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Microwave Spectroscopy

in Chemistry

The use of short radio waves has yielded accurate
detailed information on many molecular properties.

Gas-phase microwave spectroscopy is
now somewhat more than 20 years old,
and it is time to take a backward look
with the object of assessing the impact
it has had on chemistry. This article is
an attempt to describe, for chemists
and others, some of the applications
which have proved useful. For readers
who are not familiar with this field,
suffice it to say that this is a branch of
spectroscopy which employs electro-
magnetic radiation with wavelengths
ranging from millimeters to a few cen-
timeters—that is, frequencies of from
perhaps 5000 to several hundred thou-
sand megahertz (I-3). The absorption
of such radiation by moderate-sized
polar molecules at pressures of a few
hundredths of a torr can be observed
and accurately measured by equipment,
largely electronic in nature, which I
make no attempt to describe here. The
outstanding features of the technique,
from an experimental viewpoint, are
the ease with which frequencies can be
measured to an accuracy of better than
one part in a million and the effective-
ness with which adjacent absorption
frequencies can be resolved, even
though they may be separated by a
mere fraction of a megahertz—that is
to say, by less than 1/30,000 of a wave
number. Furthermore, a very small
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amount of material, of the order of
micrograms, is required.

By way of introduction it should also
be stated that, in nearly all cases, the
absorption of the electromagnetic ra-
diation produces a change of rotational
energy in the free gas molecule. This
rotation is, of course, quantized and is
governed by well-known quantum me-
chanical formulas. To a first and very
good approximation, a rigid rotating
body with three principal mechanical
moments of inertia serves as an ade-
quate molecular model for many of the
observations.

A number of types of information
about individual molecules can be ob-
tained by means of this technique,
including very accurate molecular struc-
tures, dipole moments, nuclear quadru-
pole coupling constants, nuclear masses,
molecular magnetic moments, low-lying
vibration frequencies, conformations
and energy differences of rotational
isomers, and various types of magnetic
interaction energies; the end is nowhere
in sight. Only a sample (and probably
a biased one) of the many applications
can be discussed here, and many very
interesting topics must be omitted. In
addition an article of this length cannot
do justice to the work of all of the 50
or so laboratories around the world
where active work in this field is being
carried out (4).

SCIENCE

Structure

The most obvious contribution of this
branch of spectroscopy to chemistry is
a massive collection of quite accurate
and reliable data on molecular struc-
tures. Nearly 1000 molecules have been
studied in greater or less detail, the
studies yielding in each case partial or
complete information about the inter-
atomic distances and angles. In the
more favorable cases the values for
interatomic distances have at least con-
sistency and some kind of meaning
down to a few thousandths of an ang-
strom, and in most cases they probably
have an absolute accuracy of approxi-
mately a hundredth of an angstrom.
The values for angles are roughly ac-
curate to within about 1 degree and
often less. For determining the struc-
ture of gas-phase species, microwave
spectroscopy has only one serious rival
—the electron diffraction method. This
latter method has one great advantage:
it can be used for studying completely
nonpolar molecules, while so far this
has not been possible with the micro-
wave technique. Furthermore, the best
electron diffraction studies on simple
molecules give results of probably about
the same accuracy as those obtained
with the microwave technique. Both
methods are limited by the difficulty of
taking into account the vibrational mo-
tions of the atoms. However, although
errors have been made with the micro-
wave technique—it is possible to make
mistakes in any field—the microwave
method does have a great advantage
over the electron diffraction technique
for studying polar molecules in that it
is less subject to errors due to im-
purities or decomposition of the sample,
or to incorrect interpretation. The anal-
ysis of complicated microwave spectra,
which means the assignment of quan-
tum numbers for a certain number of
transitions so that the quantum me-
chanical formulas can be applied and
the moments of inertia and other pa-
rameters can be extracted from the
resulting formulas, may be very simple
in some cases and quite difficult in oth-
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ers. However, once the analysis is ac-
complished, it is very easy to apply a
large number of checks, so the micro-
wave spectroscopist seldom has much
excuse if he publishes incorrect assign-
ments. Since structure is very important
in chemistry, the quantitative structural
results that have been obtained from
electron diffraction and microwave
spectroscopy are a very basic part of
chemical knowledge and are constantly
drawn upon (5).

Characterization

Perhaps the most obvious use of mi-
crowave spectroscopy historically, but
not the most important, is its use as a
tool for characterizing chemical spe-
cies. So far such characterization has
been made only for molecules of mod-
erate size—molecules with up to per-
haps 10 or 12 carbon atoms.

This is a severe limitation, because

the organic chemist, at least, is now-
adays usually interested in much bigger
molecules, of a size at present beyond
the reach of our spectrometers. How-
ever, for the smaller molecules, no oth-
er known type of spectrum is nearly as
unique and characteristic as a micro-
wave spectrum. Figure 1 shows a very
small portion of the microwave spec-
trum of propionyl fluoride as an ex-
ample. When one remembers that each
peak on this chart can be measured to
an accuracy of one part in a million

and that, in addition, there are tricks,
such as double-resonance, which multi-
ply the specificity by factors of thou-
sands, one sees that this is a means of
characterization which has absolutely
no rival. Once a molecule has been
caught and finger-printed by this meth-
od, it is forever recognizable (6).

This, of course, leads to the notion
that microwave spectroscopy should be
a marvelously useful technique for
analytical chemistry, both qualitative
and quantitative. In principle it should
be, but in practice this aspect of its
capabilities is only now being devel-
oped, partly because of the power of
gas chromatography, mass spectroscopy,
infrared spectroscopy, and nuclear-
magnetic-resonance spectroscopy. Nev-
ertheless, it seems certain that problems
do exist for which new tools are need-
ed, and for some of them microwave
spectroscopy may very well turn out
to be the method of choice.

Dipole Moments

Microwave spectroscopy has proved
to be an excellent method of obtaining
molecular dipole moments—that is, the
total electronic charge times the dis-
tance between the centers of negative
and positive charge in a molecule.
These values are obtained from the
measured intervals in the Stark effect
patterns—the sets of components which
arise from a single rotational absorp-
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Fig. 1. A portion of the microwave spectrum of propionyl fluoride, showing more
than 100 rotational transitions above the noise level, in the range 38 to 39 gigahertz.
The same instrument can record transitions in the range 26 to 40 gigahertz.
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tion line when a uniform electric field
is applied to the gas. Figure 2 shows
such a Stark pattern (admittedly an un-
usually symmetrical and beautiful one)
for a transition of methyl alcohol.

Quantum mechanics is, as usual, re-
quired in order to proceed from the
experimental measurements to the de-
rived molecular property. The required
quantum mechanical formulas are avail-
able and give the frequencies which
should be observed for a rigid rotor
carrying a given fixed dipole moment
and rotating in a known electric field
(I, 2). The components of the dipole
moment along the three principal axes
of inertia of the molecule are treated as
parameters and adjusted until the cal-
culated frequency intervals agree with
the observed ones. Again, a number of
independent data can be obtained, so
that parameters can be checked as well
as determined.

The usual accuracy of these dipole-
moment values is about 1 to 2 percent,
but, through the use of specially de-
signed equipment, a relative accuracy
perhaps ten times greater has been
achieved (7). With such accuracy, one
can easily distinguish the moment val-
ues of molecules in various vibrational
states and of different isotopically sub-
stituted species.

The microwave method has very
great advantages: it requires no correc-
tions for solvent and for gas nonideal-
ity; it should not be affected by im-
purities; and it is capable of greater
accuracy than any other method except
for the related molecular beam tech-
niques. Furthermore—and this is a very
interesting point—it yields the compo-
nents along the principal axes sepa-
rately.

Since the squares of the components
are obtained experimentally, uncertain-
ties in sign may exist. By isotopic sub-
stitution, the principal axes may often
be rotated enough to produce observ-
able changes in the relative sizes of
the components, from which the rela-
tive signs (but not the overall sign of
1, the dipole moment) can be deter-
mined experimentally.

Dipole moments have historically
been important in chemistry partly be-
cause the existence of a nonvanishing
moment shows that certain symmetry
clements (for example, a center of sym-
metry) are absent. It is difficult to
prove, by any method, that a dipole
moment is strictly zero. The microwave
method can sometimes, but not always,
detect quite small values (for example,
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#~0.01 D in H-C=C-D), but of
course the absence of any observable
spectrum may be due to other causes
besides the vanishing of the dipole mo-
ment.

The principal interest today is in the
comparison between experimental val-
ues and values calculated by various
approximate theories of the electron
distribution in molecules.

Nuclear Quadrupole Fine Structure

When a molecule contains a nucleus
with a nuclear spin of unity or greater
—for example, 1¢N, 35Cl, 7*Br—the
different possible orientations of the
nuclear spin relative to the molecular
axis can give rise to an experimentally
observable splitting of a single rota-
tional transition into several components
(I, 2). These nuclei are not strictly
spherical, so the electrostatic interaction
of the nuclear charge with the charges
of the electrons and other nuclei de-
pends upon the orientation of the
nucleus.

The pattern to be expected can be
predicted by quantum mechanical treat-
ments in terms of the magnitude of the
nuclear electrical quadrupole moment
and the components of the gradient of
the electrical field at the nucleus aris-
ing from the electrons and other nuclei.
Since the nuclear quadrupole moment
is constant for a given nucleus (it is
known for some), analysis of the ex-
perimental patterns gives information
about the field gradient, at least on a
relative basis, and hence about the elec-
tron distribution.

A spherically symmetric electron dis-
tribution, such as is postulated as a first
approximation for an ionically bound
atom, should give a vanishing field
gradient. It is indeed found that chlo-
rine in NaCl, a quite ionic compound,
has an almost negligible field gradient
in comparison with covalently bound
chlorine, as in CH3Cl. Similarly s elec-
trons and also filled shells should not
contribute to the field gradient. A rath-
er considerably simplified theory attrib-
utes all of the effect to the p electrons
in the covalent bond to the chlorine.
Generally, the field gradient is found
to be oriented along the direction of the
chemical bond (even in some cases
where this was not expected because
“bent” bonds were predicted). The
field gradient is approximately symmet-
rical about the bond direction for pure
single bonds, but not for bonds that,
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Table 1. Some barriers to internal rotation.

Barrier
Molecule (kcal/mole)
CH,0H 1.07
CH,CHO 1.17
CH,CFO 1.04
CH,CH,CH, 3.56
CH,CH=CH, 1.98
CH,CH,Cl 3.69
CH,NO, (6-fold) 0.006
according to conventional chemical

ideas, have some double-bond character.

Although the available quantum me-
chanical approximations are usually in-
adequate to account for observed field
gradients in a truly quantitative way,
the inverse process of inferring some
features of the bonding and electron
distribution from observed spectra has
been frequently used.

Barriers to Internal Rotation

The study of potential barriers hin-
dering internal rotation is an area in
which microwave spectroscopy has
made a major and almost unique con-
tribution.

In the last century chemists decided
that a single bond, such as carbon-to-
carbon in ethane (CH3;—CHj), acted like
a well-greased axle about which the
two groups rotate freely. Some years
ago it was proved that there is usually
a small potential energy interfering with
this rotation, the “barrier” to internal
rotation being the maximum value of
the potential.

Primarily, microwave spectroscopy
can be used to study a special class of
internal rotations—namely, internal ro-
tation of methyl groups in simple mole-
cules. Here it is found that suitable pure
rotational transitions are split into
doublets, usually with spacings of a
megahertz or so. Several different forms
(2) of the quantum mechanical theory
of this phenomenon have been devel-
oped, so measurements of the splittings
of a few transitions can give the value
of the potential barrier to an accuracy
of 5 percent or perhaps even better. The
restriction has been that the rotating
group must be symmetric; with a few
exceptions, it has been a methyl group,
although in several transitions studied
it has been a silyl group and, in one
instance, a CF; group. The effect is
caused by the tunneling of the atoms
through the potential barrier; this quan-
tum mechanical effect depends strongly
on the mass and therefore is most likely
to be observed with hydrogen atoms, as
in CHg groups.

Table 1 shows a list of some barriers,
selected from nearly a hundred, deter-
mined by the frequency-splitting micro-
wave method. The important feature of
these barrier values is their presumed
reliability. There may be errors of a
few percent, but it seems quite unlikely
that there are any large errors. A cer-
tain degree of checking has been done,
since there is now a quite effective tech-
nique involving use of the far-infrared
spectrum and, in addition, rough checks
can be made by a microwave intensity
method. Of course, as vibrational anal-
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Fig. 2. The Stark effect on a rotational transition of methyl alcohol.
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yses are made more certain, the thermo-
dynamic methods also become more
reliable.

The availability of these new barrier
data has led to a considerable effort on
the part of theoretical chemists. At first
it seemed difficult to explain the origin
of barrier forces, but as computers grew
more powerful and it became practical
to make calculations with fewer un-
satisfactory approximations, treatments
based on molecular orbital theory began
to give results that were in rough ac-
cord with observations for the simplest
case, ethane (8). It now is fairly clear
that barriers arise from a balance be-
tween the various coulombic electro-
static attractions and repulsions of the
electrons and nuclei, the electrons being
distributed in more or less the way one
would expect from quite simple quan-
tum mechanical treatments.

Barrier heights are quite small ener-
gies, even by comparison with the errors
in the best present calculations of total
molecular energies. Nevertheless, they
are important among the factors deter-
mining the stabilities of particular spe-
cies and are of quite far-reaching im-
portance for an understanding of con-
formations of small molecules and poly-
mers and proteins—that is, for under-
standing the way in which chains fold
up. It is therefore desirable to have
much more understanding of barrier
heights than we now possess. The theory
has not yet reached a point where it can
reliably predict differences from one
molecule to the next, and it is incapable,
as most applications of quantum chem-
istry are, of giving estimates of the
error limits of predicted values. It is
still important, therefore, to collect ex-
perimental barrier values and to seek
empirical regularities.

Conformations

When a molecule contains a single
bond connecting two unsymmetrical
groups [for example (9), CH,F-CH=
CH, (Fig. 3)], complete specification of
its structure requires that the equilibri-
um angle of rotation of one group (for
example, CH,F above) with respect to
the other (~CH=CH,) about the single
bond be given. This angle defines the
molecule’s conformation. It may or may
not happen that the energy of the mole-
cule shows more than one minimum as
this angle is changed; in other words,
the molecule may exist in two or more
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Fig. 3. One conformation of 3-fluoropro-
pene. Other conformations are achieved
through approximately 120-degree rvota-
tion of the CH.F group.

forms, here called rotational isomers.
Where these occur, it is ordinarily true
that the molecule, as a result of colli-
sions, can be rapidly transformed from
one conformation to another, even at
room temperature. Consequently the
different rotational isomeric forms can-
not be separated from one another, bot-
tled up, and studied. This behavior is in
contrast with the situation existing for
cis-trans isomers, such as the pair in
Fig. 4, where quite high temperatures
are usually required to cause intercon-
version (here rotation by 180 degrees
around the C=C double bond). Cis-
trany isomers can usually be separated
and purified.

Fig. 4. A cis-trans isomer pair.

A good deal of information about
rotational isomers has been obtained
by infrared, Raman, and nuclear-mag-
netic-resonance spectroscopy, as well as
by other methods, but the techniques of
microwave spectroscopy provide very
detailed and quantitative information.
Collisions almost always cause polar
molecules to undergo a transition from
one rotational state to another, so the
absorption of a microwave photon of a
particular frequency by a molecule can
only be accomplished in the short time
between collisions. The conversion of
one rotational isomer to another re-
quires collisions, so it is a slower proc-
ess than microwave absorption. There-
fore, the microwave spectrum of a mix-
ture of rotational isomers is just the
superposition of the spectra of the sepa-
rate forms, despite their rapid inter-
conversion. Since the resolution is so
great, there is relatively little trouble
with overlapping lines (at least for the
stronger lines), and the spectrum of
each form can be separately analyzed.
Thus the structures, including especially
the dihedral angles, can be obtained,
as well as much other information.
Figure 5 shows some rotational iso-
meric conformations determined in this
manner (10, 11).

In addition to the conformations, it
is possible, in appropriate cases, to get
approximate information about the po-
tential energy function associated with
changing the dihedral angle. Figure 6
shows such a result for ethyl formate
(10). This function is certainly related
to the problem, discussed above, of bar-
riers to internal rotation, and to the
very general and basic problem of non-
bonded forces—that is, the forces with-
in a molecule between atoms not di-
rectly bonded to one another. Alto-
gether too little is known about such
forces, despite the chemist’s long ac-
quaintance with the fact that atoms can-
not be too closely crowded together
(steric hindrance).

Conformational preferences are fun-
damentally important for an understand-
ing of protein structure and hence of
enzyme action, as well as being im-
portant in the theory of polymers. To-
day, many physical organic chemists
are engaged in trying to fit various
empirical formulas for nonbonded
forces, barrier energies, and so on, to
the known facts about conformations
(12). More quantitative experimental
data for testing these procedures are
greatly needed.
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Centrifugal Distortion and
Chemical Bonds

Although the pure rotational transi-
tions of lower energy of most molecules
so far studied can be understood quite
accurately in terms of the rigid rotor
model (sometimes elaborated by includ-
ing internal rotation), the deviations can
become quite measurable for the higher
energy levels, where the molecule is
rotating very rapidly. At this point we
need to use a more accurate model, one
which allows for the fact that the nu-
clei are not held apart at exactly fixed
distances but can be displaced somewhat
by the centrifugal force of the rapid
rotation. If we use a model of point
masses (the nuclei) held together by
spring-like forces (provided by the
chemical bonds based on the electrons
which hold the nuclei together), it be-
comes possible to use the deviations
from the rigid rotor fit to learn about
the valence forces in a quantitative way
(I, 2). This procedure is particularly
effective for the weak forces which de-
termine the equilibrium valence angles,
such as the F-O-F angle in the bent
molecule F,O. The stiffness of valence
bonds and valence angles determines
the vibrational frequencies of molecules,
which give rise to their usual infrared
spectra. So here two different branches
of spectroscopy are linked, and their
conclusions are found to agree quite
well. Further, the use of data from both
sources yields even sharper information
about the internuclear forces in simple
molecules (13).

It is perhaps worth noting that this
somewhat esoteric effect—a molecule’s
distortion because of centrifugal force
when it rotates rapidly—affects our elec-
tricity bills. Centrifugal distortion con-
tributes about 1 percent to the specific
heat of steam at high temperatures,
hence the effect had to be included in
the calculations for the engineers’ steam
tables (14).

Magnetic Effects
When a magnetic field is applied to a

molecule, the energy levels are altered
by a small amount and may be split into

components; this is the so-called Zeeman -

effect. If the molecule has unpaired elec-
trons (examples are oxygen, NO,, and
ClO,), the effect, though still small, is
thousands of times larger than in the
more common case where all electrons
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are paired. These latter molecules can
still act as very weak magnets because
they generate a magnetic field on rota-
tion, or because they contain nuclei with
magnetic moments. These nuclear mag-
netic moments can interact with each
other and with the rotational magnetic
moment. There is also the diamagnetic
effect, a magnetic moment induced in

the molecule by the influence of the
external magnetic field on the motion
of the electrons. These several effects
are all very small, and special high-
resolution experimental equipment is
needed for seeing and measuring them,
but they have been observed for a num-
ber of molecules (15). Together with
information on the bulk diamagnetic

Less .stable isomer

Fig. 5. Rotational isomers for ethyl formate (CH:CH.OCHO) and fluoromethyl acetyl

fluoride (CH.FCOF).
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susceptibility and data of the kind pro-
vided by nuclear magnetic resonance,
they yield some very detailed informa-
tion about the way in which the elec-
trons are distributed in the molecule.

The chief value of these various
quantities (such as the average squared
distance of the electrons from the cen-
ter of mass) indicative of electron dis-
tribution is that they are experimentally
obtained values which can be used to
test various approximate quantum me-
chanical calculations of the distribution.
A particularly searching comparison has
recently been made (/6) for formalde-
hyde (H,CO), a molecule small enough
so that various quantum mechanical
approximations of at least moderate
respectability can be made numerically.
A considerable number of properties
were measured by microwave spectros-
copy.

The calculated values agree moder-
ately well with experimental values for
some of these properties, not so well
for others; the net result was not a
great success for the particular version
of molecular orbital theory used. How-
ever, there is a measure of agreement,
so there seems little doubt that the
theoretical procedure is basically sound,
even though not very accurate.

Inorganic Species

Inorganic chemistry provides a rich
collection of small molecules with very
varied properties, reactivities, and sta-
bilities. There still exist situations in
which unauthenticated claims have
been made—and disputed—concerning
the very existence, not to mention the
structure, of simple species. Where the
vapor pressure is adequate and a dipole
moment is expected, microwave spec-
troscopy can be the method of choice
for clarifying these puzzles.

An early example is provided by a
species variously claimed to be SO,
550y, and other formulas. A microwave
study (/7), in combination with stan-
dard physical chemical techniques, con-
clusively showed that the compound in
question is S,0, with the geometry
shown in Fig. 7 and a dipole moment
of 1.47 Debye.

In another confused situation there
were claims that a particular compound
had the formula SNF and that another
species NSF also existed. With support
from the Office of Naval Research it
was proved (/8) that the compound
said to be SNF has the structure shown
in Fig. 8—that is, it is NSF.
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Fig. 7. Structure of S.O.

The sulfur fluorides are an interest-
ing series. So far, SF, SF,, and S.F,
have been studied by the microwave
method; SFg is a well-known com-
pound with no dipole moment. The
situation with respect to S,F, a few
years ago was quite unsatisfactory. Al-
though the literature contained claims,
dating back several decades, that such
a compound had been synthesized, the
evidence presented was regarded as un-
convincing by most writers of books on
inorganic chemistry, who generally
doubted that such a compound existed.
Microwave studies (/9) and independ-
ent and simultaneous infrared investi-
gations (20) showed that not only is
there a compound with the formula
S,F,, there are actually two of them;
the structures are shown in Figs. 9 and
10. The difficulty with the earlier work
was that the method of preparation
yields a complex mixture and the earli-
er tools were inadequate for character-
izing such a system. The microwave
spectrum of the product immediately
showed that the mixture contained SO.,
SOF,, SF,, and two different unidenti-
fied species. (Nonpolar SiF,, which has
no microwave spectrum, was also pres-
ent.) That the unidentified lines were
from different species was clear becausc
one set faded out faster than the other.

Incidentally, the availability of mod-
ern tools, such as infrared, microwave,
and nuclear-magnetic-resonance spec-
troscopy, for characterizing chemical
species in mixtures is an enormous help

in separating and purifying single sub-
stances. With the aid of these tools the
chemist can monitor his operations and
follow the path taken by a given species
through the various distillations, crystal-
lizations, chromatographic separations,
and so on.

Some molecules containing one quite
heavy atom have been successfully
studied—for example, cyclopentadienyl
complexes of thallium, manganese, and
nickel (27). The identification of one
of the recently discovered compounds
of the rare gas xenon, the oxytetrafluo-
ride XeOF,, has likewise been verified,
and its structure has been determined
(22). Such compounds are of great
interest because, until a few years ago,
it was a firm principle of chemistry that
the rare gases—helium, neon, argon,
xenon, and krypton—formed no com-
pounds, and that everyone understood
why they could not.

The microwave technique has been
applied to the study of very nonvolatile
substances through observation at high
temperatures (23). Examples of such
substances are many alkali halides,
AgCl, TIBr, and CsOH.

Unstable Species and Free Radicals

For many years microwave spectros-
copists have believed that their tech-
niques should be a highly effective tool
for studying the structure and other
molecular  properties of short-Jived
chemical species. It is postulated that
large numbers of such species occur as
intermediates in chemical reactions, but
direct evidence of their reality is lim-
ited, and in most cases very little in-
formation about their structure, dipole
moments, and other properties has been
obtained. These species are often pieces
of broken molecules, and they may
contain unpaired electrons.

Fig. 8. Structure of NSF.
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Unfortunately, most of these species,
called free radicals, have turned out to
be so reactive that their lifetimes are
very short indeed—perhaps measurable
in microseconds. Attack of this field
by microwave spectroscopy has there-
fore proved very difficult, and progress
has been slow.

The first success was detection of the
spectrum of the OH radical, achieved
by running an electric discharge
through water vapor (24). This dis-
covery has had most interesting astro-
physical applications. The same spec-
trum, with very curious intensity anom-
alies, has been picked up from space;
an explanation of these anomalies is
only now being proposed.

Of course, stable species with un-
paired electrons, such as O, (25) (the
outstanding example of a nonpolar
molecule showing a microwave spec-
trum), NO (26), NO, (27), and ClO,
(28), have been studied. These show
interesting, analyzable complications
due to the magnetic moment of the un-
paired electrons.

Other short-lived species which have
been observed include CF, (29), SiF,
(30), and SO (31).

Recently a number of transient va-
por-phase paramagnetic species have
been detected (32) by a special form
of microwave spectroscopy—electron
spin magnetic resonance (not discussed
in this article except in this context).
The transitions being observed by this
method are transitions between differ-
ent quantized orientations of the un-
paired electron spin in a strong mag-
netic field, instead of transitions be-
tween rotational states. The species SF,
SeF, SeO, NSe, and I0 are among
those found. It is fairly certain that
more and more transient species will
be detected, and this may well be one
of the areas where microwave spectros-
copy can be most useful to chemistry
in the future. It is possible to smash up
molecules by heat, light, electric dis-
charges, shock waves, and other means,
and microwave spectroscopy could
prove to be capable of determining
what the initial fragments look like
before they recombine to form more
stable species.

Energy Transfer and

Intermolecular Forces

So far the discussion has dealt ex-
clusively with the properties of individ-
ual molecules, but microwave spectros-
copy has provided some information
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Fig. 9. Chain isomer of S;F..

on intermolecular forces and collisional
effects as well. The widths of micro-
wave spectral lines have been associ-
ated with the forces between molecules
and used to estimate molecular electri-
cal quadrupole moments.

Recently it has been shown (33) that
approximate collisional selection rules
exist—that is, that when a molecule
suffers a collision it is transferred pref-
erentially into one or another of a
small number of other rotational states,
these being governed by a simple rule.
Apparently, the main effect is due to

Fig. 10. Pyramidal isomer of S:F..

the interaction of the dipole moments
of two collision partners, and this inter-
action can occur at a distance several
times greater than the normally defined
“diameters” of the molecules con-
cerned. Hence the molecules may trans-
fer rotational energy and convert trans-
lational into rotational energy even
when they do not truly collide in the
simple hard-sphere sense. The tech-
nique for studying this involves the use
of two microwave sources. A more
powerful source saturates a rotational
transition—that is, causes upward tran-
sitions to occur so rapidly that an ex-
cess of molecules appears in the upper
level of the transitions. Collisions then
transfer some of these excess molecules
to other states, where they are detected
because they change the intensity of a
second microwave absorption line (see
Fig. 11).

Testing Theories

Any method giving quantitative mo-
lecular information can have an im-
portant role as a testing ground for
current theories. Chemistry has so far
acquired only a very limited basis of
rigorous theory; its literature is flooded
with theories which can make no claim
to rigor but which nevertheless have
provided much of the guidance for ex-
perimental advances over the years. It
is important (but not easy) to sort
these out and to try to define their
respective areas of usefulness. Micro-
wave spectroscopy has provided a vast
number of data on bond distances,
bond angles, nonbonded distances, con-
formations, dipole moments, quadru-
pole coupling constants, magnetic inter-
actions, and so on, many of which can
be matched against the predictions of
various theories (34).

An interesting example is provided
by the popular picture of hybridized
bonding orbitals and the related con-
cept of “bent bonds.” In several very
important but very approximate meth-
ods of describing chemical bonds (es-
pecially those involving carbon), the
wave functions for the bond electrons
are built up from the first two wave
functions for one-electron atoms, the
so-called s and p orbitals. In this con-
cept, in order that four of these orbitals
may be directed toward the corners of
a tetrahedron, as in methane (CH,),
the orbitals are combined or hybrid-
ized. Angles other than tetrahedral an-
gles can be obtained by varying the
admixture, and there is a fixed relation
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between the angle and the amount of s
character.

It further follows from the theory
(at this very simple but often invoked
level) that if one of the tetrahedral
angles is opened up, the opposite or-
bitals must make an angle smaller than
a tetrahedral angle. It is therefore in-
teresting and disconcerting when mi-
crowave measurements (35) give val-
ues greater than a tetrahedral angle for
the opposite angles in CH,Cly,—that is,
the ClI-C~Cl and H-C-H angles.

Furthermore, no amount of hybrid-
ization can produce a 60-degree angle,
such as occurs in the carbon ring of
cyclopropane (C;Hg). To explain this
case the concept of bent bonds was de-
veloped (36). A bent bond is a bond
in which the line from one atom to the
next, following the line of highest elec-
tron density, is not the straight line
between the two nuclei. In terms of the
simple orbital theory, the angles be-
tween the orbitals in a bent bond can
differ from the angles between the
straight lines leading to adjacent atoms.
Although this concept extricates the
theory from the difficulty of the 60-
degree angle, it of course also removes
it from the realm of predictive theories.

Microwave measurements of meth-
ylene chloride (CH,Cl,) have provided
further pertinent data. If the failure
of the simple theory with respect to

2

Fig. 11. Energy-level diagram for colli-
sional transfer experiment.
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the opposite angles is to be explained
in terms of bent bonds, one would
expect the C-Cl bond electron dis-
tribution, as viewed from the chlorine
nucleus, not to be exactly lined up
with the CI-C direction. But, as dis-
cussed above, the nuclear quadrupole
fine structure can give information
about the electric field gradient at the
chlorine nucleus. Measurements show
that this field gradient is here lined up
with the carbon-chlorine bond direction
(37); the expectation that the carbon-
chlorine bond is bent is thus not ful-
filled.

So these microwave results shed some
doubt on the universal usefulness of
the concept of hybridization for the
prediction of bond angles.

Since microwave spectroscopy is ca-
pable of providing refined information
about electrons in molecules, it is serv-
ing more and more as the basis for
severe tests of current theories.

Summary

It is clear that microwave spectros-
copy has provided a considerable
quantity of reliable data, often very
detailed, on various molecular proper-
ties. These data are being built into the
structure of chemistry. It is also im-
portant as the basis for testing existing
theories and as a stimulus for new
theoretical developments. Although the
technique is limited at present to polar
molecules (oxygen is an exception)
which are not very large and which
have some observable vapor pressure,
large numbers of compounds and prob-
ably a good many new properties and
effects remain to be studied. Further-
more, the possibilities of using micro-
wave spectroscopy as an analytical tool
have been very little explored.
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