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Stellar and Other
High-Temperature Molecules

“Hot” molecules can be investigated spectroscopically
when trapped at 4 degrees Kelvin.

Some molecules are observed only
under high-temperature conditions, as
in the atmospheres of stars, in arcs, or
in the vapor over very refractory solids.
Spectroscopic studies of such sources
are usually difficult because the mole-
cules are thermally excited into many
rotational and vibrational levels which
broaden the bands and multiply their
number. Even if the analysis problems
are solved, the ground electronic state
may not be unambiguously determined
because of other low-lying states pop-
ulated at the high temperatures.

And so oné may ask the almost
rhetorical question, Can these molecules
be observed at a lower temperature?
The answer is usually “no” if the ex-
periments are limited to the study of
gases, but it is “yes” if the molecules
are observed after being trapped in
an inert, transparent solid. The investi-
gation of molecules in such an environ-
ment can provide valuable information
in spite of the influence of the surround-
ing medium, and such a technique is
proving to be very helpful in clarifying
the properties of high-temperature
molecules.

High-Temperature Molecules

In general, stars in the same class as
the sun and all cooler stars exhibit the
spectra of molecules in their atmo-
spheres (7). The disk of the sun, a
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class G star, is really too hot (~
6000°K) for many molecules to exist
there, but the sun’s proximity to us
makes up for the low population and
weak molecular spectra. The sunspots
are at a lower temperature, and obser-
vation of those regions leads to the
definite identification of 11 molecules,
as indicated in Table 1. Others are
known to be present, but there is doubt
as to their identity.

The cool red stars of classes M, S,
R, and N have surface témperatures of
less than 3000°K, and molecules are
more abundant in their atmospheres. It
is also well known that the molecules
which dominate the spectra of red stars
vary with the ratio of oxygen to carbon
in their atmospheres. Class M stars are
characterized by a strong TiO spec-
trum; class S stars, by strong ZrO
bands; class R and class N stars, by
C, and CN bands. The latter are usually
called class C or “carbon” stars. Almost
all of the stellar molecules listed in
Table 1 are simple diatomic species; Cs,
SiCy, and H,O are the only polyatomic
molecules definitely known to be pres-
ent, although there is reason to believe
that polyatomic species may actually
predominate in some cases (2).

In studies of the atmospheres of
these stars there is increasing recogni-
tion of the role played by the molecules
in the absorption of light from the inner
regions (photosphere) of the stars,
Such “blanketing” effects can distort
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the emitted radiation markedly in cer-
tain wavelength regions when molecules
such as TiO or C, are present in rela-
tively high concentrations.

Other molecules, not found in stars,
exist at the same high temperatures
but derive their importance from mod-
ern technology. Because of their high
melting points, the refractory metals
(such as tantalum, molybdenum, tung-
sten), oxides, and carbides are vital to
the rocket and space industries. In
recent years, mass spectrometry has
played an increasingly important role
in ‘determining the molecular species
vaporizing from such refractories at
high temperatures, since it also allows
determination of the thermodynamics
of the process and the dissociation en-
ergies of the molecules (3). Ultimately,
however, for thermodynamic or other
reasons, one is again faced with a need
to know the more intimate properties
of these “hot” molecules, and observing
them trapped in a solid at 4°K has
helped provide that information.

Matrix-Isolation

Matrix-isolation is a technique for
trapping molecules as isolated entities
in an inert solid, or matrix, in order
to investigate their properties, usually
by optical means. It has been largely
developed by G. C. Pimentel, G. W.
Robinson, and their co-workers, and
by A. M. Bass and H. P. Broida and
the members of the now disbanded
Free Radicals Research Program at the
National Bureau of Standards (4). My
principal concern, here, is to make clear
the advantages, disadvantages, and re-
sults of the application of this technique
to the study of “hot” molecules; how-
ever, much of what is said concerning
the effects of matrices upon the trapped
molecules applies to all matrix work.

In most spectroscopic studies of stel-
lar molecules in the laboratory the
molecules are produced in an arc be-
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tween electrodes fabricated from the
metallic elements, or between carbon
electrodes containing a powder or solu-
tion to produce the desired species.
However, the source used in matrix iso-
lation is usually a Knudsen cell, from
which the effusing vapor is trapped in
the manner shown schematically in Fig.
1 (5). Such a cell has been used in
numerous investigations of the mass
spectra of vapors in equilibrium with
refractory solids, made over ‘the last
10 years by Inghram, Chupka, Berko-
witz, and many others (3). Because of
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the existence of data from such studies
on the composition of these vapors, it
is expedient to use the same source in
matrix isolation. One then knows just
what kinds of molecules are issuing
from the effusion cell, and almost al-
ways a suitable sample can be found
for producing the desired stellar mole-
cule, perhaps mixed with other mole-
cules. For example, carbon. vaporizes
at about 2500°K, to C, C,, and C,4
(6), and C; has been studied while
trapped in a matrix at liquid helium
temperatures (4°K). Moreover, ZrO
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Fig. 2. Energy levels and observed transitions of TiO. Arrow heads indicate whether
transitions were observed in emission or in absorption or in both. [From 8, reproduced
by permission of the Journal of Physical Chemistry]
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and TiO can be obtained through va--
porization of the solid oxides or by
passing oxygen into a tungsten cell
containing zirconium or titanium metal
(7, 8). Often it is also necessary to
observe isotopically substituted mole-
cules, and these can be prepared by
passing an isotopically labeled gas, such
as 180,, into the Knudsen cell contain-
ing the metal, or by vaporizing the sep-
arately prepared solid.

The matrix material can be any gas
which will not react with the trapped
molecule and which can be convenient-
ly and rigidly solidified. The rare gases
are usually used because they are rela-
tively inert and offer a wide range of
melting points and atomic sizes. Neon
can be used only with liquid helium
as the refrigerant, since it melts at 24°K
and diffusion in the solid state probably
begins at about 12°K. Argon, krypton,
and xenon can all be used with liquid
hydrogen (boiling point, 20°K) as the
refrigerant. The choice of matrix gas
is determined partially by these factors
but, more importantly, by the effect
the solid matrix will have upon the
trapped molecule. The objective in
matrix isolation is, of course, to trap
the molecules in a condition which is
as much like the gas condition as possi-
ble. As one would expect, the matrix
composed of the least-polarizable atoms
perturbs the trapped molecule least, thus
neon is usually found to be the best
matrix gas.

Optical Spectroscopy

The advantage of making spectro-
scopic measurements on a molecule at
4°K lies in the fact that, at that tem-
perature, the molecule is in its lowest
energy state and vibrational or elec-
tronic transitions induced by light al-
ways begin from that level. Although
this simplifies the absorption spectrum,
holding the molecule in a solid in order
to study it at 4°K does cause, as men-
tioned above, some alteration in its
properties.

In order to observe the degree of
alteration in the spectrum of a gas
molecule when it is trapped in a ma-
trix, let us take TiO as an example (8).
In Fig. 2 the electronic energy levels of
TiO are shown, together with the tran-
sitions observed in gas emission spectra
(downward pointed arrows) and in ma-
trix absorption spectra (upward pointed
arrows). The ground state is ®A,, and
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since all molecules at 4°K are in the
lowest energy state in the matrix (that
is, 8A; in this case), absorption is ob-
served to occur only from that level to
the A3®, 3II, and C3A upper levels.
These band systems have been desig-
nated v, v/, and « by the spectroscopists
who first studied them (9). The matrix
spectrum is shown in Fig. 3. Table 2
gives a comparison of the positions of
the (0,0) bands of each of these systems
in the gas and in neon and argon ma-
trices. Also given is the vibrational fre-
quency in the excited electronic state
as deduced from the band structure in
the gas and in neon and argon matrices.
Note that the gas and neon-matrix
values are in the closest agreement; the
excited electronic levels lie farther
above the ground state in neon than
in the gas (by about 100 waves per
centimeter), and the vibrational fre-
quencies differ by no more than 5
cm~—1, The vibrational frequency in the
ground 3A; state (not shown in Table
2) was found to be 1005 cm—1 in neon
at 4°K, as compared to 999.2 in the
gas (8, 10). This is the kind of cor-
respondence which one can generally
expect to find between gas and neon-
matrix data.

I have made no mention of rotational
structure in matrix spectra because, in
general, the trapped molecules do not
rotate. The molecules H,O, HCl, NHj,,
and NH, do have interesting rotational
(and translational) motion in matrices
(11), but consideration of such motion
here is not essential to the discussion.
Usually all of the valuable information
obtained from analysis of such structure
in the gas phase—that is, information
on types of electronic transitions and
interatomic distances—is lost in matrix
spectra.

The shapes and widths of bands vary
greatly in matrices, depending upon the
extent of the interaction between the
trapped molecule and the solid. In the
case of TiO, discussed above, the bands
corresponding to electronic-vibrational
transitions have a width of about 15
cm—1 (at half height) in neon ma-
trices at 4°K. This is also the case for
VO (12), ZrO, HfO (8), and TaO (13).
The band widths of these molecules in
argon are considerably greater, lying in
the range of 150 to 220 cm—1. This
greater width is particularly detrimental
if bands are close together, as in-TaO
(13), since individual bands are ob-
scured and analysis is difficult. The
bands may be broad even in neon.
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Fig. 3. Absorption spectrum of Ti®O in a neon matrix at 4°K. Wavelengths are in
angstroms. [From 8, reproduced by permission of the Journal of Physical Chemistry]

This occurs, for example, in SiC, mat-
rices (I4), where, however, the char-
acteristic shape of the bands makes
analysis easier.

In matrix absorption spectra the
bands in a particular progression (tran-
sitions from vibrational level v/ = 0
in the ground state to v’ = 0, 1, 2, . ..
in an excited state) always have the
same shape, a fact which is helpful for
identification. (Note that here matrix
perturbations are beneficial.) Generally
the departure of the shape from the
usual Lorentzian form is determined
by one or both of two factors: (i) the
occupation of multiple sites in the ma-
trix; (ii) the simultaneous excitation
of lattice modes. This is the case pro-

vided that isolation is really occurring
and that dimers or large clusters are
not also present in appreciable concen-
tration (75). The molecules can occupy
positions in the lattice which are en-
ergetically similar (perhaps, for ex-
ample, interstitial and substitutional
sites), in which case closely spaced
multiple bands will appear, correspond-
ing to a single band in the gas. An-
nealing may remove all but one of these
peaks; this was observed to occur in
the TaO spectrum (I3) and in the C;
spectrum (/6). In the case of the C,
spectrum the overlapping of the multiple
bands in the ultraviolet, at large values
of v/, makes it difficult to distinguish
the individual bands, so the spectrum

Table 1. Identified stellar molecules.

Class Ter(x:llz;rziél;re* Molecules detected
Cor R, N 3000 C,, CN, CH, NH, SiC,, C,;, H,O
S 3000 Zr0O, La0, YO, SiH, TiO.
M 3000 TiO, VO, MgH, SiH, AlH, ZrO, ScO, YO,
CrO, AlO, BO, SiF, SiN, CN, CH, C,
Sun (G2) 6000 OH, NH, 0,, CH, CN, CO, C,, MgH, SiH,

TiO, andCaH [BH, ScO, BO, AlO, ZrO,
YO, SiFlt, [H,, NO, SiO, N, in far-ultraviolet]t

* Approximate temperature of the photosphere.

i Evidence inconclusive.

Table 2. Comparison of gas transitions of Ti**O with neon- and argon-matrix values.

Gas Gas Neon Argon

band ) Gt G’ AG .+

system IO VLR NS LI A S N7 VL AU
NIAMp, — XPA,] 71304 (14020.6) 859.8 7104 (14073) 855 7253 (13784) 835
SBIL, — XoA0E 6174 (16192) 8622 6124 (16325) 863  6254.5 (15984) 843
oC°A, — X°A;] 516736 (19339.4) 829.8  S5137.5 (19459) 830  5241.5 (19073) 828

#* Values in parentheses are corresponding values in waves per centimeter.
% See 8.

frequency in the excited electronic state.

1 AG’,,, is the vibrational

157



is made much simpler by annealing
at 12°K. The (0,0) band at 4057 ang-
stroms retains a large hump on the
high-frequency side, with a maximum
at about 30 cm—1 from the sharp peak.
This hump is attributed to combina-
tion of the 4057-A band with lattice
modes, which show up as this strong
shoulder after multiple sites have been
eliminated.

A striking proof of the multiple-site
hypothesis is obtained from the elec-
tron-paramagnetic-resonance spectra of
atoms trapped in matrices. More im-
portant, such spectra at 4°K provide a
sensitive indication of the electronic
properties of the molecule in its ground
state.

Electron-Paramagnetic-Resonance

Spectroscopy

Although other workers have in-
vestigated the electron-paramagnetic-
resonance spectra of trapped radicals
in various media, Jen, Foner, Cochran,
and Bowers appear to have been the
first to make a concerted attack upon
so-called “matrix-isolated” radicals (17,
18). Their investigations do not include
study of high-temperature molecules,
but the conclusions reached from their
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trapping of hydrogen, nitrogen, and
sodium atoms in argon at 4°K are
very relevant to a discussion of matrix
phenomena.

Figure 4 shows schematically the
most recent apparatus, including a
furnace with water-cooled electrodes,
for the vaporization of high-tempera-
ture molecules up to 3000°K. Instead
of a furnace, the source of radicals may
be a gas discharge, or radicals may be
produced in situ in the matrix through
dissociation of trapped precursors with
ultraviolet light. The dewar flask design
is that of Jen et al. (17), but with cer-
tain important modifications, touched
upon below. The matrix is laid down
on the sapphire rod, which has been
cooled to 4°K in a manner similar to
that shown in Fig. 1. After the matrix
is formed, the rod is lowered by a spe-
cial device (19) into the center of an
electron-paramagnetic-resonance cavity,
where the species in the matrix are
subjected to magnetic, microwave, and
radio-frequency fields in the usual man-
ner. In this way, the spin-resonance
spectra of trapped atoms and radicals,
such at CH; and NH,, were studied by
Jen et al. (20).

Their result for sodium atoms in mat-
rices is given in Fig. 5 (see 18). Be-
cause the nuclear spin of Na? is [
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' Fig. 4. Electron-paramagnetic-resonance apparatus for the study of high-temperature
molecules. The temperature of the resistance-heated sample cell is measured by an

optical pyrometer.
Physics]
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[From 22, reproduced by permission of the Jowurnal of Chemical

= 3/2, one expects to find four (that
is, 2I + 1) lines in the spectrum, as
indicated at the top of Fig. 5. However,
as one can see from the argon matrix
result and more clearly from the en-
larged view of the (M; =%2) compo-
nent, each of the four lines appears
to be split into five in the matrix. Jen
et al. have found that slow warming
of the argon matrix from 4° to 40°K
causes the sequential disappearance of
the lines in each group, beginning with
those at the highest magnetic field.
From this evidence we may conclude
that several trapping sites are available
for the sodium atoms in the matrix.

In the apparatus of Fig. 4, Kasai,
Whipple, and Weltner have vaporized
molybdenum atoms at 2000°K and
have trapped them in a neon matrix at
4°K (21). These are rather stringent
conditions, and since the magnetic-res-
onance spectrum showed that isolation
had been achieved, the experiment in-
dicates the generality of the application
of this technique to high-temperature
species. Although molybdenum atoms
could be trapped in neon on the sap-
phire rod, it was found that the smaller,
easily diffusing hydrogen atoms could
not be; the more rapidly quenched
argon matrix was needed for isolating
hydrogen atoms at 4°K.

By means of such investigations, a
recent discovery has been made con-
cerning the preferential orientation of
molecules in matrices. Although not yet
extensively utilized in the study of mole-
cules, it has great potentialities (22).
An “important modification” to the
dewar of Jen et al. is, simply enough,
the installation of a flat rotatable sap-
phire rod in place of a fixed cylindrical
one (see Fig. 4). A matrix formed on
this rotatable substrate provides many
of the advantages of working with sin-
gle crystals of the molecules being
trapped. The importance of the discov-
ery of oriented molecules is demon-
strated by the fact that the preparation
of real single crystals of the high-
temperature molecules considered here
is, of course, quite impossible.

Transition Metal Oxides:
Molecules in Class S and M Stars

Many of the diatomic molecules
identified in stars of classes S and M
are formed from elements in the sec-
tion of the periodic table shown in
Table 3. They contain the transition
metal elements with one to four d
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electrons. The molecules indicated be-
low the heavy line in Table 3 do not
appear in stars but are of technological
importance, particularly those formed

from tantalum, molybdenum, and
tungsten.
Theoretical understanding of the

electronic properties of these molecules
was lacking until recently, when the
computations of Carlson, Nesbet,. and
Moser on TiO (23) and of Carlson,
Ludefia, and Moser on ScO (24) were
reported. Such calculations are difficult
because of the large number of elec-
trons in the heavy elements. Large com-
" puters are necessary, and, even with
these, computations have been made
only for the oxides of the transition
metals involving 3d electrons. We can-
not consider the calculations here, but
I can give a general idea of the results
by discussing a simple model, in which
the molecules are considered as molec-
ular examples of crystal-field or ligand-
field theory. This approach was first
taken by Berg and Sinanoglu (25), by
Hougen, Leroi, and James (26), and
by Jgrgensen (27).

If we consider the TiO molecule as
being very ionic—that is, as Ti++
O—~— (which it is not), then two of
the four outer 3d and 4s electrons on
the titanium would be transferred to
the oxygen, two being left on the Ti++
ion. But the Ti++ ion lies in the strong
field of the adjoining O—— ijon, and
that field affects its energy levels; in
fact the five 3d levels of titanium
which formerly had the same energy—
that is, which were degenerate—are
now split into three increasingly ener-
getic levels—S$, =, and ¢. [The symbols
indicate orbital angular moments of
= 2 (W/2%x), = 1 (h/2%), and O
(h/2x), respectively.] One would then
place the two electrons in the § level,
but it turns out that interelectronic
repulsion and the true covalent nature
of the bond cause them to go into the
3 and ¢ levels instead. The occupation
of those levels yields the proper con-
figuration of electrons to give the cor-
rect 3A, ground state for TiO (see
28).

One can then proceed across the
periodic table by placing additional
electrons in the available orbitals. Table
3 gives the ground states of the di-
atomic oxides which were arrived at
from this modified model, together
with the results of other calculations
of Carlson et al. (29) and the observa-
tions on ZrO and TaO discussed below.
With these considerations in mind, let
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us turn to the experimental work at
4°K and its interpretation.

Scandium oxide, yttrium oxide, lan-
thanum oxide. The ground states of the
three molecules ScO, YO, and LaO
have been assigned, rather unbelievably,
as %3, 23, and 43, respectively, from
rotational analysis of their gas emission
spectra (30). This variation in the as-
signments results from a splitting ap-
pearing in the spectra of ScO and LaO,
attributed to spin-spin interaction,
which is not discernible in YO. How-
ever, it is difficult to account theoreti-
cally for a quartet lowest state for these
molecules, and the calculations of
Carlson et al. (24) place the 43 level
in ScO quite high in energy. During
the past year there has been a flurry of
activity directed toward establishing
the correct ground states (37). Several
authors have conjectured that the ob-
served splittings arise from nuclear
hyperfine interaction, since the nuclear
moments of lanthanum and scandium

are very large while the nuclear mo-
ment of yttrium is relatively small.
These molecules were observed by
optical and electron-paramagnetic-reso-
nance spectroscopy in argon matrices
at 4°K (32). The optical spectra were
in essential agreement with the gas
spectra, and thus it was demonstrated
that the lowest state observed in emis-
sion is indeed the ground state in each
case. However, the resonance spectra
showed clearly that the ground state is,
in all cases, 23, and they accounted
quantitatively for the optical splittings
as nuclear hyperfine-separations, as may
be seen in Table 4. There a comparison
is given of the splittings observed in
the gas spectra with those calculated
from the zero-field splittings (A values)
obtained in the resonance spectra at
4°K. The A values vary slightly with
the matrix gas used, and the trend in-
dicates that the values found in an
argon matrix are upper limits to what
would be expected in the gas, as is
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Fig. 5. Electron-paramagnetic-resonance spectrum of sodium atoms in an argon matrix
at 4°K. (Top) Calculated spectrum for free atoms; (bottom) multiple-site effect
upon the spectrum. [From 18, reproduced by permission of C. K. Jen ef al. and of

The Physical Review (59)]
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scen to be the case in the data of
Table 4. The odd electron is shown to
have essentially s-shell character, in
agreement with theory.

The solution to this problem is thus
provided by work at 4°K, and it is
difficult to see how it could have been
as expeditiously arrived at by any other
method.

Titanium oxide, zirconium oxide,
hafnium oxide. The properties of TiO
discussed above have been established
by the well-known work of Phillips,
Christy, and others on pgas spectra
(9, 33). Titanium oxide was investi-
gated optically at 4°K in an effort to
check the agreement of results for
matrix and gas (Table 2 and Fig. 3),
but the matrix measurements (8) also
serve to confirm Phillips’s findings of a
triplet lowest state.

Linevsky’s (7) infrared study of
ZrO in an argon matrix at 4°K prob-
ably provided the first evidence that the
ground state of ZrO is not the same as
that of TiO, or perhaps one should say
that his study made it necessary to re-
consider Afaf’s much earlier assump-
tion of a 13+ ground state (34). The
electronic absorption spectrum of ZrO
was measured in neon matrices at 4°K
by Weltner and Mcleod (8), who
found that only the singlet-singlet
transitions were observed. This find-
ing, coupled with the matrix- work in
the infrared, makes it certain that the
ground state of ZrO is 13+, The in-
frared spectrum at 4°K gave a vibra-
tional frequency of 975 cm—1 for ZrO,
a value which does not agree with the

931 cm—1! obtained in the gas spectrum
for the 3A, state but which does agree
nicely with the gas-spectrum value of
969.7 cm—1! for the 13+ state.

It is well known that the transition
metals in the second and third periods
of the periodic table are more alike
than those in the first and second pe-
riods, because the 4f shell is filled be-
tween the second and third periods
and shields the increase in nuclear
charge. For this reason one would
expect HfO to resemble ZrO and to
have a '3+ ground state. That this is
the case has not been proved, since
the gas spectrum of HfO has not been
rotationally analyzed (35), but the re-
semblance is confirmed by the close-
ness of the HfO vibrational frequency,
974 cm—1, to the ZrO vibrational fre-
quency, 975 cm—1, in a neon matrix
(8). Hafnium oxide has apparently not
been observed in stars.

Vanadium oxide, niobium oxide, tan-
talum oxide. The ground state of VO
is not definitely known, but it is most
probably either 2A, or 43—. The bands
observed in the gas spectrum have been
analyzed to yield a %A lower state, but
doubt about this assignment has been
expressed by Lagerqvist in his latest dis-
cussion of the spectrum (36). Reminis-
cent of the ScO series, vanadium also
has a large nuclear magnetic moment
(p = +5.1478, I = 7/2), and this
source of additional lines in the spec-
trum has to be considered in the analy-
sis. However, recent refined theoretical
calculations (29) indicate that the lowest
state is 43—, and the electron-paramag-

Table 3. Ground states of transition-metal oxides. The ground states and configurations under-

lined are predicted.

ScO0 TiO Yo C0
(o) %a_(50) IR0 257(6%)

Y0 0 NBO MoO
25(a) 5+(6%) %a_(%5) 3z (%)
Le0 HiO Ta0 Wo
T | L) | Z et | ()
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Table 4. Nuclear hyperfine-structure separa-
tions (Ay) of ScO, YO, and LaO.

Electron
paramagnetic
Optical resonance
Compound spectra® at 4°K
(cm™) (argon
matrices) T
(cm™)
ScO 0.21 0.27
YO 0% .03
LaO 48 .52
* See 30. T See 32. i The optical splitting

was so small here as to be undetectable,

netic-resonance spectra at 4°K (12) ap-
pear to support these calculations; con-
sequently 1 have indicated the VO
ground state to be ¢3—(§2¢) in Table 3.
That the lower state in the gas spectrum
is the ground state is confirmed by the
optical spectrum at 4°K, since two
strong matrix progressions, at 7904 and
5708 A, have been observed in the gas.
[A weak progression at 4185 A has not
been reported in the gas (12).]

The molecules TaO and TaO, have
been observed in neon and argon ma-
trices and exemplify a case where
low-temperature spectra have made a
significant contribution (73). Neither
of these molecules has been observed
in stars, but they are evolved from hot
tantalum metal in an oxygen atmo-
sphere. The ground state of TaO was
established as 2A, when the 4°K spectra
were compared with the gas-phase
spectra as analyzed by Premaswarup
and Barrow (37). Also, 13 additional
electronic states were observed in the
low-temperature absorption spectra. A
strong band system of TaO,, not pre-
viously observed in the gas, was found
at 8706 A in neon, and a partial vi-
brational assignment of the excited and
ground states could be made.

Niobium oxide was not studied at
low temperatures, largely because ear-
lier gas-phase work indicated that NbO
was similar to TaO, also having a 2A
ground state (38). However, the fruit-
ful investigation of TaO indicates that
a study of NbO at 4°K would also be
worth while.

Chromium oxide, molybdenum oxide,
tungsten oxide. Several attempts were
made to observe the spectrum of CrO
in neon matrices at 4°K, but until now
only features due to chromium atoms
have been observed, between 8900
and 2000 A or in the electron-para-
magnetic-resonance spectrum. At pres-
ent there is, then, no evidence to indi-
cate that the lower state of the assigned
APII € XO[I; transition observed by
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Ferguson, Ghosh, and Ninomiya (39)
really involves the ground state of CrO.
This observation is in agreement with
a ground state of 33— (see Table 3)
derived from recent, still tentative, cal-
culations (29). ’

The diatomic molecules, MoO and
WO, have been observed in gas-emis-
sion spectra, but neither spectrum has
been satisfactorily analyzed (40). Tung-
sten oxide has been observed optically
in matrices at 4°K and found to yield
a very rich spectrum between 3500
and 6000 A (41). Particularly note-
worthy was the number of vibrational
perturbations in the spectrum of W160;
such perturbations often disappeared
when W180 was examined. Perhaps
these perturbations account for part
of the difficulty in analyzing the gas
spectrum. The matrix spectra indicated
that the band system at 4806.4 A in the
gas spectrum [(0,0) band at 4807 A
in neon] was essentially unperturbed
in both molecules and involves the
ground state, properties which make
this system a good candidate for any
future attempt to analyze the gas spec-
trum.

In the matrix work, a good spectrum
of WO, was also observed at 7890 A,
very similar to the spectrum of TaO,.
The gas spectrum of the WO, mole-
cule, like that of the TaO, molecule,
has not as yet been observed. Other,
larger tungsten-oxygen molecules can
dominate the gas phase when oxygen
is passed over tungsten at lower tem-
peratures, or if the higher solid oxides
are vaporized, and W,Oy,, W;0,,
W04, Wy04, and WO, have all been
identified in mass spectrometric work.
These molecules have also been trapped
at 4°K and observed in the infrared
spectral region, but efforts to attribute
specific bands to specific molecules
have been only partially successful.
Such attribution is difficult, but it
seems unlikely that an unraveling of
the vibrational spectra of these mole-
cules can be accomplished in any other
way. The similarity of the molybdenum
system to the tungsten system indicates
that the same situation is to be met
there.

Molecules in Carbon Stars
(Classes R and N)

Carbon stars, in general, are com-
posed of the light elements hydrogen,
carbon, nitrogen, and oxygen. The
diatomic molecules C,, CN, NH, and
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Fig. 6. A portion of the absorption spectrum of an annealed neon matrix of Cs at
4°K. Symbols at the top indicate the assignments of the bands to particular vibronic
levels in the excited M. state. Wavelengths are in angstroms.

CH have all been studied by optical
spectroscopy of the gas, some of them
being produced in high-temperature
furnaces, others by flash photolysis.
Many of them have been observed in
matrices at 4°K, in work discussed by
Pimentel and Ramsay (see 4). Al-
though the matrix experiments are in-
teresting and relevant to this discussion,
the information obtained about the di-
atomic molecules themselves has gen-
erally not added much to what was
already known. Diatomic C, is an
anomalous case, since the perturba-
tions by the matrices are difficult to
comprehend; in fact, C, has been rath-
er a “thorn in the side” of advocates
of matrix studies. I consider it briefly
after discussing Cg and SiC,, two mole-
cules which have perplexed spectros-
copists for many years.

The study of C,; has a particularly
interesting history, which I will not go
into here except to say that only re-
cently has the complicated gas spec-
trum beginning at about 4050 A been
analyzed. The observation of a “cold”
spectrum during the flash photolysis
of = diazomethane enabled Gausset,
Herzberg, Lagerqvist, and Rosen to
clarify the situation (42), and their
analysis represents a real tour de force
in molecular spectroscopy. The difficul-
ties arose principally because of a very
large vibronic (Renner) effect in the up-
per state of the 1T, < XS+, transition

and because of the extraordinarily
small value (63 cm—1) for the ground-
state bending frequency of Cj;. The
latter circumstance leads to the excita-
tion of many transitions—that is, to
“hot” bands—at high temperatures,
considerably complicating the spec-
trum. Hence, C; is an ideal case for
study at 4°K.

There are many sites of slightly dif-
ferent energy for C; in a neon matrix,
which lead to a complicated band
shape, but they can be annealed out
by holding the matrix at 11° to 12°K
for a time. A portion of the electronic
absorption spectrum in neon at 4°K
after annealing is shown in Fig. 6, to-
gether with the assignments of the ob-
served bands (16, 43). As contrasted
with the usual triatomic molecule, the
spacings of these bands are very ir-
regular, due to the large Renner param-
eter, ¢, Which represents the degree of
coupling between the electronic and
the bending vibrational motions. In the
gas phase, Gausset et al. have found
that ¢ = -+ 0.537 and ", (the bending
frequency in the upper state) = 307.9.
cm—1, These parameters may be used
to calculate the positions of the vi-
bronic transitions expected in the ma-
trix spectrum, and to make a compari-
son with the observed values. When this
is done, it is found that essentially
every band in the matrix spectrum out
to 3500 A can be accounted for, if
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combinations with 3 = 1090 cm—!1
are also included (yy is the symmetric
stretching frequency in the excited
state).

What contribution has work at 4°K
made to the characterization of the
C,; molecule, other than confirming the
large Renner effect by accounting for
bands farther into the ultraviolet? It
has supplied the remaining unknown
ground state vibrational [requencies:
v”’s = 2040 cm—1 from infrared meas-
urements, and ,”; = 1235 cm—* from
fluorescence spectra. The infrared band
is shown in Fig. 7, with the splitting
into six bands when a carbon sample
containing 13C is vaporized. The isotope
effect leaves no doubt that we are ob-
serving an isolated C,; molecule. Table 5
gives a summary of the present state
of knowledge of C; in the I, state
and ground state, '3+ , as determined
from gas-phase and matrix work.

1.1% C!3
(Natural abundance)

~n 60%C'3

Cz Molecules

Table 5. Properties of the C; molecule.

U Va Vs
(cm™) (cm™t) (cm™)

*Ground electronic state, 13*,

1235 63 2040
tExcited state, 11,
1085 3079 ?

# C-C distance 1277 A. 1 C-C distance, 1.305
7\; Renner parameter, 0.537.

Other excited electronic states of C,
are also of interest, and at least one of
these has been observed in matrices.
A strong long-lived (0.02 second) emis-
sion at 5865 A was observed when C,;
in neon at 4°K was excited by mercury
light. It is believed that this is emission
from a low-lying triplet state to the
ground state, !X+, (44). Recently the
absorption spectrum in neon was e¢x-
tended out to 2000 A in an effort to

913 Clz Cl3 C|3
(l:lz (‘:13 (l:na (':13
Cl3 élz éIZ c':|3

Fig. 7. Infrared spectrum of C; in an argon matrix at 20°K. (Top curve) » band of
“Cs. (Bottom curve) »s bands of the six isotopically substituted C; molecules shown.
[From 44, reproduced by permission of the Journal of Chemical Physics]
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detect the 13+, <« XIS+  transition
of C; which was expected to appear
strongly in that region. But even though
the 4050-A system was quite intense,
no other strong band system was ob-
served (45).

The SiC, molecule appears as a
blue-green emission in carbon stars
(46). Evidence that SiC, is the emitter
was given by Kleman (47), who first
produced it in the laboratory. A King
furnace was used in which the carbon
tube, containing silicon, was heated to
about 2500°K. The bands were broad
at this temperature, and rotational anal-
ysis was not possible. However, vibra-
tional analysis indicated a [requency
of v’y = 1742 cm—1 in the ground
state, dropping to '3 = 1460 cm—1 in
the excited state. This frequency was
so high that it essentially required the
presence of a C—C unit in the mole-
cule. Other features of the spectrum,
together with the known presence of
silicon, indicated that the molecule
was SiC, with the unsymmetrical linear
structure, Si=C=C.

The 4°K spectrum was measured on
a neon matrix prepared by trapping
the molecules vaporizing from solid
silicon carbide at about 2800°K (74).
Mass spectrometry (48) had previous-
ly established the vapor to be largely
silicon atoms, with SiC, and Si,C each
present in the proportion of about 8
percent. The (0,0) band of SiC, was
observed to occur at 4963 A, as com-
pared with 4977.1 A in the gas, an
observation which supports Kleman’s
identification. The bands are, again,
quite broad (annealing might have
helped); however, their distinctive
shape makes identification of those be-
longing to SiC, easy. Improved vibra-
tional assignments resulted from the
matrix study, but an anomalous an-
harmonicity of y; and v, was observed
which marred the credibility of the as-
signment for the upper state. There was
evidence of the presence of another
molecule, perhaps Si,C, which may be
a stellar molecule, and the spectrum of
what we believe to be the previously
unobserved Si,C,; molecule was also
analyzed.

A few words about C, at 4°K
are in order, since it is a unique and
puzzling case. It is important, since the
interpretation of the matrix spectra
indicates that the molecule is trapped
in an electronic state other than its
ground state at 4°K.

Gaseous C, has been studied thor-
oughly, and recently a summary of its
properties has been published by Bal-
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lik and Ramsay (49). These authors
were the first to establish that it has
a 13+, ground state and that the "I,
state lies about 610 cm—1 higher. All
seems to be as expected for the gas
molecule. However, when it is trapped
in argon at 4° or 20°K, the Swan
bands (311, < ®II,)—or at least bands
that are thought to be the Swan bands
—appear in absorption. These observa-
tions were first reported by . McCarty
and Robinson (50) and have since
been essentially confirmed by a number
of authors (57, 52). The implication
is that a large number of the C, mole-
cules are trapped in the excited 3TI,
state, which is stable in the matrix for
hours or even days. In other words, the
matrix has now made the 31T, state of
C, more stable than the 13+, state. Ef-
fects such as this have not been ob-
served for other molecules in matrices
(53), and, furthermore, the vibrational
frequencies in the excited state show
a strange variation with the matrix
used: /, in the gas, = 1750 cm—1; in
neon, 2094; in argon, 2053 (54); and
in xenon, 1940. This is indeed strange
behavior when compared with results
obtained from other matrix spectra.
All the evidence is rather unbeliev-
able in view of the matrix work on
other gases. To me it seems most like-
ly that the Swan bands of C, are not
being observed at all but that another
carbon molecule (perhaps C; or Cj)
is responsible for the absorption spec-
trum in that region. Recent careful dif-
fusion experiments in our laboratory
on a neon matrix containing carbon
vapor support that conclusion (76).

Conclusions

Optical spectroscopy of stellar mole-
cules trapped at 4°K is particularly
valuable when the data can be used to
complement the corresponding gas
data. The ground state is then directly
established by measurement of the ab-
sorption spectrum at the low tempera-
ture, since all transitions beginning
from excited states are eliminated. Tso-
topic substitution establishes the (0,0)
bands of transitions to excited elec-
tronic states, and when these data are
combined with infrared and fluores-
cence measurements at 4°K, most of
the vibrational properties of the ground
and excited states can be obtained. Of
the many examples cited and discussed
here, C, is perhaps the most outstand-
ing.

Because the various molecules trapped
13 JANUARY 1967

in  matrices are usually identified
through prior mass spectrometric work,
the optical observations often lead to
the discovery of band systems of mole-
cules whose spectra have not previously
been observed—for example, those of
SizCy, TaO,, and WO,. In these cases
the location of the spectral regions in
which molecular transitions appear may
also serve to encourage the gas spec-
troscopist to further exploration with
high-dispersion spectrographs,

I share Ramsay’s view (4, p. 204)
that further investigation of f-number
determinations -from matrix spectra
should be encouraged, particularly be-
cause of the lack of such data for mole-
cules in stars. The principal source of
error probably lies in the estimation of

-the number of molecules per square

centimeter in the matrix, but no real
test of this has been made. The only
existing f values from matrix spectra
are those for the C,; (43, 44) and C,
(51) molecules, and these are not -ideal
for test purposes. Because of the anom-
alous nature of the matrix results
discussed above, the rather good agree-
ment between f values for the solid
and gas phases of C, (51) cannot be
considered as support for the matrix
determinations. What is needed is a
matrix determination of several f,.»
values (that is, determinations for spe-
cific bands) for molecules such as CN
and NO or, preferably, for a gas
vaporized at high temperature, for
which these f values are relatively well
established in the gas phase.

In this connection the possibility of
determining other molecular properties
in matrices comes to mind. However,
it has been clearly shown that the shape
of the potential energy function in the
electronic states of molecules can be af-
fected when molecules are trapped in
matrices. Brewer, Brabson, and Meyer,
in work on S, (55), and Schnepp and
Dressler, in work on O, (56), have
examined the anharmonicity in ma-
trices over many vibrational levels. Dis-
tortion of the gas potential energy
curves occurs in the heavier matrices
and sometimes at high vibrational levels
in the light ones. Recently work has
been begun on comparing the Franck-
Condon factors connecting the ground
state and two excited states of ScF
trapped in a neon matrix (57) with
factors calculated from the gas-spec-
trum data of R. F, Barrow et al. (58)
(ar,, the change in interatomic distance
upon excitation, has a relatively large
value of ~ 0.1 A in these systems). As
is well known, such factors are par-

ticularly sensitive to the value of Ar,
but differences in anharmonicity do
not, however, have as significant an
effect upon the Franck-Condon factors.
Hence a comparison of the matrix and
gas factors will lead to further infor-
mation about matrix effects and will
indicate whether Franck-Condon fac-
tors can be obtained from matrix spec-
tra.

One of the important problems in
the study of stellar molecules is the
determination of the low-lying elec-
tronically excited states, similar to the
1A > X3A difference (~ 580 cm—1)
in TiO measured by Phillips. Most of
the transition-metal oxides have such
low-lying levels, and they must be
taken into consideration in any calcu-
lation of thermodynamic effects at high
temperature. It appears that the study
of emission spectra in the infrared at
4°K may be one approach to this prob-
lem, and an attempt is now being made
to confirm the TiO value in order to
test the method.

Perhaps the greatest advantage of
matrix-isolation is the fact that it al-
lows study of these molecules—or of
any molecules difficult to produce in
a microwave cavity—by electron-para-
magnetic-resonance spectroscopy. Study
of molecules by this means can provide
information about ground state wave
functions that is not obtainable by op-
tical spectroscopy, as illustrated by the
investigation of ScO, YO, and LaO.
Also, it seems likely that the preferen-
tial orientation of molecules in ma-
trices, which is probably achievable in
most cases, will be a valuable asset in
the study of the magnetic properties
of molecules by electron-paramagnetic-
resonance spectroscopy, regardless of
whether - the molecules are “hot” or
“cold” (60).
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