling constant is —6.81 (21)
MHz, which may be compared with the typical “ionic”
value (—8.4980 MHz) of NaF.3? The Fermi interaction
constant is again negative (—5.14 MHz) due to the effect
of spin polarization.

KO. As mentioned earlier, the two lowest electronic
states (I and 2X%) are closest to each other for this
molecule. In fact, Yamada et al.>¥ have observed the
rotational spectra in both a II and ¥ state. They fitted
the observed spectra to a 2x2 matrix, of which the off-
diagonal block consists of a spin-orbit term [the inter-
action constant (Aso) was fixed to —104 cm™!] and an
electronic Coriolis term. The fitting was far from satis-
factory, particularly for high-N lines of the 2L+ state;
the poor fitting of the 2%* lines may be accounted for by
interactions of the v=0 level of this electronic state with
the v=1 level of the 2II state. Nevertheless, Yamada.
et al. have demonstrated that the 2% state is higher
than the 2II state by about 200 cm~!. The rotational
constant was determined to be 8272.5 and 9486.5 MHz
for the 2II and 2X 7 states, respectively, from which the
internuclear distance was calculated to be 2.3211 and
2.1675 A, respectively. Unfortunately, the analysis of
the observed spectra did not yield reliable centrifugal
distortion constants, and thus only a rough estimate
could be made for the vibrational frequencies to be 300
to 400 cm~ 1.

RbO. Yamada and Hirota®? have observed three
sets of the rotational spectra which, in agreement with
the results of previous studies, conformed with those of
a 2% molecule. The most dominant set was assigned
to 8°RbO in the ground vibrational state; the hyperfine
structure was consistent with a nuclear spin of 5/2. The
second set was nicely explained by an isotopic species,
87RbO, present in natural abundance (about 1/3 as



4 Bull. Chem. Soc. Jpn., 68, No. 1 (1995)

abundant as 8Rb0O); the observed hyperfine structure
indicated the spin to be 3/2. The last set was assigned
to 8°RbO in the first excited vibrational state.

The spin-rotation interaction constant () was deter-
mined to be —1072.556 (35) and —1068.20 (11) MHz
for 8RbO and 8"RbO, respectively. When the spin-
orbit interaction constant (Asop) was assumed to be
—100 cm™?, the 7y constants led to an excitation energy
(En—Es) of 2745 cm~!. This value probably represents
an upper bound, in view of the assumptions involved. It
should be noted that, although the spectra of 8RbO in
v=1 and of 8”RbO in v=0 were observed, we could not
observe the spectra in the II electronic state. Because
the cell temperature was about 500 to 550 °C, this fact
indicates the II state is higher than the ¥ ground state
by at least 500 cm ™.

The three B rotational constants were analyzed by
assuming the following reduced-mass (1) dependences
of B, and oB:

Be = h/[87 ur?]

and

—3/2[

B =ypu Qred].

The interatomic distance (7,) calculated from the thus-
obtained equilibrium rotational constant (B.) is 2.254
194 0 (11) A. The B, constant of 33RbO was combined
with the centrifugal distortion constant of the same iso-
topic species extrapolated to the equilibrium in order
to estimate the harmonic vibrational frequency to be
387.91 (10) cm~1.

The nuclear quadrupole coupling constant of 8SRbO
in the ground vibrational state was determined to be
—28.1 (2.5) MHz. A comparison of this value with
the value of RbF [-70.341 5 (22) MHz%¥] for example,
which has been known as a most typical example of ionic
molecules, shows that RbO is also an ionic molecule.
The magnetic hyperfine structure parameters [b=605.4
(40) and ¢=162 (11) MHz] obtained for 3’RbO in the
ground vibronic state are in fair agreement with the val-
ues [417 and 143 MHz] of a previous ESR study.® The
Fermi interaction constant, when compared with the
‘atomic value, leads to an s-character of the unpaired
electron orbital to be about 18.7%.

CsO. Yamada and Hirota®® have observed the rota-
tional spectra of CsO in ground and excited vibrational
states up to v=3, which were again consistent with the
ground electronic state being a 2$1 state. A positive
spin-rotation interaction constant gave a somewhat bet-
ter fitting of the observed spectrum than a negative one,
although the difference between the two was minor. The
positive spin-rotation interaction constant is rather dif-
ficult to explain on the basis of a simple IT and ¥ two
electronic-states model; we need to take into account
higher excited electronic states as well. Unfortunately,
not much information has been available for such states.
The expression 4AB/( En— Ex) for the spin-rotation in-
teraction constant with A=100 cm™! gives the [I—-%
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energy difference to be 6170 cm ™!, which represents an
upper bound for the excitation energy of the lowest ex-
cited electronic state. The observed spin-rotation in-
teraction constants show a quite large vibrational-state
dependence: 432.275 (47), 371.62 (14), 286.00 (16), and
144.65 (13) MHz for v=0 to 3, respectively. This v de-
pendence will be useful in refining the vibronic interac-
tion model.

The B rotational constant extrapolated to the equi-
librium leads to an interatomic distance () of 2.300
744 (16) A. The B, and D, constants give a harmonic
frequency (we) of 356.80 (7) cm™1.

The nuclear quadrupole coupling constant is again
quite small [—24.9 (3.1) MHz in v=0], which may be
compared with the corresponding value of CsF [1.245
6 (28) MHz*¥]. Two hyperfine parameters [b=426.42
(35) and ¢=118.06 (64) MHz] obtained for the ground
vibronic state are in fair agreement with an ESR result
[351 and 118 MHz,® respectively]. A Fermi interaction
constant of 465.8 MHz leads to a rough estimate of the
s-character (18.9%) for the unpaired electron orbital.

Nitrate Radical NOj

Introductory Remarks. Among the so-called
NO, (more precisely speaking, NO,) molecules, two
have been most incompletely characterized; they are
NO;3; and N2,Os5. Both of them play substantial roles
in the chemical processes in the upper atmosphere of
the Earth, as summarized by Wayne et al.3® The ni-
trate radical NOg is more interesting than N2Oj5 from a
molecular structure point of view; it is probably a pla-
nar symmetric-top free radical in a doublet state, which
is quite rare.

It has been known for a long time that the nitrate
radical absorbs strongly in the visible region; it was
in 1983 that the radical was subjected to laser spec-
troscopic investigations for the first time. Ishiwata et
al.*®) and Nelson et al.>” observed laser-induced fluo-
rescence (LIF) and dispersed fluorescence of the visible
bands. Although both of the two groups partly resolved
the vibrational structure, they arrived at different con-
clusions concerning the geometry of the radical in the
ground electronic state; Ishiwata et al. interpreted their
data based on Ds; symmetry, whereas Nelson et al. pre-
ferred (s, to Dsp. Because no rotational structure was
resolved in either of these studies, the geometry of the
radical has not been established. Kim et al.3® have
recently recorded dispersed fluorescence and have tried
to reconcile two views, Dsj versus Cy,, by stating that
the vibrational motions average over the three local Gy,
structures to give the Ds, structure. More recently, two
groups have recorded the LIF spectra of NO3 prepared
in a molecular beam.3**?) Although the observed spec-
tra were resolved into many rotational lines, they were
too complicated to be analyzed.

Walsh*®) discussed the electronic structure and shape
of the NOj3 radical on a basis of a molecular-orbital
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consideration. He gave the electronic configuration of
the ground state as being

() (e) (@) XPA,

where the three highest-occupied molecular orbitals
(HOMO) are all derived from combinations of essen-
tially nonbonding atomic orbitals localized on the oxy-
gen atoms. The N-O bonding orbitals, which are much
lower in energy than the nonbonding orbitals mentioned
above, definitely favor a planar structure, whereas other
occupied orbitals, including the three mentioned above,
do not show much preference. Walsh thus concluded the
NOj3 molecule to be planar. He interpreted the strong
visible a‘pgorption to be cau§gd by a transition from the
ground X" AJ state to the B'E’ state, whose electronic
configuration is expressed as

. (e’)s(e")4(a'2)2 ]"32EI.

We may then expect that there is another excited elec-
tronic state with the

. (61)4(6")3(3.,2)2 AZE"

electronic configuration between the ground state and
the B state. [We renamed the excited state associated
with the visible absorption as B rather than A, as called
by Walsh, because the E” state is certainly lower in en-
ergy than the E' state.] It should be noted that the tran-
sition between the ground and the A states is electron-
ically forbidden, and thus no spectroscopic data were
available concerning the A state. Weaver et al.*> have
applied photodetachment spectroscopy to the NO3 ion
and have located the A state at 7001105 cm~! above
the ground state. They also observed two progressions,
one in vy and the other in v4. The appearance of the
latter progression was somewhat surprising, because the
vy vibration belongs to E' symmetry. Weaver et al. ex-
plained this observation ?y a vibronic interaction of the
ground state with the B E’ state.

A number of ab initio calculations have been carried
out.*3=52) Most of these studies have focussed on the ge-
ometry of the molecule in the ground electronic state;
although some of them favor a Dsj structure, whereas
others prefer C, to Dsp, all of the calculations have
agreed in that the energy difference between the two
forms is quite small. The (5, structure means the ge-
ometry where one of the N-O bonds is longer than the
other two.

In view of the importance of the nitrate free radi-

cal in atmospheric chemistry and many related fields,
Ishiwata, Kawaguchi, and their collaborators have car-
ried out a systematic study of NOgs, mainly using in-
frared diode-laser and infrared Fourier-transform spec-
troscopy in order to clarify its molecular as well as elec-
tronic structure in detail.

The v3 and Other Infrared Bands. Vibronic
Interaction between the vz State in the Ground
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State Manifold and Excited Electronic States of
E’' Symmetry. Ishiwata et al.>® and Kawaguchi et
al.>¥ have observed a band at around 1492 cm™! using
infrared diode lasers as sources. These studies resolved
the rotational structure of NOj3 for the first time. They
assigned this band to a vibrational band of NOj in its
ground electronic state. By taking ground-state com-
bination differences they showed that the lower state,
namely the ground vibronic state, conformed perfectly
with a regular triangle geometry; only K" =3n (n de-
noting an integer) and, for K”’=0, only odd N rotational
levels were found to be present. The molecular parame-
ters that they derived from the observed spectrum are:

B 0.458 575 (22)

Dy x 10° 0.125 6 (49)  [0.131]
Dng x10°  —0.237 (11) [—0.244]
€bb —0.016 25 (30)

in cm™!, where C=B/2 and Dx=—(2Dy+3Dnk)/4
were assumed. The values in square brackets denote
those obtained from an appropriate force field; the ob-
served values agree quite well with these. The observed
spin-rotation splittings were accounted for by taking
into account only the €, term, in agreement with the
expectation based on the electronic structure (as dis-
cussed above). The €pp, term receives contributions from
interactions with excited electronic states of E” symme-
try, because the b or a components of the electronic or-
bital angular momentum belong to E” symmetry. When
the spin-orbit interaction constant of oxygen (150 cm™?)
is used together with a pure precession hypothesis, we
arrive at an estimated value of —0.039 cm™! for €,
where only the A“E” state is considered to be the ex-
cited state. This value is of the same order of magnitude
as the observed constant.

In contrast with the lower, i.e. ground, state, Ishiwata
et al. and Kawaguchi et al. noticed a few anomalies
present in the upper state of the transition; some of the
anomalies could not be explained if the transition was
purely vibrational. These anomalies are listed below:

(1) A small spin-orbit interaction term necessary to
explain the spin doubling.

The €, term was found to be insufficient to explain
all of the spin doublings in the upper state. The ob-
served splittings could be reproduced only when a small
spin-orbit term was introduced. The effective coupling
constant was

Gess |< L >|=0.173 29 (47) cm™".

We may understand the presence of such a spin-orbit
interaction term by a mixing of this upper state with
excited electronic states of E'symmetry; the upper state
belongs to E’ vibronic symmetry.

The vibronic Hamiltonian may be written in the fol-
lowing way:>%
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H'[hc=Vig{exp [i(6—a)]+exp [—i(6—a)]}
+Vag* {exp [i(0+2a)]+exp [—i(0+20)]} +---, (1)

where 6 denotes the azimuthal angle of the unpaired
electron and gexp (+ia) represents the degenerate vi-
brational coordinates (¢; in the present example). We
refer to the first term in V; as the first-order vibronic
interaction term and the second term in V5 as the sec-
ond-order vibronic interaction term. The mixing that
we are considering occurs primarily through the first-
order term; the effective spin-orbit interaction constant
is given by

aest = [| b1 | /AE]? Aso, 2)

where h; denotes the matrix element of the first-order
term between the vs state and an excited state of E'
symmetry, the B state being a most typical example;
AFE stands for the excitation energy of the E’ electronic
state. When AE is taken to be 15000 cm~! and Ago
to be 30 cm™!, the observed value of aeg is reproduced
by setting |h;|=1139 cm~1.

This first-order vibronic term also reduces the har-
monic frequency of the v3 mode by 2| |?/AE, which is
equal to 173 cm™!, to be compared with the observed
frequency of 1492 cm 1.

(2) Observed levels of K'=7 and K'=10 shifted down-
ward and upward, respectively, and the shifts increased
with the N values involved.

This perturbation could be explained by a Coriolis
interaction of the vs state with the E” component of
the vg+2vy state.®® Namely the k,i=48, £2 and +11,
+2 levels of the latter vibrational state interact with
the £,/==+7, £1 and +10, %1, respectively, to shift the
latter levels downward and upward, respectively, as ob-
served. Although the Coriolis interaction constant (£)-
[the coefficient of {N (N +1)—k(k+1)}? in the interac-
tion matrix] is as small as 0.00197 (94) cm~!, the analy-
sis allowed Kawaguchi et al.>¥ to locate the perturbing
level (vo+2v4) at 149249=15014+1 cm~!. This term
value may be favorably compared with the sum 1520
cm™! of the vo (762 cm™1)%® and 2v4 (758 cm™1)*?
frequencies.

(3) Discrepancy between the observed and calculated
first-order Coriolis coupling constants.

The first-order Coriolis coupling term (C¢) was deter-
mined to be 0.044277 (26) cm™!, which, when divided
by C, led to a ¢ of about 0.19. This value differs greatly
from the ¢ value of 0.7, calculated using an appropriate
force field.

In an ordinary symmetric-top molecule, the az-
imuthal motion of a degenerate mode is “free” rota-
tion. In fact, the azimuthal part of the wavefunction of
a degenerate vibration is expressed as (27)"Zexp [ila],
where [ denotes an integer, the absolute value of which
is equal to v, v—2, -+, 1 or 0 (v means the vibrational
quantum number of the degenerate mode). When vi-
bronic coupling between the v state and excited elec-
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tronic states of E' symmetry is taken into account, the
azimuthal motion is no longer free, but is hindered by
a three-fold trough in the potential. This fact can be
demonstrated by using the vibronic Hamiltonian Eq. 1;
it may be used to derive an effective potential function
for the v3 mode, as follows:®®

Ver=(w/2)¢"~(|hs|*/ AE)q"~(|h1hal/ AE) (63 +¢2 )+, (3)

where the first term in the right-hand side denotes the
harmonic potential, the second term the correction for
the harmonic frequency already mentioned, and the
third term represents a three-fold barrier hindering the
azimuthal motion. A simple perturbation calculation
shows that this term really reduces the average of the
vibrational angular momentum by the following factor:

< pa>=1—48[| hihs | /(w AE)]%. (4)

In the above equations hy stands for the matrix element
of the second-order term in the vibronic Hamiltonian.
The observed ¢ constant is reproduced when |hy hy|/AE
is equal to 185 cm 1.

(4) K'=1 spin-rotation splittings required to intro-
duce an anisotropy term (e€pp—e€qq) of —0.00242 (42)
cm™!, as compared with €;,=-0.015326 (33) cm~!. A
vibration-rotation interaction term of (Al,AK)=(2,—4),
needed with a coefficient two to three orders of magni-
tude larger than those in other ordinary molecules of
the same size, such as CHF'3.

Both of these observations seem to indicate that the
NOj3; molecule tends to deviate from Ds; symmetry.
They can be explained by higher-order perturbations
involving vibronic terms, as shown by Hirota et al.>®

(5) Five infrared bands observed in the regions from
1500 up to 2600 cm ™.

Kawaguchi et al.®”°® have observed these bands
mainly by an infrared Fourier-transform spectrometer.
They have found that the lower states of these bands
were identical to the ground vibronic state and the up-
per states were all of E' symmetry. They have also
noticed that these bands were not much weaker than
the v3 fundamental band; the relative intensities of the

observed bands are:
1

assignment band origin/cm™!  intensity
2 762 0.8
Vs 1492 4.7
? 1927 3.0
U4 2024 1.5
v1+3vy 2155 2.0
V1+v3 2518 2.1
2v14vy 2585 1.7

In the above the data concerning the v5 band are cited
from a paper by Friedl and Sander,*® who also reported
on an observation of the v3 band in agreement with
Kawaguchi et al.5*5%) These observations are all indica-
tive of strong vibronic interactions between the E' vi-
brational levels in the ground electronic-state manifold
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and excited electronic states of E' symmetry; these per-
pendicular pg,nds bgrrow intensities from the electronic
transition B'E'—X"A5. A vibronic interaction often
causes negative anharmonicity for the modes involved
in the interaction. This applies to the 4 mode, partic-
ularly in the present case; observations of higher over-
tones, such as the 5v4 mode, were made possible by the
strong vibronic interaction; the 574 band appeared at
2024 cm™!, which was larger than five times the funda-
mental frequency (363 cm~14?), i.e. 1815 cm™1.

It should be added that quite recently Mayer et
al.>® extended the vibronic interaction model discussed
above by introducing two vibrational modes (v3 and vy)
simultaneously. However, the results that they obtained
remain essentially the same as those described above.

Observation of A—X Vibronic Bands; Vi-
bronic Interactions within the A“E” Excited
State. In order to understand the NOj3; radical
in more detail, Ishiwata et al.®” have been observing
the A"E"«—X" A}, transition using a near-infrared diode-
laser spectrometer. They have scanned the region from
7350 to 7600 cm~! and have detected a number of weak
lines. As mentioned earlier, since the A«X transition is
electronically forbidden, the weak lines that Ishiwata et
al. have observed must be ascribed to (a) vibronic b~aznd—
(s). Because Weaver et al.*? have located the A"E”
state at 7001+£105 cm™!, the excited vibrational mode
is possibly either v, or v4. According to Walsh,*V) it is
reasonable to assume that the NOj radical is also pla-
nar in the A state, and, thus, the vibronic state with
Vo or vy excited belongs to E' or AY+AY+E" symme-
try, of which E' and AY are vibronically accessible from
the ground vibronic state. Three doublet series have
been identified among the observed lines; the patterns
of these series seem to conform to those of a parallel
band, indicating that the v, mode is excited in the up-
per state of the transition. In order to aid the spectral
analysis, the A and Af vibronic states were examined
by paying special attention to the rotational structure
in these states.5?)

The two components of the electronic wavefunction
for the A"E” state are expressed as |[+> and |->, and
those of the v, vibrational wavefunction as [l+> and
|l—>. Then, the three vibronic states are represented
by:

Ay [|+>]l=>+]|=>|1+>]/v2, (5a)
Az [|+>l=>—|=>|1+>]/v2, (5b)
E [|[+>l+>x|->1->]/vV2 (5¢)

where the double prime for the symmetry species is
omitted for simplicity.

First, the Jahn-Teller interaction is considered. This
interaction is assumed to be weak, namely to be smaller
than the vibrational energy. We also neglect all inter-
actions between the A state and the other electronic
states; namely, we take into account only the matrix el-
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ements nonvanishing within the A state. The first- and
second-order Jahn-Teller Hamiltonians are given by

Hf,l} = Wq[ewe%o + e_i¢e_2w] (6a)

and
H_(]?Iz — ‘/2(]2 [e—2z¢e229 + ede)e-—Zto]. (Gb)

Although the first-order Hamiltonian (H. J(%) ) con-
tributes the same term (—kZw+kZwlA, where k; de-
notes the matrix element of Vi, w the vibrational fre-
quency, and A a number proportional to the electronic
orbital angular momentum component along the sym-
metry axis) to the two vibronic states (A; and Aj)
under consideration, it is retained because it modifies
other terms. In contrast to the first-order Hamiltonian,
the second-order Hamiltonian makes different contri-
bution, +2kw and —2kw, to the A; and A, states,
respectively, lifting the degeneracy of these states, as is
well known. It should be noted that the E state does
not receive any terms from the Jahn-Teller interaction,
either first-order or second-order; namely, the E state
is separated from the two A states by the first-order
Jahn-Teller term. We thus hereafter neglect this state
and focus attention on the two A states.

We next consider the spin-orbit term, which we as-
sume to be of the form

Hso = AéngSz, (7

i.e. we neglect the perpendicular term %Aéz(;(L+S_+
L_S.), because it contains Ly. The nonvanishing ma-
trix elements are given by

1
<A1Fy|Hso|AsFy>=AD <L, > k) [2 (J+§)], (8a)

<Ay Fy|HsolAsFy>=—AB <L, > k) [2 (J+%)] (8b)
and

<A1F or Fi|Hso |A2Fy or Fr >=
1
1 2 2
—AB <L >e [(J+ 2) ~k2] /|2 (J+%)] (80)

where the matrix element of the electron orbital angular
momentum is equal to

< L >ep=Co(1 — 4K3). (9)

In Egs. 8a, 8b, and 8c, F; and F> denote the two spin
components: J=N+1 and J=N—1 for F; and Fy,
respectively (in the present case, the electron spin quan-
tum number S =1/2). The electronic Coriolis coupling
constant is designated as (. in Eq. 9.

The next term that we should consider is the elec-
tronic and vibrational Coriolis term, of which we retain
only the z term, i.e. the term associated with the sym-
metry axis. The matrix elements are nonvanishing only
between the A; and As blocks of the same spin sub-
levels:
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< AFy |Hcor | A2Fy >=< A1 Fs | Hcor | A2F >
=-20< L, > k+2C <7, >t k, (10)

where the vibrational angular momentum matrix ele-
ment means

< My Sef= Cv,z(1+2k%)7 (11)

with ¢y, denoting the vibrational Coriolis coupling con-
stant.

We employ the ordinary expressions for the spin-ro-
tation interaction and the pure rotation terms, and the
matrix elements of them are given by:

< Fi | Hsr | FL >= Esr — (e5s/2), (12a)
< Fy | Hgg | F» >= —Esr — (e0s/2), (12b)
and

<F2|HSR|F1>§ .
—(€ce —€vp)k [(J-i- —;—)2 - kQ} : / [2 (J+ %)] ,  (12¢)

where
Esn = (cec — em)k?/ [2 (J+ %)] +(e)2) (J+ %) (12d)

and
<k | Hg | F| >= ER(l) +ER(2),

< F,|Hg | F» >=Egr(1) — Er(2),

(13a)
(13b)

where
Ex(1) = (B—Dy) <J+ %)2 +(C-BK

4 2
-Dy (J+ %) —Dnk <J+ %) k* — Drck*,(13c)

3
ER(2)=—B(J+%)+2DN (J+—;—> +Dnx (J+%)k2. (13d)

The molecular parameters appearing in Egs. 10, 11,
12, and 13 are assumed to be the same for the two A
states. The energy matrix for the four levels, the F
and F, spin levels of both the A; and A, states, is thus
given by

2kew+ (8] e [a] 181

[6] 2kaw — [6] [ﬂ] _ [a]
[o] 6 —2kw+[6] [ , (14a)
[ﬂ] —[a] [6] —2hkow — [6]

where

[6]=FRr(2) + Esr
1 1)\3 1\ -
=—-B(J+§)+2DN(J+§) +DNK(J+§)k

(ece — exs)k?/ [2 (J+ %)] +(e0s/2) (J+ %) . (14b)

[€] = —(€cc —€vs)k [<J+ %)2 - kz] : / [2 <J+ %)] , (14c¢)
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[a]zA(Slo)<Lz >enk/ [2 (J+—21->] —2C[<L;>eg— <, >est]k,

(14d)

and
Bl=A3<L.>er [(J+%)2~k2] %/ [2 (J+%)} . (14e)

The terms common to the four blocks, —2k?w+ Eg (1) —
€pp/2, have been subtracted from each of the diagonal
elements of the matrix. The matrix is readily solved to
give the following eigenvalues:

2

E=(B—Dn) (]—}- —;—) 2+(C—B)k2_DN (]+ %) 4—DNK (]—{— %) k2
—Dr K*+{4k3* +[6)*+[e)* +]e)*+[8)*
+2[([a][6]+[8][e]) > +4kaw? ([6]°+[e])] } 2, (15)

where the plus sign of the first double sign applies to
the levels of the A, state, provided that &, is positive.

Silicon Hydrides

Much interest has been paid to silicon compounds,
particularly in comparing their chemistry with that of
the corresponding carbon analogues; silicon hydrides
serve as typical examples in this respect. It has also
been recognized that the hydrides play important roles
in a silane discharge plasma, which has been extensively
employed in the processing of electronic devices. In the
discharge of silane several intermediate species must be
present; some of them play key roles in the chemical
and physical processes taking place in the plasma. It
is, therefore, of great significance to identify any inter-
mediate chemical species in the plasma, to unveil their
dynamical behaviors, and to determine their popula-
tion distributions over the quantum states in real time.
To accomplish such objectives, we need to know the
spectra, preferably of high resolution, of the important
intermediates. Yamada and Hirota®® have thus initi-
ated a study of the v5 band of the silyl radical by using
an infrared diode-laser spectrometer.

In contrast with the methyl radical, which has been
confirmed to be planar in the ground electronic state,?®
although the silyl radical was predicted to be nonplanar,
the barrier height at the planar configuration was esti-
mated to be so low that the molecule could invert quite
easily, like ammonia.’® Yamada and Hirota, in fact,
found that the v5 band appeared to be split into two
components (17+0% and 11+07) at 727.9438 (11) and
721.0486 (9) cm™!, respectively, where the + and — su-
perscripts denoted the symmetric and antisymmetric in-
version levels, respectively. Johnson et al.®® have subse-
quently recorded the multiphoton ionization spectra of
SiHj3 and SiDs, and detected two Rydberg states. They
also determined the ionization potential and the energy
levels of v} up to 3 and 4 for SiHz and SiDj, respec-
tively, in the ground electronic state, from which they
calculated the inversion potential to be 1935 and 1925
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cm™! for the two isotopic species. Yamada and Hirota
have estimated the inversion splitting to be 0.144 and
6.75 cm~! in the =0 and 1 states, respectively. They
also derived the structure parameters: r(Si-H)=1.468
A and 9(H-Si-H)=110.5°.

The vy vibration-rotation spectral lines of SiHs thus
observed have been employed by Itabashi et al.?—% to
diagnose the silane discharge plasma. Although it had
been suspected that SiHg played key roles in the plasma,
unfortunately, no reliable methods had been available
before to determine the population distribution of this
important species. Itabashi et al. have determined the
density, diffusion coefficient, reaction rates, and spatial
distribution of silyl in both rfand pulsed-discharge plas-
mas of silane, and have concluded that SiHj is by far
the most abundant species and dominates the process of
the formation of amorphous silicon film on a substrate.

Recently, Sumiyoshi et al.”® have detected v3, i.e.
the Si-H degenerate stretching band, of SiHs in 5 um
region. This band will be stronger than the v band by
a factor of 3 or so, and, thus, is much more useful for
monitoring the silyl radical. However, the v3 band is
in Coriolis resonance with v, i.e. the Si-H symmetric
stretching band; this interaction must be fully analyzed
before the v3 band can be employed for a quantitative
analysis.

The second silicon hydride SiH, is a species known in
molecular spectroscopy for a long time; it was in 1967
that Dubois et al.”?) observed the absorption spectrum
of SiHj in the visible region for the first time. Dubois’
and Dubois et al.”™® subsequently analyzed the ro-
tational structures of the A'B;—X'A; (01450)—(000)
bands with vj=1—3 and 4—6, respectively. This A-X
band has recently been reinvestigated in more detail by
Ishikawa and Kajimoto™7® as well as by Fukushima et
31.76’77)

Yamada et al.”® have applied infrared diode-laser
spectroscopy to the v, band of SiHs in the ground elec-
tronic state in order to obtain more precise information
concerning this molecule. The band origin that they de-
termined is 998.6241 (3) cm~!, which may be compared
with the 1004 cm™! that Dubois™ obtained from a hot
band of the electronic transition in the visible region.
Yamada et al. calculated the so-called g structure pa-
rameters [rp(Si—H)=1.525 (6) A and 6 (H-Si-H)=91.8
(10)°] from the observed rotational constants. They
also utilized a similarity in the structure of SHy and
SiH, to estimate the equilibrium structure: r(Si-H)=
1.5140 A and 0. (H-Si-H)=92.08°. The observed cen-
trifugal distortion constants and inertial defect were
used to calculate the harmonic force constants, which
were then combined with the vibration-rotation con-
stants (az) to derive two cubic anharmonic potential
constants: kpoo=—15.75 and kj90=53.01 in cm~'. The
latter k constant should be useful in analyzing the Fermi
interaction between v, and 2vs.

The thus-observed v, band was unfortunately found
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to be quite weak, and it has been used only for a qualita-
tive or semiquantitative analysis. Yamada et al.” have
thus extended measurements to the spectra in the 5 pm
region, where we expect to observe three vibrational
bands (v1, 2vs, and v3). The three excited states of
these bands interact with each other by Fermi (between
v; and 2v3) and Coriolis (between v; and v3 and also
between 2v5 and v3) resonance. In addition, the three
band origins are expected to be quite close to each other.
In fact, the observed spectral lines do not show any
spectral patterns which readily lead to assignments.

One problem remaining to be solved for this molecule
is detecting the lowest triplet. As is well known, the
carbon analogue of this molecule, carbene CHy, has a -
triplet ground state X Bj, and the lowest excited state
(3'A;) lies at 3165+20 cm™! [Too] above the ground
state.2% In contrast, tlgel ground electronic state of SiHs,
i.e. silylene, is singlet X" A, and the lowest excited state
is a triplet, which has been predicted to lie at about
73454350 cm ™! above the ground state,®" but has not
been detected experimentally.

The third hydride SiH is a typical 2II, molecule in
the ground electronic state, and has already been ex-
tensively investigated by high-resolution spectroscopy
in the ultraviolet, visible, and infrared regions.

Investigations of a silane discharge plasma require in-
formation concerning any intermediate species which
contain more than one silicon atom. However, spec-
troscopic data on those molecules have been very rare.
Among molecules with two silicon atoms, only two
species have been subjected to spectroscopic studies:
SioHg and SigH,. The latter molecule, disilyne (SizHs),
is very interesting; it exists in two forms, both of which
are completely different in geometry from acetylene:
one [Si(H)2Si] with two silicon atoms doubly bridged
by hydrogens and of Cy, symmetry®?®® and the other
[Si(H)SiH] monobridged leaving the other hydrogen at-
tached in the molecular plane to one of the two silicon
atoms.®® Other molecules with two Si atoms, such as
SioH4, must wait for further spectroscopic studies.

High-resolution spectroscopic data are also available
for a few cations of monosilicon hydrides. The simplest
one, SiH*, is a diatomic molecule; its electronic spec-
trum has been quite well known. Recently, Davies and
Martineau®® have reported on its fundamental band in
the infrared.

The SiH,™ ion has been a subject of electronic spec-
troscopy where special attention was paid to predisso-
ciation in the excited electronic states. However, nei-
ther the vibrational nor rotational spectra have been
reported.

The third monosilicon hydride ion, SiHz*, was re-
cently investigated by Davies et al.’¢#7) using infrared
diode-laser spectroscopy. Davies and Smith have ob-
served and analyzed the vo and v4 bands simultane-
ously, because the two upper vibrational states are cou-
pled by a Coriolis interaction. It may be worth noting
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that SiH;T is a planar molecule, as expected from a
Walsh diagram.

Projects in Future

In concluding the present article, a few projects are
listed for which some preliminary studies have already
been carried out, but discontinued for some reasons, or
are still continuing. These projects are certainly worth
being pursued further and being completed in the near
future.

Internal Motions of Ions in Inorganic Mole-
cules: Alkali Tetrahydroborates. Most inorganic
compounds are solid at room temperature. It is thus
not easy to foresee whether they also exist in forms
of molecules in the gaseous phase. For example, since
ammonium chloride has been known to sublime quite
easily, this characteristic has been employed for purifi-
cation. One might then ask the question as to whether
it exists in a form of NH4Cl1 or dissociates into NH3 and
HCI, or forms aggregates or clusters during sublimation.
A clear answer was given only quite recently; Goodwin
et al.®® and Howard and Legon®® have shown that a
major component of gaseous ammonium chloride is a
(s, symmetric top with the nuclei in the order H3NHCI,
i.e. a hydrogen-bonded complex. However, because the
method employed in these studies prepared molecules
at very low temperature, there still remains a possibil-
ity that other forms might also exist when ammonium
chloride is sublimed at much higher temperature. In
any case, it is quite interesting to make inorganic sub-
stances gaseous molecules, because they often take un-
expected configurations in the gaseous phase.

The ionic bonds are quite common in inorganic
molecules. The ions often consist of a group of atoms,
as exemplified by NHst, NO3~, and CO3~. These
ions may execute internal motions as a whole which are
not common in organic molecules. Kawashima and his
collaborators®®—°? have recently carried out a system-
atic study on vaporized alkali tetrahydroborates, MBH,
(M=Li, Na, and K), by using microwave spectroscopy.
They have shown that these molecules consist of an al-
kali cation and a tetrahydroborate anion: M BH4~
and that Mt is bonded to BHy~ through three hy-
drogens, namely the molecule takes a tridentate con-
figuration at the equilibrium. The microwave spectrum
of these molecules in the ground vibrational states fits
nicely to a pattern expected for a Cs, symmetric top.
The ground-state rotational spectrum is accompanied
by two sets of vibrational satellites; one is assigned to
the first excited state of the MT-BH,~ stretching vi-
bration, which belongs to A; symmetry, and the other
to that of the BH, degenerate rocking vibration, which
is of E symmetry. The two sets of satellites are in-
teracting with each other by Coriolis resonance, and
the perturbation is most extensive in the case of Na,
in which the two vibrational states differ in energy by
only 24 cm™?, and also to a considerable extent for the
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K derivative where the two modes are separated by 48
cm™!. These interactions obscure the effects on the ro-
tational spectra caused by the motion of the BH4 ™ ion.
In contrast, the Li molecule gives clean satellite spec-
tra; Kawashima and Hirota have analyzed the observed
spectra, each satellite separately, in detail.

Kawashima and Hirota®") have noticed two anomalies
for the satellite of the BH4 rocking vibration of LiBH,.
One applies to the so-called 2, —1 interaction constant
(designated as r¢), which is determined to be 388.23
(14) MHz, much larger in magnitude than the 2,2 inter-
action constant (g;) of —137.578 (56) MHz; the suffix
(t) denotes the degenerate BHy rocking vibration. The
second anomaly is a slight, but definite, increase in the
Dk centrifugal distortion constant when the BHy rock-
ing mode is excited; its value [1.1214 (11) MHz] is com-
pared with the ground-state value [0.8268 (17) MHz] or
with that in the Li-BH, stretching excited state [0.7997
(19) MHz]. Such a large change is not observed for D
[0.10316 (18), 0.10810 (20), and 0.10413 (12) MHz for
the ground, stretching, and rocking states, respectively].

Hirota and Kawashima® have explained these two
anomalies in the following way. They first noticed that
the zz and yz cross products of the inertia strongly de-
pend on the BH, rocking coordinate; in other words, the
first order coefficients (a,t(“) and a,t(-’/z)) in the expan-
sion of the moments of inertia in terms of the rocking
coordinate are anomalously large. Here, z denotes the
symmetry axis and z and y stand for the two perpen-
dicular inertial axes. This coefficient, together with a
cubic anharmonic potential constant (k) makes the
following contribution to the r; constant:

2mAB [3a(°7 /() %] kuse. (16)

Although there is a corresponding term for gz, a;(%*)
is replaced by a;(*®) there, which is almost zero; the
so-called harmonic term dominates in g;. The change
in the Djx constant with excitation of the BHy rock-
ing vibration is also ascribed primarily to a,(*%) com-
bined with anharmonic potential constants associated
with the BH4 rocking vibration. It should be noted that
the centrifugal distortion constants, themselves, are de-
rived by second-order perturbation of vibration-rota-
tion interactions, and do not depend on the vibrational
quantum numbers explicitly; in other words, they re-
main the same in all of the vibrational states. The
changes in the centrifugal distortion constants with vi-
brations are introduced by higher-order perturbations,
but are normally quite small. In the present case, the
change in Dyjg, or more exactly, in Djx+2Djy, is ob-
tained by third-order perturbation involving a quartic
anharmonic potential constant (fis:) and also by fourth-
order perturbation with (k¢):

A(Dyx +2Dy). = 32n° A* B [(a{"))? /(ho})]
X[=8(fueee/ve) + (kese /12)?]. (17)
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The two anomalies are explained by inserting the follow-
ing values in the two anharmonic potential constants:

Kess = —34.89 and fiere = —10.84 cm™ .

The interaction potential between the Lit and BH,~
ions may be approximated by a multipole expansion,
although the distance between the two ions is not much
larger than the radius of BH4 ™, making the convergence
of the expansion rather slow. Although the lowest order
term in the expansion consists of an octupole moment

(@s), this single term is not sufficient to reproduce the-

potential function calculated by an ab initio molecular
orbital (MO) method; the ratio of two potential barrier
heights, one at a monodentate and the other at biden-
tate configuration (V\/ V) equals to 2 in the multipole
expansion, which is to be compared with the MO ratio
(4.1) calculated by Uemura.®® The next lowest order
them in Qg is therefore included so as to reproduce the
ab initio MO ratio of Vy/ Vp. It should be noted that
the next term in @5 in the multipole expansion is zero
“because of symmetry. We thus have the following ex-
pressions for the harmonic force constant (f;) and two
anharmonic potential constants (ki and fis):

fe=—(40/3)Qs(1+7Q4/9Qs), (18a)
keee = (105/2Q3/9) (1 — 7Q4/3Q3) (2F/1)*/?, (18b)

and
freee = (85Qs/18)(1 + 203Q4/153Qs)(2F /11)?, (18c)

where F denotes the “rotational” constant for the BHy
group internal rotation. The @3 constant is chosen so as
to reproduce the harmonic frequency of the BH, rock-
ing vibration of 400 cm™!, whereas the ratio (Qs/@3)
is fixed to a value that is consistent with the ab initio
VMm/ VB ratio. Then, ki and fiyy are calculated to be
—23.1 and —2.24 cm™?, respectively, which are in qual-
itative agreement with the observed values, —34.89 and
~10.84 cm™!

When the amplitude of the BH;™ rocking vibration
becomes large, the BH, group may overpass one of the
saddle points in the potential surface, possibly one of
the bidentate configurations, to enter into a neighbor-
ing tridentate minimum. Hirota® has discussed the
effects of internal motion of the BH4 group on the ro-
tational spectrum. There are four equivalent minima,
i.e. tridentate configurations, which are grouped in A
and F species in a T point group. A high barrier ap-
proximation, i.e. an approach in which the internal ro-
tation of BH, is assumed to be much larger in energy
than the overall rotation, will be appropriate in the
present case. This approximation looks similar to PAM
(principal axis method) in the treatment of the internal
rotation of a methyl group. Hirota derived second-order
corrections for the B rotational constant as

A block : (4B®/F)w and F block: — (4B*/3F)w, (19)

Bull. Chem. Soc. Jpn., 68, No. 1 (1995) 11
where w denotes a second-order sum given by
w=3y |<v|j|v > /AE, ., (20)

with j denoting the angular momentum of the BHy
group internal rotation, v and v two internal rotation
states, and FE, the eigenvalue of the internal rotation.
For the F block there are additional Ak==2 terms; also,
Ak==1 terms contribute to both of the A and F states.
However, these additional terms will be less important
than those given in Eq. 19. Kawashima and Hirota®®
have observed rotational lines of LiBH4 which are pos-
sibly ascribed to the v;=2 state, but have not assigned
them.

Transient Molecules of Astronomical Interest:
the C3HJ Ion. The number of interstellar molecules
so far detected by radiotelescopes approaches one hun-
dred. It is remarkable that about half of them are tran-
sient molecules and their fractions seem to be even in-
creasing. In view of the low temperature and low den-
sity of the environment in interstellar space, this trend
may not be surprising, and encourages further spectro-
scopic detection of many more short-lived species in the
laboratory which can be of some astronomical signifi-
cance.

Besides identification of new molecular species with
short lifetimes, we should also pay attention to
metastable states; molecules in these states have been
referred to as isomers in chemistry. In low-tempera-
ture interstellar space, even low potential barriers be-
tween isomers are often sufficient to stabilize molecules
in metastable states and to isolate them from those in
the ground state, even in cases where such trapping is
difficult to perform under laboratory conditions. The
most well-known example of an isomer found in inter-
stellar space is HNC, which, although higher in energy
by about 0.447 (48) eV,°” is as abundant as the par-
ent molecule (HCN) in dark molecular clouds, support-
ing an important hypothesis that both of the species
are formed primarily by a dissociative recombination
of HCNH* with an electron. Recently, Kawaguchi et
al. succeeded in detecting two isomers of cyanoacety-
lene HCCCN in TMC-1 (HCCNC®® and HNCCC®?)
which are about 60 and 450 times less abundant than
their parent molecule (HCCCN), respectively. More re-
cently, Kawaguchi and his collaborators'®® detected a
protonated ion (HCCCNH™), again in TMC-1, which
was long-standing in a list of molecules to be detected
in interstellar space; its abundance was about 1/160 of
HCCCN. Granted that HCCNC and HNCCC are less
stable than HCCCN by 0.8 and 2.2 eV,1%Y the observa-
tions of Kawaguchi et al. are rather difficult to reconcile
with a naive dissociative recombination model widely
accepted and seem to suggest that there are other im-
portant chemical routes to end up in the two isomers of
HCCCN. This study clearly indicates that isomers, or
better expressed, metastable species, bring about infor-
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mation of considerable significance, not only for molec-
ular-structure studies, but also for astronomical inves-
tigations.

Another important direction in molecular astronomy
would be the detection of nonpolar transient molecules,
both in laboratory and interstellar space. Because most
nonpolar molecules do not give pure rotational spec-
tra, we must have recourse to other methods. Among
them, infrared spectroscopy would be the most promis-
ing. Only a little over ten molecules have so far been
detected in space by infrared telescopes; among them,
CN, CCH, CCC, and CCCCC are transient molecules.
There are certainly many more species that play far
more important roles in interstellar chemistry. We may
mention H3t, CHz, CH3%, and CsHsT. The last cation,
which presumably belongs to the high symmetry of Ds;,
has been reported by using mass spectrometry to be
quite abundant in systems consisting of carbon and
hydrogen, such as discharge plasma in hydrocarbons.
Yamada'®? examined a region around 1300 cm~! on a
discharge system involving a mixture of acetylene and
oxygen by using an infrared diode laser spectrometer;
although he observed a few lines, he could not confirm
whether those lines were ascribed to C3Hs™. Two ab
initio calculations'®®1%® have recently been performed
on the ion; the calculated vibrational frequencies are
compared with those of the ion which exists together
with a counterion in condensed phases.®®

Development of High- Resolution Kinetic
Spectroscopy and Its Applications to the Mech-
anisms of Chemical Reactions: Ally—Cyclopro-
pyl Interconversion Reaction and Ring Contrac-
tion Reaction of Dodecamethylcyclohexasilane.
Subpicosecond and femtosecond spectroscopy have been
becoming routine in the field of reaction dynamics.
However, a number of interesting problems still remain
in the field which do not necessarily require the highest
speed of the laser technology presently available, but
may be nicely solved by high resolution rather than by
the high speed of spectroscopic methods. Kanamori et
al.1% and Endo et al.'%” have developed infrared and
microwave kinetic spectroscopies using infrared diode
lasers and millimeter-wave klystrons as sources, and
have applied them to a few chemical reactions so as
to unveil their mechanisms in detail. Suzuki et al.,'%®
for example, examined the photolysis of methyl iodide
at 248 nm by a time-resolved observation of the methyl
radical v, bands. This famous reaction had been inves-
tigated by several groups before, but, because most of
them employed mass spectrometry, they could not have
obtained the population distributions of methyl on indi-
vidual vibration-rotation quantum state. Nevertheless,
these previous investigators claimed that they obtained
the vibrational distribution of methyl peaking at the
ve=2 level; some theoreticians rationalized these results
by “adjusting” their calculations. Although Suzuki et
al. employed an ordinary sample cell, not a molecular-
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beam nozzle, they have derived the vibrational distribu-
tion of methyl without being affected by intermolecular
collisions. They thus clearly showed that the nascent
distribution of methyl radicals monotonously decreased
with the v» quantum number. It is rather difficult to
understand why so many groups arrived at the same er-
roneous conclusion; the main reason would be the lack
of spectral resolution of the methods employed.
Another example is the oxidation reaction of ethyl-
ene. Most people had agreed that this reaction had two

_main channels:

0 + C;Hy — CH,CHO + H (1)

and
— CHs + HCO (II)

and that reaction (II) took place only at pressures larger
than several hundred Torr (several ten kPa), i.e. (II)
was a pressure-induced reaction. It should be noted
that the second conclusion was derived based upon a
molecular-beam study,'®® which did not detect the two -
products expected for reaction (IT); namely, the second
conclusion merely represented a hypothesis to justify
the conclusion of the molecular-beam experiment. Endo
et al.l'® examined this reaction using microwave ki-
netic spectroscopy; in this experiment the sample pres-
sure was about 0.03 Torr (4 Pa), well in the low-pres-
sure region. Contrary to the second conclusion, Endo
et al. arrived at a branching ratio 0.4:0.5 for (I):(II),
which was essentially identical to that obtained under
the high-pressure condition. Again, the discrepancy was
caused by an improper use of mass spectrometry in the
molecular-beam experiment, which was later revised by
repeating the detection of the reaction products more
carefully with isotopic samples.''? The new measure-
ment agreed with the microwave result of Endo, and
the hypothesis was thrown away.

There are a number of chemical reactions remaining
to which high-resolution kinetic spectroscopy, either in-
frared or microwave, may be successfully applied. Here,
two possible cases are mentioned:

(1) The Ring-Closing and Ring-Opening Re-
actions between the Allyl and Cyclopropyl Rad-
icals. The lowest-lying electronic states of allyl may
be given in terms of three 7t orbitals, one on each of
the three carbon atoms. Because allyl belongs to Cs,
symmetry,''? we may combine the three 7t orbitals such
that we have two orbitals of b; and one orbital of a,
symmetry; one of the two by orbitals is bonding and the
other antibonding (designated hereafter as b}), whereas
the a; orbital is essentially nonbonding. The ground
electronic state is thus represented by the following elec-
tronic configuration:

tee (b1)2(a2)1 XzAg.

We may generate two low-lying excited electronic states
as follows: '
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-+ (b1)*(a2)® A%By.
~++(b1)?(b)! B”Bi.

Currie and Ramsay''® reported on an observation of
the A-X system, the 00 band of which appeared at
408.3 nm. The first observation of the B-X transi-
tion was made by Callear and Lee,''* who observed a

strong, but diffuse, system in the 210—250 nm region.

The ring-closing reaction from allyl to cyclopropyl
may proceed along either one of two possible pathways,
namely with two methylene groups rotating in an oppo-
site way (referred to as disrotatory) or in a similar way
(as conrotatory) when viewed from the central carbon
atom. In the disrotatory case, the molecule will keep C;
symmetry; we label each molecular orbital as either a’
or a”. The b; and b} orbitals of allyl thus become 7a/
and 8a’, while the ay orbital is renamed as 5a”. The
corresponding orbitals of cyclopropyl are 7a’, 8a’, and
5a” in increasing order of energy. Therefore, the top
two orbitals must cross somewhere between allyl and
cyclopropyl. As a result, we can see that the ground
state of allyl does not go over to the ground state of the
cyclopropyl, but to an excited state of the latter, and
vice versa. .

In the case of a conrotatory path, although the
molecule maintains C; symmetry near to the allyl con-
figuration, the symmetry gradually changes to C; as the
molecule approaches the cyclopropyl configuration. It is
somewhat difficult to classify the energy levels accord-
ing to their symmetry; however, because C> symmetry
is only slightly broken by the out-of-plane bending of
the a C—H bond of cyclopropyl, we assume that the C;
symmetry is maintained during the process. We thus
label the molecular orbitals either a or b. The allyl
orbitals then become 5b, 7a, and 6b, while those of cy-
clopropyl are 7a, 5b, and 6b. Hence, crossing in this
case takes place between the two lowest orbitals. The
ground states of the two molecules again do not cor-
relate with each other, but with an excited electronic
state. These interesting properties of the allyl-cyclo-
propyl conversion were pointed out by Longuet-Higgins
and Abrahamson!!® for the first time in 1965.119

It would be interesting to quote a resonance Raman
study of Getty et al.,’'” who employed the B state as an
intermediate state and observed six vibrational bands of
allyl in the ground electronic state. They noticed that
the vibrational coordinates of all of these six bands cor-
responded well to the geometry changes expected when
allyl was converted to cyclopropyl. This statement can
be well understood based on the correlation diagram
for the disrotatory case; allyl excited to the B state
smoothly moves to the ground state of cyclopropyl.

In contrast with allyl, few spectroscopic data have
been published on cyclopropyl. Hotzhauer et al.}'®) gen-
erated cyclopropyl by converting allyl trapped in a low-
temperature argon matrix with the irradiation of 410
nm light. This photoconversion corresponds to an exci-
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tation of allyl to the A state; thus, the path would be
conrotatory. Holtzhauer et al. reported on the infrared

- absorption spectrum of cyclopropyl! thus obtained; how-

ever, the intensities of the individual bands do not
match well with the values predicted by Olivella,'*?
suggesting that the matrix IR spectra of Holtzhauer
need to be refined.

According to Olivella’s calculation, the three bands
(vs, v10, and vy7) predicted to appear at 830, 630,
and 900 cm™!, respectively, would be best observed
by infrared diode-laser spectroscopy. Okunishi and
Hirota!?® have thus tested the excimer-laser photolysis
at 193 or 248 nm of several precursors, including cy-
clopropyl bromide and dicyclopropyl ketone, but could
not observe any absorptions. K. U. Ingold!?? has sug-
gested either cyclopropyl iodide or the #butyl ester of
cyclopropaneperoxycarboxylic acid [¢-C3HsC(O)OOC-
(CHjs)s] as being the best precursor. Another possible
way to generate cyclopropyl would be a route through
the B state, rather than the A state of allyl, as done in
Holtzhauer’s experiment; the B-X transition is stronger
than the A—X transition, and, furthermore, the 248 nm
line of a Kr* laser is close to the B-X band origin.}??

The direct process between the ground states of the
two molecules are also interesting. Although it is forbid-
den as long as the two CH, groups are equivalent, it can
be induced by making two CH, inequivalent. For ex-
ample, we may excite cyclopropyl to a vibrational state
of a” symmetry; v17 or v12 would be a good candidate.

(2) Ring Contraction Reactions of Some
Cyclic Silicon Compounds; Detection of an In-
termediate Species Dimethylsilylene. Organosil-
icon compounds exhibit many interesting chemical
properties. One fascinating example is the ring con-
traction of dodecamethylcyclohexasilane, which was in-
vestigated by Ishikawa and Kumada'?® for the first
time. They found that, when the precursor compound
was irradiated at 254 nm, the ring contraction took -
place along with a cleavage of dimethylsilylene. The
same reaction was repeated by Drahnak et al.'?¥ who,
in fact, succeeded to trap dimethylsilylene in hydro-
carbon glasses at 77 K and in an Ar matrix at 10 K,
and observed its ultraviolet, visible, and infrared spec-
tra. A number of kinetic studies have been performed
on dimethylsilylene; two recent time-resolved investiga-
tions are mentioned here. Baggott et al.'?® generated
(CHs)2Si by the photolysis of pentamethyldisilane at
193 nm and measured the rate constants of the reactions
(CH3)2Si+SiH, and its four methyl derivatives by moni-
toring the transient absorption of (CHj)2Si at 457.9 nm.
Shizuka et al.}?® also observed the transient absorption
of (CH3)2Si at 470 nm by the laser photolysis of dodeca-
methylcyclohexasilane dissolved in methylcyclohexane;
the lifetime of dimethylsilylene was found to be about
200 s at 293 K. Drahnak et al.'” found that (CHjs),Si
was converted to methylmethylenesilane CH,=SiHCHj3
by irradiation with 450-nm light, and that the latter
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was converted back to the former by 248-nm light. A
few ab initio calculations have been performed, yielding
structural parameters. Grev and Schaefer'?® estimated
the torsional frequencies to be 55 and 124 cm™?! for the
con- and counter-rotation of the two methyl groups, re-
spectively. Gordon!?® calculated the permanent dipole
moment to be about 1.2 D (4.0x1073% Cm).

Because dimethylsilylene has been known to act as
a key intermediate in many reactions of organometallic
compounds, Fujitake and Hirota!®® have attempted to
observe its microwave spectrum, which, when observed,
will be useful in diagnosing the mechanisms of gas-phase
reactions in real time. They employed five methods
to generate dimethylsilylene: (1) the pyrolysis of 1,2-
dimethoxy-1,1,2,2-tetramethyldisilane, (2) a mercury-
sensitized reaction of dodecamethylcyclohexasilane, (3)
a discharge in tetramethylsilane, (4) the excimer-laser
photolysis of dodecamethylcyclohexasilane and phenyl-
dimethylsilane, and finally (5) a reaction of dimethyl-
dichlorosilane with sodium vapor. They scanned a few
frequency regions between 320 to 360 GHz for each of
the five cases and observed some absorption lines of a
transient species in cases (2) and (5), but could not ob-
tain any assignment. It is also worth trying to observe
the laser-induced fluorescence spectrum of (CHs)2Si in
the gaseous phase, which, if observed at high resolu-
tion, would provide a clue for assigning the rotational
spectrum.

The author is grateful to the following people for col-
laboration: C. Yamada, M. Fujitake, K. Kawaguchi, T.
Ishiwata, I. Tanaka, N. Ohashi, T. Goto, N. Itabashi,
N. Nishiwaki, S. Naito, M. Magane, H. Nomura, H.
Kanamori, Y. Kawashima, Y. Endo, T. Suzuki, S.
Tsuchiya, and M. Okunishi.
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