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the ‘A 

The spectrum of iA and Z SO has been studied in the millimeter and submillimeter region of 

the microwave spectrum. This expanded spectral coverage has made possible the measurement 

of twenty-two previously unobserved transitions, several of which are necessary for an accurate 

calculation of the energy levels. As a result, it is now possible to calculate the rotational transi- 

tions between energy levels for which J < 10 in both the ground 3x electronic state and the 

excited ‘A electronic state to an accuracy comparable to that of the microwave measurements 

themselves (2 1 MHz). Among the molecular constants calculated are; for the iA state: Ba 

= 21 295.405 MHz, DO = 0.0350 MHz, we = 1108 cm-‘, and 10 = 1.4920 d; and for the %?Z 

state: B. = 21523.561 MHz, Do = 0.03399 MHz, 10 = 158 254.387 MHz, y0 = - 168.342 

MHz , PO = 0.305 MHz, 10 = 1.4840 A, B, = 21 609.552 MHz, X, = 157 779.2 MHz, and 

r, = 1.4811 b. 

I. INTRODUCTION 

Microwave spectroscopy has traditionally been the study of the ground state of stable 
molecular species because of the small Boltzmann population of excited states at room 
temperature. However, a number of studies have been reported in exited vibrational 

states that have either low excitation energies or that have been populated at elevated 
temperatures (I). Although excited electronic states lie at energies that have no signif- 
icant thermal population and are not ordinarily studied by microwave absorption 
techniques, a small population can be produced in the metastable IA state of the un- 

stable molecular species SO by means of a reaction between the products of a discharge 
in oxygen and small, sulfur containing molecules (2). In this paper are reported the 
measurements of a number of transitions of SO both in its ‘A excited electronic state 
and in its 3z ground electronic state. Like 02, SO has a . . . (T)~ ground state electron 
configuration which can result in three molecular states, bZ+, alA, and X31;-. These 
have electronic term values of 10 509.97 cm-l, h 6350 cm-‘, and 0.0 cm-‘, respectively. 

The lowest rotational transition in the lA electronic state of SO is S = 2 + 3 at 

128 GHz. This transition has been observed by Saito in a Stark-modulation spectrom- 
eter and represents the first example of microwave absorption spectroscopy in an 
excited electronic state (3). In this paper we report the observation of this and three 
more rotational transitions in the 100-300 GHz region and the calculation of the rota- 
tional constants from these data. The low field Zeeman effect has also been observed 
and is shown to be consistent with that predicted for a ‘A electronic state, thereby 
further confirming the assignment. 

1 This work was supported by the National Science Foundation, Grant No. GP-34590, and by the 

Army Research Office, Grant No. DAHC04 74 G 0034. 
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‘A AND 2 SULFUR MONOXIDE 333 

32: SO has been extensively studied in the spectral region longer than about 2 mm and 

these results have been critically reviewed for astrophysical purposes (4). However, 

there are a number of weak transitions around 1 mm which are necessary for the direct 
calculation of the electronic spin-spin interaction constant X. These transitions have 

been predicted from the indirect information contained in the previously observed 
lines (4), but these predictions differ from the observed frequencies reported in this 

work. We report in addition to these transitions a number of other previously unob- 

served lines and the analyses of these data. 
For both lA and 3Z SO it is now possible to calculate the rotational spectrum to the 

order of the expected uncertainty of microwave measurements (51 MHz) and the 
redundancy and variety of lines in the data sets make possible accurate calculation of 
the uncertainties in each of the predicted transition frequencies. 

II. THEORY 

The theory of diatomic molecules which are not in lZ electronic states has been dis- 

cussed by a number of authors (1-2, 5-9). Hund has classified these states according to 
limiting cases of the coupling of the several angular momenta that characterize the 

molecular system (5). Molecules in ‘A states conform closely to Hund’s case (a), which 

is shown in Fig. 1 for singlet states. For the lA state: 

2=0 

A=Q=2 

J=N=n+R 

and the rotational energy levels can be e.xpressed as (9) 

E/lz=B~[N(N+1)-4]-D~[N(N+1)-4]~fp*N(N+1)[N(N+1)-2] (1) 

for N = 2, 3, 4, . . . , and where Bo, DO, and qA are the rotational, distortion and A-dou- 
bling constants for the ground vibrational state. It can be shown that qa is of the order 
48B4/ve3 where ye is the frequency of the electronic transition between the lA and the 

3L: states (10). For ‘A SO, qn = 1P MHz and it is not expected that the A doubling 
should be resolved. If this splitting is neglected, the transition frequencies become 

v = 2B,rr(N + 1) - 4D,rr(N + 1)” (2) 

R J=N 

FIG. 1. Hund’s case (a) for molecules with S = 0. 
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E’IG. 2. Hund’s case (b) for molecules in L: states. 

with Beff = B. + ADO and D,ii = DO. Although this is of the same form as the expres- 
sion for the transition frequencies of ‘2 molecules, the difference between Beff and B,, 
must be considered in the calculation of any molecular parameters. 

The Zeeman effects for molecules in the ‘A state are, however, dramatically different 

from those of molecules in the ‘Z state because of the large magnetic dipole moment 
associated with the electronic orbital angular momentum. From the vector coupling 
scheme for Hund’s case (a) shown in Fig. 1, it can be seen that in the ‘A state PJ, the 
component of the magnetic field along J produced by the electronic orbital motion, is 
given by 

PJ = - PA”ICJ(J + l)]i (3) 
and 

g.7 = A2/J(J + 1) (4) 

where /3 is the Bohr magneton. For small magnetic fields, the Zeeman energy is then 

simply given by 

EH = ~JPHMJ. (5) 

The calculation of the rotational energy levels for 3JY SO is substantially more complex 
both because the effects of electronic orbital and spin angular momenta must be con- 
sidered and because % SO represents a molecule intermediate between Hund’s cases 
(a) and (b). 

It is convenient to use Hund’s case (b), shown in Fig. 2 for a ,X state, as the basis for 
the calculation of matrix elements for 32 SO. In this basis 

J=N+S (6) 

where J is the total angular momentum, N is the angular momentum of the molecular 
frame, and S is spin angular momentum of the electrons. If the effects due to centrifugal 
distortion are temporarily neglected, the Hamiltonian for 3L: SO can be written as [S] 

x = BN~+ $x(3S,” - Sz) + 7N.S (7) 

where the terms represent rotational kinetic, electron spin-spin, and spin-rotation 
energy, respectively. The matrix elements of these interactions have been calculated 
by numerous authors (8, 9, 11). The effects of centrifugal distortion on these matrix 
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elements can be included through the following expansions 

B = &f D”N(N+ I), (8) 

Y = */v + &NW + 0, (9) 

x = XV+ &VW+ I), (10) 

for matrix elements diagonal in N, and 

X = X, + pv(J2 + J + 1) (11) 
for matrix elements for which N = J f 1. Diagonalization of the Hamiltonian matrix 
which results gives the energy levels and transition frequencies for a2 SO. 

Although a molecule in a pure 3X state has no first-order spin-orbit coupling, this 

interaction makes a significant contribution to the spectra of molecules whose states 
can be characterized as primarily 3z but which also contain an admixture of other higher 

electronic states. It has been shown that this second-order effect has the same form as 
that of the spin-spin term explicitly included in the Hamiltonian of Eq. (7) (12). As a 

result, the value of X calculated from the spectrum of 3z SO consists of two parts 

x = X(l) + X(2) (12) 

where X(l) is the first-order spin-spin contribution and Xc2) is the second-order contribu- 
tion discussed above. Similarly, the spin-rotation constant y can be expressed as a sum 
of a direct first-order contribution and a second-order term as 

y = y(l) + y@). (13) 

As a result, some means must be used to separate these spectroscopically equivalent, 
but fundamentally different, effects before experimental values of h and y are used for 

the calculation of molecular parameters. 

III. EXPERIMENTAL METHOD 

Both wide spectral coverage and good sensitivity are required in order to observe all 
of the transitions which are required for a complete and accurate characterization of the 

rotational spectrum of ‘A and 2 SO. The lines near 300 GHz which are necessary for the 
direct calculation of X for 3X SO are on the order of 100 times weaker than the lines 
previously reported for 3z SO and the ‘A lines are another 1~100 times weaker because 
of the small population in the excited electronic state. 

The millimeter and submillimeter energy necessary for this work was produced by 
harmonic generation from phase-locked klystrons in the 40-60 GHz region. This 

energy was transmitted by quasi-optical techniques through a free space absorption 
cell and detected by an InSb photoconducting detector at 1.6 K. A solenoid is wrapped 
coaxially around this cell and used both for ac magnetic modulation of the molecular 
species at 12 kHz and for the measurement of the dc Zeeman effect. Although this 
solenoid is not exactly uniform because of the many inlet and outlet ports of the cell, 
no line broadening is observed for dc fields which produce Zeeman splittings of 100 
linewidths. The weak ‘A lines were detected by a phase-sensitive detector operating 
at 24 kHz. 



discharge cavity 

FIG. 3. Miu-owave discharge system and absorption cell. 

The free space cell, shown in Fig. 3, is 1 meter long, 10 cm in diameter, and lined with 

teflon to retard chemical reactions on the cell walls. The oxygen discharge was produced 
directly beneath the cell (B) by a 100 W microwave discharge at about 3 GHz. H$S or 
OCS was admitted near the ends of the cell (A) and allowed to react inside the cell with 
the oxygen discharge products. The reaction products were evacuated (C) by a 4-inch 
diffusion pump, backed by a Welch 1397B forepump. 

‘A SO is produced by the reaction of the discharge products of 02 with small sulfur 
containing molecules such as H& or OCS [2]. The 0 atoms produced by the discharge 
react with H&i or OCS to form 3Z SO which in turn reacts with ‘A 02 to form ‘A SO. 
Since the electronic transition a*A-X2- is forbidden, a small, but significant population 

of *A SO molecules results. Optimum conditions for the production of lA SO in the cell 
are about a total oxygen pressure of 0.1 Torr and a HzS pressure of 0.01 Torr. These 
conditions correspond to those which produce a maximum in the bright blue fluores- 

cence that results from this reaction. The optical spectrum of this fluorescence has been 
reported by Colin [13]. Optimum conditions for the production of 3Z SO are approxi- 
mately the same. 

IV. RESULTS 

.4. IA Eieclronic State 

The observed frequencies for the rotational transitions of SO in the ‘A electronic 
state are shown in Table I along with transition frequencies calculated from the rota- 
tional constants of Table II. The fit of the observed spectrum to the simple relation of 
Eq. (2) is within expected esperimental uncertainties. Figure 4 shows the :V = 5 -+ 6 

transition at 256 GHz. As predicted theoretically, this line shows no evidence of ‘A 
electronic splitting. 
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B” 21 523. 561 i 0. 004 MHz B I 21 351.58 * 0.040 MHZ 

DO 0.03399 i 0.00004 MHz Di 0.034 c Ma. 

k” 158 254. 387 + 0. 026 MHz A I 159 204.7 i 9.4 MHz 

YO -lOti. i 0.010 MHz YI -171.5 i 1.2 MHZ 

PO 0.305 t 0.002 MHz c MHz 

=o 
1,4*103‘J3 t (1 x lu-7) ;; 

PI 0.305 

=I 
1.4900031 f (I Y 10-y B 

Be 21 tJ09.552 i 0.021 MHZ 

1 157 L 779. e i 4.7 MHz 

r 
e 

1.481Ud20 + (1 x ,l+) 1 

a. Errors represent 2 standard deviations. 

b. See text. 

The value of we for IA SO has not been established by direct optical observation, but 

it can be calculated with good accuracy from the results obtained here and the relation 

(1) 
we = (4&3/D+_)*. (14) 

Although the rotational constants obtained here are effective constants for the ground 
vibrational state rather than equilibrium constants, the differences between the two 
sets of constants should be compared to the experimental uncertainty in Do. The result 
of this calculation is shown in Table II. This same technique produces a value for we 

for 3z SO which differs from the measured optical value by only 0.5%. 
Also included in Table II is the value of ~0, calculated from the relation 

ro(A) = [SOS 376/Bo(MHz)cL(Amu)]f. (1% 

The uncertainty listed reflects only the uncertainty in B. and neither the uncertainty 

in Planck’s constant nor in model errors associated with the calculation of Bo. The 
latter are expected to be small because Do is included in Eq. (2) and B. rather than R,h 
was used for this calculation. 

In the absence of external fields the ‘A spectrum reported here is indistinguishable 
from that of a 9 diatomic molecule except for the absence of the N = 0 -+ 1 and 
W = 1 ---f 2 transitions, As a further check of the assignment of this spectrum to ‘A 
SO, the small field Zeeman effect of the N = 2 -+ 3 transition was recorded and found 
to agree with the gJ values predicted for J = 2 and J = 3 of $ and +, respectively, to 
about 3%. This agreement is comparable to the calibration uncertainty of our magnetic 
field. 
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lO,lO- 9,‘) -130 339.310 (O.lLU) 

9,10--10.9 474 975.551 (0.288) 

lO,lO-10.9 609 959. “19 (0.368) 

B. 72 Electronic State 

Table III contains the 13 previously reported (14-17) transitions of 3Z SO and 19 
additional observed transition frequencies. This table also includes the transition fre- 
quencies calculated from the constants of Table II. The inclusion in the analysis of the 

five low frequency transitions originally reported in Ref. (16) and remeasured in Ref. 
(17) doubles the rms deviation. Since these transitions can be calculated with high 

accuracy from the remaining data, they have been excluded from the final analysis. 
Since the weak transitions near 300 GHz that are necessary for a direct calculation of 

X are now included in the data set, substantially improved values of the constants which 

FIG. 4. N = 5 -+ 6 transition of SO ‘A at 256 GHz. 
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relate to the electronic interactions can be calculated. The frequencies of these transi- 
tions differ by about 10 MHz from those predicted in the comprehensive review of Ref. 
(4) which was based on the data previously available. As a result, the transition fre- 

quencies calculated from the constants of Table II deviate from those previously pub- 
lished. Table III has therefore been expanded to include predictions of all electric dipole 

transition frequencies and the uncertainties in these predictions for transitions between 
levels for which J 5 10. These uncertainties are calculated from the relation 

U,2 = C UiUjpijCiCj (16) 
ii 

where ui is the standard error in the ith spectral constant, pij the correlation coefficient 
matrix, and Ci the corresponding spectral constant (18). Since the data set is now 
representative of all of the types of transitions included in Table III and since the 

statistical uncertainties have been tested by the removal of measured lines from the 
analysis, it is felt that these calculation uncertainties are, in fact, representative of the 
actual uncertainties in the predictions. 

Although h and y are referred to as the spin-spin and spin-rotation constants, re- 
spectively, they also contain contributions from other sources. Kayama and Baird 
(18) have calculated that the second order contribution X@) to h is, in fact, the major 
contribution and that the first order spin-spin interaction explicitly included in the 
Hamiltonian of Eq. (7) accounts for only 17 807 MHz of the total. Similar calculations 
(9) of the second order contributions y w to y show that the second order contributions 

contribute - 117 MHz of the - 168 MHz total calculated from the experimental results. 
Amano, Hirota, and Morino (16) have reported observation of 5 lines of 3YZ SO in 

the z’ = 1 state and the analysis of these data. Since the resulting constants were de- 
termined graphically and without knowledge of the values of several of the higher order 
z’ = 0 constants, new spectral constants have been calculated and included in Table III. 
In this calculation the distortion constants D1 and pr are fixed at their zr = 0 values and 
B1, X1, and y1 are treated as adjustable parameters. Since the changes in these param- 
eters from Bo, X0, and yo are of the order of l%, and since D1 and pr make only small 
contributions to the observed frequencies, this approximation introduces little error into 
the calculation and is substantially better than the assumption that D1 = pl = 0. 
Inspection of Table IV, which contains both the experimental and calculated frequencies, 
shows an rms deviation of only 0.055 MHz. 
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Comments should be made about the uncertainties in the v = 1 constants of Table II. 

The listed uncertainties in 231, X1, and yr assume a 1% uncertainty in the estimated values 

of DI and pr. The uncertainties which result are larger than those calculated from the 
simple expression of Eq. (16) and the assumption that D1 and pr are exactly known. This 

is especially true if DI and pl are assumed to be zero. It is assumptions of this type that 
have led to underestimates in the uncertainties both in predicted line frequencies and 

spectral constants in previous analyses of SO. 
The equilibrium constants are calculated from the relations 

B” = B, - cX(v + $), 

x, = x, - cP’(v + $), 
(17) 

with higher order (7) vibrational expansion constants constrained to zero. The un- 

certainties in these equilibrium constants are calculated from the uncertainties in the 
spectral constants in the v = 0 and ZJ = 1 states. It is to be expected that the higher 

order terms are not zero to the accuracy of these constants. It should therefore be 
remembered that these uncertainties are valid only in the context of Eq. (17). 

Table II also contains the values of YO, yl, and ye calculated from Bo, 231, and B, 
and Eq. (15). The listed uncertainties reflect only the contributions from the uncer- 
tainties in the corresponding 23’s. 

V. CONCLUSIONS 

The electronic, vibrational, and in some cases rotational structure of free radicals 

have long been studied by optical techniques (7). Although a number of species have 
now been observed by microwave and other high resolution techniques, the number of 

species for which enough microwave data has been acquired to simply characterize the 
rotational energy levels to within microwave accuracy is still small. This is especially 
true for molecules in excited electronic states for which, to our knowledge, lA SO now 

represents the only example. 
The studies presented here show directly that both wide spectral coverage and good 

sensitivity are necessary to achieve this goal for IA and 3Z SO. These requirements are, 

in fact, rather general because many of the most common and important free radical 
species have large rotational and effective electronic interaction constants which cause 
many important transitions to fall outside the centimeter wavelength region. It is felt 
that the experimental procedures described in this paper can therefore make significant 
and, in many cases, indispensable contributions to the study of unstable free radical 
species. 
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