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The Millimeter-Wave Spectrum of Acetaldehyde
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A large number of new millimeter-wave spectral lines of gaseous acetaldehyde have been mea-
sured at frequencies up to 250 GHz. These lines arise from rotational transitions of acetaldehyde
in its two lowest (v, = 0,1) torsional states and involve angular momentum quantum numbers
J < 12 and K < 10. A global data set consisting of 562 lines has been obtained by combining the
millimeter-wave lines with previously measured lower frequency data involving the two lowest
torsional states. This data set has been analyzed via an internal axis method previously used to
study the spectra of CH;OH and CH;SH. The root-mean-square deviation of the fit is only 685
kHz. An analogous least-squares fit to 335v, = 0 lines yields a root-mean-square deviation of 269
kHz. © 1986 Academic Press, Inc.

I. INTRODUCTION

The study of the rotational spectra of molecules with internal rotation occupies an
important niche in the history of microwave molecular spectroscopy (/). Hindered
internal rotation, often referred to as torsional motion, complicates the normal ro-
tational spectrum of a semirigid asymmetric top by interacting with the end-over-end
rigid body rotation of the molecule. In addition, the torsional motion results in closely
spaced vibrational levels which themselves can be studied by far-infrared spectroscopy.
In the Duke laboratory, we have recently measured and analyzed the millimeter- and
submillimeter-wave rotational spectra of the internal rotors methanol (2), methyl for-
mate (3, 4), and methyl mercaptan (5). Our analyses of the spectra of methanol and
methyl mercaptan were based on an extended internal axis method (IAM) which is a
generalization of the approach used by Lees and Baker (6) in their classic early study
of methanol. This approach, in which the interaction between internal and rigid body
rotation is essentially removed from the Hamiltonian, was pioneered by Nielsen (7)
and Burkhard and Dennison (8) and subsequently extended by Kirtman (9). Our IAM
treatment has yielded fits to large amounts of spectral data from several torsional states

- of both methanol and methyl mercaptan with root-mean-square deviations on the

order of 1 MHz.
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Acetaldehyde (CH3;CHO) is another classic internal rotor. Initially studied in detail
in the microwave by Kilb ez al. in 1957 at frequencies up to 40 GHz (10), it has been
studied subsequently by a variety of authors. In 1970, Souter and Wood (/) measured
the far-infrared spectrum of acetaldehyde and combined their data with previous ro-
tational spectra to analyze the torsional potential. In 1976, the rotational spectrum
was extended in two ways by Bauder and colleagues. Bauder et al. (12) measured
spectra for the v, = 0 state up to 120 GHz in frequency and modified a program of
Woods (I3) to analyze the spectra and predict the frequencies of unmeasured transitions
through 250 GHz. In addition, Bauder and Giinthard (/4) measured and analyzed
low-frequency data involving the lowest five torsional states. From their data, they
were able to obtain significant information about both the torsional potential and
structural changes taking places during the torsional motion. To first order in pertur-
bation theory, their analysis is akin to the Kirtman analysis (9) incorporated into our
present approach. In 1978, Hollenstein and Winther (15) studied the far-infrared spec-
trum of acetaldehyde with higher resolution than had been obtained in the past. Most
recently, Petty et al. (16) have utilized their double resonance spectrometer together
with the discovery of numerous combination relations between measured frequencies
(6) to assign a large number of rotational lines of acetaldehyde at frequencies below
72 GHz in the lowest three torsional states. In addition to being studied in the labo-
ratory, acetaldehyde has been observed in interstellar space in the well-known Sgr B2
cloud near the center of our galaxy (I7, 18) and in the nearby cold dark clouds
TMC-1 and L134N (19).

The purposes of this paper are two-fold. We have measured a large number of new
rotational spectral lines of acetaldehyde in its first two torsional states at frequencies
up to 250 GHz. These lines are needed by radioastronomers working in the millimeter
region, because previous predictions based on lower frequency measurements are not
always sufficiently accurate for identification and detailed analysis. In addition, it is
of interest to determine whether our IAM analysis, previously utilized only for near
symmetric tops such as CH;OH and CH;SH, can fit the spectrum of a somewhat
larger internal rotor such as acetaldehyde to an accuracy approaching the experimental
measurement uncertainty (+50-100 kHz). Unlike the cases of methanol and methyl
mercaptan, the internal rotation in acetaldehyde is not as dominant an effect because
the oxygen atom off the symmetry axis of the methyl subunit is far heavier than the
off-axis H atoms of the earlier species studied. Previous treatments of the rotational
spectrum of acetaldehyde [see, e.g., Refs. (12, 14, 16)] have not been able to fit the
data to anything near the experimental uncertainty.

The remainder of this paper is organized as follows. The experimental details of
our measurements are discussed briefly in Section II. In Section III, we present the
theory used in our analysis of the data and how the spectral assignments have been
made. In Section IV, the results of our analysis are discussed and compared with
previous approaches in terms of goodness of fit and determination of the torsional
potential.

II. EXPERIMENTAL DETAILS

Most of the spectral line measurements of acetaldehyde reported in this paper have
been measured with a broadband millimeter-wave spectrometer briefly discussed pre-
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viously (5). In this spectrometer, radiation is produced by a YIG oscillator which is
used to drive a 26- to 40-GHz traveling-wave-tube amplifier. This amplifier in turn
drives a high-order harmonic generator. This method of generating millimeter waves
allows us to produce continuous frequency scans over large spectral regions and to
record the spectra automatically. A detailed description of this spectrometer is being
written as a section of a paper on new HNO; measurements (20).

III. THEORY AND SPECTRAL ASSIGNMENTS

The internal axis method used to analyze the data has been discussed in detail in
our previous papers on methanol (2) and methyl mercaptan (5). The Hamiltonian H,
which is an extended version of that used by Lees and Baker (6), is divided into three
terms:

H= Hrot + Htor + Hd—i ( 1)

which describe, respectively, the overall rotation of the molecule, the torsional motion
of the methyl group ~vis-a-vis the CHO end of the molecule, and the distortion and
interaction terms among various angular momenta. The separation between overall
rotation and torsional motion is not complete in that H,, does depend on P,, the
rigid body angular momentum component along the g axis, which in the IAM method
is not a principal axis of the molecule but rather is the symmetry axis of the methyl
subunit. Use of a nonprincipal axis system results in additional rotation constants; in
this case, a fourth constant D,, is added to the normal three constants 4, B, and C.

The Hamiltonian is diagonalized seriatim. First, H,,, is diagonalized via use of basis
functions consisting of products of free rotor torsional eigenfunctions and eigenfunc-
tions |K) of P,. The operator Hy,, connects different free rotor functions but does not
connect basis functions of differing |K), nor does it connect different symmetry com-
binations of the torsional basis functions designated by a quantum number ¢ = 0,
+1, and —1. The functions obtained from the initial diagonalization can be charac-
terized by the three quantum numbers K, v;, and o, where v, = 0, 1, 2, - - - is the
torsional quantum number. States with ¢ = 0 are labeled 4 while states with ¢ = 1
and —1 are labeled E. In general, energy differences between states of different v,
exceed differences between states of differing ¢ so that 4 and E designations are said
to refer to “substates.” Torsional 4 substates retain a =K degeneracy whereas for E
substates there is a degeneracy between ¢ = 1, K levels and ¢ = —1, —K levels. One
can thus refer to the torsional levels in E states with either ¢ = 1 or ¢ = —1 and the
use of both positive and negative K values, noting that there is a two-fold degeneracy.
In this work, we choose ¢ = 1. The destruction of the +K degeneracy in the E states
means that these torsional substates are quite different from states in normal asymmetric
tops where the +K degeneracy is broken only by off-diagonal terms of the rotational
Hamiltonian.

The torsional eigenfunctions |Kv,c) are themselves utilized in a product basis set
|JKv.o) defined by

|JKv0') = |JK )| Kvio) ?2)

to diagonalize the remaining two terms of the Hamiltonian for each value of Jand ¢
desired. Here J is the overall angular momentum quantum number and |JK> represents
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the remainder of the rigid body symmetric top rotational eigenfunction not utilized
in the torsional basis. Selected matrix elements off-diagonal in v, by up to two units
(Av, = 0, £1, +2) have been included (2, 5), although it is a strength of the IAM
approach that elements with |Av| > 0 are not very large. For a given value of J, the
dimension of the matrix involving rotation and distortion interaction matrix elements
1S [(2J + 1) X (U max T+ 3)] X [(2J + 1) X (Vg max + 3)] Where v, 4« is the highest torsional
quantum number needed in the analysis. The resulting large matrices seriously limit
the maximum J analyzable via this approach. Matrix elements of H,; and Hy_; are
listed in Refs. (2, 5).

The final eigenvectors and energies are characterized exactly by quantum numbers
J and o, and to a high degree of approximation by the quantum number v;,. The
quantum number K is only an approximate one for a variety of reasons having to do
with the rotational motion. In a normal asymmetric top, AK = *+2 matrix elements
of the rotational Hamiltonian destroy K as a “good’ quantum number. The rotational
levels can be characterized by a K_;, K, designation, where K_; and K, represent
the appropriate K eigenvalue in the prolate and oblate symmetric top limits, respec-
tively. Alternately, one can characterize the levels by an approximate |K| quantum
number and a parity quantum number (6). In internal rotors, use of the IAM approach
results as well in AK = *+1 terms resulting from the D,, rotation constant because of
the fact that the a axis utilized is not a principal axis. In acetaldehyde, these latter
terms are substantial because the a axis is approximately 25° from the normal principal
axis (12). A parity quantum number can still be used for states with 4 symmetry but
for states with E symmetry the fact that there is no longer a +K degeneracy due to
the torsional Hamiltonian means that parity is no longer a useful quantum number.

What is the best method of characterizing the torsional-rotational energy levels of
an internal rotor with regard to the quantum number K? The standard K_,, K.,
designation can still be used effectively in the presence of internal rotation even with
an IAM approach in the sense that the order of the energy levels for a given J, ¢ block
can be defined to follow the normal rigid asymmetric top ordering (7). An alternative
approach is to inspect the calculated eigenvectors and to label them via their most
appropriate K value, or, in the case of 4 states where rotation is needed to break the
+K degeneracy, via their |K| level and parity. In the past, the former approach has
been utilized for asymmetric tops with significant but not dominant internal rotation
effects such as acetaldehyde (12, 14, 16) and methyl formate (3, 4) whereas the latter
approach has been used for near symmetric tops such as methanol (2, 6) and methyl
mercaptan (5) with spectra that are dominated by torsional effects.

In this work, we have utilized a composite approach to state designation. For FE
substates, in which torsional effects are more pronounced, our program examines the
final eigenvectors and characterizes them by the K value (—J < K < J) of the most
significant basis function. For A substates, we have utilized a fixed ordering procedure
relevant to species without internal rotation because we have found such a procedure
suitable for the torsional quantum states (v, = 0, 1) involved in our data analysis and
because we have experienced some difficulty in devising an algorithm for examining
and labeling 100% of the states via the most significant basis function. (Part of the
difficulty is due to our use of the symmetry axis of the methyl group for the K quan-
tization). Because we have characterized the E levels via K and not via K_;, K, we
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also use such a characterization for the A levels. Here, however, the characterization
involves the absolute value of K and a parity quantum number of + or — where these
designations refer, respectively, to the linear combinations |J, K, v, ¢ = 0) = (—1)%|J,
—K, v, o = 0). The normal ordering of A4 levels for a given v, and J in terms of
ascending energy is taken to be K = 0, 1+, 1—, 2—, 2+, 3+, 3—, etc., based on our
previous studies and the great majority of the CH;CHO levels for which we can de-
termine a label. Note that the parity designations do not include contributions from
J and v, and therefore are not overall parities (6). The energy of E states of a given v,
and J increases with increasing |K| for the studied torsional states of CH;CHO although
the relative energies of +K and —K states depend on v,. Significant energy differences
between +K states exist even for high-K values where the + and — A4 levels are
degenerate.

With the above system of designating eigenvectors and energy levels, the strongly
allowed transitions for rotational quanta are

A E
Tt AJ=0; AK=0,1 AJ=0; AK==+1
Tt AT =1; AK=0, *+1 AJ=1; AK=0, *1

Since these designations are not exact, other transitions are allowed, such as K doubling
(AJ = 0; K <> —K) transitions in the E sublevels. In the analysis discussed here, the
transitions included all follow the above selection rules. Inclusion of other transitions,
some of which have already been measured and assigned, will necessitate an alteration
of the internal rotor program.

Assignments of spectral transitions have been facilitated by the earlier assignments
of numerous workers at lower frequencies. Originally, it had been hoped to study
millimeter-wave transitions involving more than just the two lowest torsional states.
However, transitions in torsional states with v, = 2 appear to be significantly less
regular and more difficult to treat via our IAM technique; despite the inclusion of
more parameters such as a Vy term in the torsional potential [see Eq. (3) below], we
have experienced difficulties in extending the earlier work of Bauder and Giinthard
(14) and Petty (16) for v, = 2 to significantly higher frequencies and rotational quantum
numbers. (Least-squares fits involving our millimeter data and earlier data through
v, = 3 result in root-mean-square deviations on the order of 4 MHz, far worse than
our fit to the v, = 0.1 data.) The data set analyzed here thus consists of transitions in
the 4 and E sublevels of the v, = 0 and 1 torsional states only. We have included 562
lines with J < 12 and K < 10, 335 of which derive from v, = 0 and 227 of which
derive from v, = 1. All lines with frequencies above 96 GHz were measured at Duke;
lines below this frequency were measured mainly at Manchester (/6), while some lines
were taken from earlier data (12, 14). Microwave lines involving higher J have recently
been reported by Liang et al. (23) but are excluded from our fit due to the size of the
matrices needed to analyze them. Assignments have been confirmed by combination
relations wherever possible and by error curve techniques; misassignments have been
checked for exhaustively and, given the excellent fit to the data discussed below, prob-
ably eliminated. Some tentatively assigned higher K, a-type, v, = 1 transitions have
been rejected based on these techniques.
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TABLE 1

Acetaldehyde 4 Transitions

303

VIOR SIGMA J° K~ P° J" K" P" FREQUENCY(M'EZ) RESIDUAL(MHZ) VTOR SIGMA J” K~ P~ J" K" P FREQUENCY(HKZ) RESIDUAL{(MHZ)
0 0 1 1 -<- 10 + 47820.992 0.537 0 0 8 4 +<— 7 & +  154201.246 -0.624
0 0 1 1 -<- 11 + 1065.070 0.008 0 0 8 4 -<— 7 4 -  154201.246 -0.068
1 0 11 -<—= 10 + 38977.640 0.083 0 0 8 5 +<—- 7 5 + 154161.562 -0.361
0 0 1 0 +#<- 0 0 + 19265.160 0.031 0 0 8 5 -<— 7 5 -  154161.562 -0.364
1 0 10 +<- 0 0 + 19225.550 -0.103 0 0 8 6 +<=— 7 6 + 154147.144 -0.219
0 0 1 1 +<— 0 0 + 66020.820 0.299 0 0 8 6 -<— 7 6 - 154147.144 -0.219
1 0 1 1 +<-—- 0 0 + 57233.650 0.084 0 0 8 T +€=e T T 4+ 154145.469 ~0.141
0 0 21 -<-= 21 + 3195.170 0.050 0 0 8 7 -<- T T - 154145.469 -0.141
0 0 2 2 -<—- 2 1 + 143313.332 0.336 1 0 8 0 +<- 7 0 + 152318.695 -0.228
1 0 21 -<- 20 + 39999.740 -0.065 10 8 1 +<- T 1 +  149686.988 -0.374
0 0 2 0 +<- 1 0 + 38512.070 0.006 10 8 1 -<—= T 1 - 157416.375 -0.716
0 0 2 1 +#<— 1 1 + 37464.170 ~0.049 10 8 2 +<—- T 2 +  155472.597 -0.647
0 1] 2 1 -<¢—- 1 1 = 39594,270 -0.007 1 4] 8 2 -<e= 7 2 - 153970.078 -0.340
1 0 2 0 +<—- 1 0 + 38432.610 -0.188 1 0 8 3 +<—- T 3 + 154676.703 0.024
1 0 21 +<- 11 + 37515.340 -0.089 10 8 3 -<—- T 3 -  154730.656 0.021
i 0 21 -<¢- 11 - 39454.710 -0.336 10 8 4 +<-—- T 4 +  154759.269 0.898
0 0 20 +<- 1 1 + -8243.440 -0.112 1 0 8 4 -<—- T 4 -  154759.269 1.547
0 0 3 2 -<— 3 1 + 144918.695 0.248 10 8 6 +<-- T 6 +  154577.164 1.381
0 0 3 3 -<— 3 2 + 23584.164 0.460 10 8 6 -<—- T 6 -  154577.164 1.381
0 0 3 0 +#<—- 20 + 57722.670 0.020 10 8 T +<=- T T +  154337.324 -0.534
0 0 3 1 +#<— 21 + 56184800 0.039 1 0 8 7 -<—- T T -  154337.324 -0.534
0 0 31 -<- 21 - 59379.820 0.331 0 0 8 1 +<-- T 0 + 183633.910 -0.100
0 0 3 2 +#<— 2 2 + 57862.100 -0.089 0 0 8 1 -<—- T 2 - 30941.260 0.313
0 0 3 2 -<—- 2 2 - 57790.410 0.198 10 8 1 +#<-- T 0 +  176803.925 -0.161
1 0 3 0 +<—- 20 + 57602.850 -0.194 0 0 9 1 -<— 9 1 « 47731.136 0.812
I 0 31 +<- 21 + 56260.610 0.011 0 0 9 2 -<-= 9 1 +  166104.240 0.205
1 0 3 1 =<e= 21 = 59170.440 -0.183 0 0 9 3 -<%-- 9 2 4 231716.879 -0.121
1 0 3 2 -—<= 2 2 - 57837.850 0.136 0 0 9 3 +<- 9 2 -  237319.286 -0.694
0 0 30 +<- 21 + 12015.000 -0.103 10 9 2 -<-= 9 1 + 143378.560 -0.843
0 0 3 2 -<-= 2 1 - 197908.420 0.332 10 9 3 -<-- 9 2 +  207526.230 0.339
0 0 4 1 -<— & 1 + 10648.430 0.147 1 0 9 3 4+<== 9 2 - 213244 .677 -0.017
0 0 4 2 - <= 4 1 + 147065.758 0.338 0 0 9 0 +<== 8 0 «+ 171296.970 0.230
0 0 4 3 -<—- 4 2 +  235550.094 0.473 6 0 9 1 +<=-- 8 1 +  168093.480 0.193
0 0 4 3 +<—- & 2 -  235818.410 0.437 0 0 9 1 -<- 8 1 -  177583.600 0.307
0 0 4 0 +<—= 3 1 + 32709.190 -0.062 0 0 9 2 -<-- B8 2 -  173025.580 0.224
0 0 4 1 +<—= 3 2 + -70117.29 ~0.551 0 0 9 3 +<-- 8 3 + 173594.970 -0.102
1 0 4 0 +<—- 3 1 + 40969, 520 -0.748 4] "] 9 3 ~<-= 8 3 - 173682.410 -0.180
0 0 51 -<- 51 + 15968.450 0.200 0 0 9 4 +<- 8 4 s+  173502.640 -0.242
0 0 5 2 -<— 5 1 + 149759.094 0.278 0 0 9 4 -<—- 8 4 -  173501.150 ~0.399
0 0 5 3 - <-- 5 2 + 235289.309 0.427 0 4] 9 5 +<-= 8 5 + 173445 .560 -0.463
0 0 5 3 +<- 5 2 -  235911.873 0.202 0 0 9 5 -<- 8 5 -  173445.560 -0.473
1 0 51 -<- 51 + 14549.240 -0.706 0 0 9 6 +«<- 8 6 +  173423.190 -0.384
0 0 51 -<— & 1 - 98900. 940 0.064 0 0 9 6 -<- 8 6 -  173423.190 -0.384
0 0 5 2 -<—- 4 2 - 96274.300 -0.005 0 0 9 7 +<—- 8 T + 173418.750 0.781
0 0 5 3 +<—- 4 3 + 96368.020 0.017 0 0 9 7 -<-- 8 T -  173418.750 0.7M
0 0 5 3 -<—— 4 3 - 96371.530 -0.478 10 9 0 +#<-- 8 0 +  170953.030 -0.148
0 0 5 4 +<— 4 & + 96343.260 -0.364 10 9 1 +<- 8 1 + 168290.040 -0.398
0 0 5 &4 -<—= 4 4 - 96343.260 -0.351 1 0 9 1 =<K= 8 1 - 176956.150 -0.404
1 0 5 2 -<-—- 4 2 - 96347.560 -0.419 1 0 9 2 +<-—- 8 2 + 175225.880 -0.662
0 0 5 1 +<—- 4 0 + 135763.400 0.053 10 9 2 -<-— 8 2 -  173125.760 -0.508
0 0 5 2 -<-= 4 1 - 232691.370 -0.072 1 0 9 3 +<-- 8 3 4+ 174043.070 -0.222
0 0 51 -<- &4 2 -  -37516.360 -0.099 10 9 3 -<-- 8 3 -  17H141.260 -0.200
0 0 6 1 -<- 6 1 + 22345.900 0.292 1 0 9 4 +<w 8 4 + 174130.820 1.038
0 0 6 2 ~<=— 6 1 +  153004.351 0.280 10 9 4 -<- 8 4 - 174129.200 0.967
0 0 6 3 -<—- 6 2 + 234842.894 0.335 1 0 9 5 #+<-- 8 5 + 174078.460 1.692
0 0 6 3 +<— 6 2 - 236078.870 -0.072 1 0 9 5 -<-= 85 « 174078.460 1.681
1 0 6 2 -<— 6 1 + 130523.055 -0.511 10 9 6 +<-- 8 6 +  173909.190 1.235
0 0 6 1 +<= 50 + 152048.58 -0.068 : 9 9 6 -<-= 8 6 -  173909.190 1.235
0 0 6 1 +<-- 5 2 + =-38138.440 -0.188 1 g 9 7 +<-- B8 7 +  173636.250 -0.603
0 0 6 1 -<-—- 5 2 -  -15164.48 0.033 0 0 9 7 -4~ 87 - 173636.250 -0.603
1 0 6 1 +<— 5 0 + 144352.783 -0.084 9 1 +<¢-- 8 0 +  199092.190 ~0.100
0 0 7 2 —<—= 7 1 + 15806.930 0.197 0 0 90 +<- 8 1 +  140298.340 0.603
0 0 7 3 -<- 7 2 + 234144.480 0.017 0 0 9 2 +<- 83 + -57T946.430 0.113
0 0 7 3 +<— 7 2 -  236347.801 -0.176 0 9 1 +<e- 8 0 +  192775.408 -0.193
1 0 7 2 -<— 7 1 + 134255.915 -0.601 10 9.0 «+<- 8 1 4+ 146467.880 -0.135
0 0 71 -<- 6 1 - 13819.7% 0.278 0 0 10 1 -<-- 10 1 +  58221.460 1.025
0 0 7 2 +<- 6 2 + 135%85.39 -0.151 0 0 10 2 -<e= 10 1 +  171605.950 0.193
[VR] 7 3 +#<= 6 3 + 134963.330 -0.133 0 0 10 3 -<e- 10 2 +  229860.914 -0.468
0 0 7 3 -<=— 6 3 -  134987.260 -0.185 0 0 10 3 +<-- 10 2 -  238092.283 -1.044
0 0 7 4 +<— 6 4 +  134908.5% -0.466 10 10 2 -<-= 10 1 +  148763.883 -0.898
0 0 7 & =< 6 & -  134908.5%0 -0.264 10 10 3 -<-= 10 2 +  206050.030 0.58
1 0 7 2 +<—= 6 2 +  135804.420 -0.568 10 10 3 +<-- 10 2 -  214409.326 0.293
1 0 7 6 +<- 6 6 + 135248.09% 1.326 0 0 10 0 +<-- 9 0 +  189839.047 0.353
1 0 7 6 -<—= 6 6 - 135248.090 1.326 0 0 10 1 +<-- 9 1 +  186648.222 0.273
0 0 7 1 +<—- 6 0 + 167980.420 -0.189 0 0 10 1 -<-- 9 1 -  197138.486 0.426
1 0 7 1 +<- 6 0 + 160689.072 -0.186 0 0 10 2 +<-= 9 2 +  194928.220 0.132
0 0 8 1 -<- 80 + 69239.760 0.440 0 0 10 2 -<-- 9 2 - 192149.951 0.280
0 0 8 1 -<- 81 + 38241.070 0.752 0 0 10 3 +<-- 9 3 + 192923.025 0.007
0 0 8 3 -<— 8 2 + 233124.965 -0.125 ¢ 0 10 3 -<-- 9 3 - 193072.318 -0.153
0 0 8 3 +<— 8 2 - 236749.754 -0.510 0 0 10 4 +<-- 9 L4 +  192812.939 -0.35
1 0 8 2 -<- 8 1 + 138538.866 ~0.706 0 0 10 4 -<-- 9 & - 192810.156 -0.244
1 0 8 3 +<- 8 2 - 212327.119 -0.551 0 0 10 5 +<- 9 5 +  192734.560 -0.453
0 0 8 0 +<—- 7 0 + 152635070 0.062 0 0 10 5 -<- 9 5 - 192734560 -0.480
0 0 8 1 +<— 7 1 +  149507.547 0.185 0 0 10 & +<-- 9 6 + 192702.392 -0.141
0 0 8 1 -<- 7 1 - 15974.707 0.340 0 0 10 6 -<-- 9 6 - 192702.392 -0.14
0 0 8 2 +<— 7 2 +  155342.105 -0.022 0 0 10 7 +<-- 9 7 + 192692.138 0.250
0 0 8 2 -<—- 7 2 - 15872.7% 0.158 0 0 10 7 -<-= 97T - 192692.138 0.250
0 0 8 3 +<— 7 3 + 154274.719 -0.164 6 0 10 8 +<-- 9 B +  192690.185 0.140
0 0 8 3 -<— 7 3 - 154322.422 -0.332 Y 0 10 8 -<-- 9 8 - 192690.185 0.140
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TABLE I—Continued

VIOR SIGMA J' K' P' Jn K Pr FREQUENCY(MHZ)  RESIDUAL(MHZ) VTOR SIGMA J' k' P' Jn K" P"  FREQUENCY(MHZ) RESIDUAL(MHZ)
0 0 10 9 +<=—- 9 9 + 192688.037 0.219 1 o 11 3 - 3 - 213057.919 -0.553
0 0 10 9 -<-- 9 9 -  192688.037 0.219 10 1 b+ 4 o+ 212902.207 0.350
1 0 10 0 +<-- 9 0 + 189478.078 -0.158 1 0 11 4 - 4 - 212895.712 0.483
1 0 10 1 +<- 9 1 + 186861.187 -0.446 1 0 11 5 + 5 +  212806.943 1.421
10 10 1 -<-—- 9 1 -  196442.080 -0.176 10 115 - 5 - 212806.943 1.345
1 0 10 2 +#<- 9 2 +  195057.831 -0.68 o0 16 . 6 +  212584.072 0.921
10 10 2 -<=- 9 2 -  192250.361 -0.650 10 116 - 6 -  212584.072 0.921
1 0 10 3 +<- 9 3 +  193414.990 -0.360 10 1N T + T o+ 212281.747 -0.317
10 10 3 -<-- 9 3 -  193581.689 -0.384 10 1T - T - 212281.747 -0.317
10 10 4 +<- 9 4 +  193511.230 0.666 0 0 11 0 + 1+ 183662.750 0.90%4
10 10 4 -<—-= 9 4 -  193507.958 0.731 0 0 12 4 + -

10 10 5 +<— 9 5 +  193439.892 1.709 10 11 . ST agosam S
1 0 10 5 =<=—= 9 5 - 193439.892 1.678 1 0 11 0 « 1+ 188697.793 0.487
10 10 6 +<—= 9 6 +  1932W4.775 1.143 0 0 12 2 - 1+ 184319.59 0.512
10 10 6 -<-- 9 6 -  193284.775 1.3 0 o0 12 3 - 2 & 220657.086 -0.854
1 0 10 7 +<4—- 9 7 +  192937.771 -0.408 0 0 12 3 + 2 - 240399.656 -1.971
100 10 7 ~<== 9 T -  192937.771 ~0.408 10 12 3 - 2 +  201825.240 -0.014
0 0 10 0 +<—- 9 1 + 162043.810 0.666 1 0 12 3 + 2 - 217628.668 0.221
0 0 10 1 +<-= 9 2 + 14766.200 0.652 ¢ 0 12 0 + 0 +  226592.710 0.469
0 0 10 1 +<-- 9 2 + 14766.200 0.652 0 0 12 1« 1+ 223660.420 0.231
0 0 10 2 -<-- 9 3 -  -45344.960 0.734 0 0 121 - 1 - 236049.150 0.727
1 0 10 1 +<-= 9 0 + 208683.310 -0.745 0 0 12 2 + 2+ 234825.830 0.228
1 0 10 0 +<-= 9 1 +  167655.880 0.066 ¢ 0 12 2 - 2 - 230301.880 0.587
o 0 11 2 - 1+ 177678.411 0.462 0 0 12 3 + 3+ 231595.180 0.092
o 0 11 3 - 2+ 227514.359 -0.839 0o 0 12 3 - 3 - 231968.420 0.076
0 0 11 3 + 2 - 239106.297 -1.535 0 0 12 4 4 4 4+ 231467.490 -0.146
10 113 - 2 4+ 204151.900 0.614 0 0 12 4 - 4 - 2311456.800 -0.065
0 0 11 0 + 0 +  208267.019 0.368 0 0 12 5 + 5 +  231329.700 -0.129
0 0 11 1 + 1 +  205170.650 0.278 0 0 12 5 - 5 - 231329.700 -0.284
o 0 11 1 - 1 - 216630.146 0.460 0 0 12 7 4 7 +  231244.980 0.24

0 0 11 2 + 2 +  214844.951 0.067 0 0 12 7 - T - 231284.980 0.241
0 o 11 2 - 2 - 211243.095 0.501 0 0 12 8 «+ 8 +  231235.170 0.530
0 0 11 3 + 3 +  212257.128 0.029 0 0 12 8 - 8 - 231235.170 0.530
o 0 11 3 - 3 - 212498.583 -0.117 0 0 1210 +<-- 1110 +  231212.660 -0.661
0 0 11 4 + 4+ 212134.130 -0.252 0 0 1210 -<-- 1110 -  231212.660 -0.661
o 0 11 4 - 4 - 212128.368 -0.256 10 12 0 +<- 11 0 +  226241.760 -0.111
0 0 11 5 + 5 +  212029.150 -0.285 10 12 1 +<-= 11 1 +  223906.390 -0.628
o 0 1 5 - 5 - 212029.150 -0.352 10 12 1 -<=- 1 1 - 235217.820 0.453
0 0 11 6 + 6 +  211984.326 -0.220 10 12 2 +<-- 11 2 +  234902.930 -0.327
0o 0 11 6 - 6 -  211984.326 -0.220 10 12 2 -¢-= 11 2 -  230395.170 -0.496
0 0 11 T + 7 + 211967.626 0.217 1 0 12 3 + <= 11 3 + 232165.470 =0.722
o 0 M 7 - T - 211967.626 0.217 10 12 3 -<-= 11 3 -  232576.380 -0.845
0 0o 11 8 + 8 + 211962.304 0.372 1 0 12 4 +<—- 11 4 + 232304.990 0.078
o 0 11 8 - 8 -  211962.304 0.372 10 12 4 -<-- 1 4 - 232292.780 0.200
0 0 11 9 + 9 +  211957.568 0.383 10 12 5 +<-- 11 5 +  232180.250 1.003
o 0o 19 - 9 -  211957.568 0.383 10 12 5 -<-= 11 5 -  232180.250 0.830
0 0 1110 +<=- 1010 +  211945.947 -0.706 1 0 12 6 +<== 11 6 +  231927.500 0.668
0 0 1110 =<-= 1010 -  211945.947 -0.706 10 12 6 -<-- 11 6 -  231927.500 0.670
10 11 0 +#<-- 10 0 +  207903.066 -0.059 1 0 12 7 +<e= 11 T +  231548.550 -0.176
10 1 1 +<-= 10 1 +  205399.988 -0.451 10 12 7 =<-= 11 7 -  231548.550 -0.176
1t 0 1 1 -<-- 10 1 -  215865.810 0.227 0 0 12 0 +<=-= 11 1 +  205084.660 0.945
: g 1: g 4= 10 2 4+ 21h956.123 -0.531 10 12 1 +<-= 11 0 +  240608.634 -1.517

- <K-= 10 2 -  211341.160 -0.555 T 0 12 0 +¢-= 11 1 + 20 K .
10 11 3 +<—— 10 3 +  212790.126 -0.478 939644 0906

IV. RESULTS

The experimental lines fit by our analysis to the v, = 0, 1 data are included in Tables
I (4 lines) and II (E lines) along with their residuals (observed — calculated frequencies).
The overall root-mean-square deviation of the fit was found to be 685 kHz and was
obtained by varying 23 parameters. The parameters determined by this procedure are
listed in Table III and have been defined in previous references (2, 5, 16). We have
also run a fit of the v, = 0 data alone and obtained a root-mean-square deviation of
269 kHz by varying 12 parameters. Parameters obtained from this fit are also listed
in Table IIL. A fit tc the v, = 1 data alone was less successful and resulted in a root-
mean-square deviation of somewhat over 1 MHz. Fits to data from individual tor-
sional states were most useful in weeding out bad data. Although our fits still do not
approach experimental uncertainty, they represent a considerable improvement over
past treatments.

Some of the results of our analyses can be compared with the results of previous
workers although many of the parameters obtained by this approach are not directly
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VIOR SIGMA J* K' P* J" K" P"  FREQUENCY(MHZ)  RESIDUAL(MHZ) VTOR SIGMA J® K' P' J" K" P"  FREQUENCY(MHZ)  RESIDUAL(MHZ)
[} 1 -1 e Cee 1 0 -- 45896 .576 -1.094 1 108 8 -2 -—  240727.254 -0.352
11 1 -1et- 1 0a- 69339.690 -0.093 118 8 2--  245328.563 -0.906
1 1 1 1eedem 1 0-- 32106.040 -0.779 [ 7 -7 --  154131.375 -0.628
0 1 1 0e=<== 0 0-- 19262.160 -0.043 [ 7T -6 -~  154151.988 -0.257
1 1 1 0e=<= 0 0 19268.170 -0.120 0 1 8 7 -5 == 154182.906 0.088
[ 11 cm <= 0 0-- 65159.600 -0.272 o 1 8 7 -4 -=  154229.801 0.286
[ 1 1em<ee 0 0-- 67009.470 0.461 o 1 8 T -3 --  154322.422 0.496
0 1 22 a-<e= 2.1 --  141130.496 -0.544 o 1 8 7 -2 --  154026.765 0.074
0 1 2-1-=¢K-= 2 0-- 45077.120 -1.236 [ 8 T -1 --  149505.238 0.073
1 1 21 cade- 2 0-- 69470.310 0.065 o 1 8 T 0--  152607.625 -0.143
1 1 2 1e=d= 2 0 -- 32212.280 -1.086 0o 1 8 T 1--  157937.754 -0.321
0 1 21 emKem 1] -- 37687.010 0.171 [ 8 T 2--  155179.644 -0.292
0 1 2 0e-<Kew 1 0-- 38506.050 -0.104 [ 8 T 3 --  154296.566 -0.233
0 1 - BER ST e 39362.490 -0.351 o 1 8 T 4§ am 154216.730 0.006
1 1 R I 38653.490 0.033 [ | 8 7 5--  154188.543 0.265
1 1 2 0e=Cem 1 0 -- 38522.790 -0.205 0 1 8 7 6 ==  154173.976 0.424
1 1 2 1 amlem 1] aa 38629.640 0.098 1 1 8 T =5 —= 154224 ,187 1.892
0 1 2 0= <Ko= 1-1-- ~7391.290 0.226 1 18 T -8 == 154018.453 0.543
0 1 2 0-=<= 1 1= -9241.540 -0.887 1 1 8 7 -3 - 154051.234 0.089
1 1 2 0= <e= 1 -1 - ~30816.880 -0.092 1 1 8 T =2 == 154482.965 -0.108
1 1 2 1K= 1 0-- 70735.320 -1.041 1 1 8 7 -1 - 156952.199 -0.338
0 1 3-3.e-<e- 3-2--  234469.387 -0.340 1 108 7 0--  152936.590 -0.692
0 1 3-2--<-= 3 -1a-  142693.941 -0.658 1 1 8 T 1--  151242.246 -0.472
0 1 3 3a-<-= 3 2 234242.101 0.432 1 1 8 T 2--  155195.871 -0.340
1 1 3 clec<em 3 0-- 69808.440 0.538 1 1 8 7 3 --  154705.804 0.236
1 1 3 1eede- 3 0-- 32267.480 -0.802 1 18 T 4= 154392.750 0.334
0 1 320 gee 222 - 57828.960 0.201 1 18 T 6 --  153912.183 0.811
0 1 3 el em ee 221 am 56265.250 0.051 [ 8 T 0--  183217.160 0.561
0 1 3 0e-Kem 2 0-- 57713.490 -0.151 1 1 8 7 0--  180927.587 -0.217
0 1 3 1-edem 2 1-- 59285 .680 -0.034 o 1 9 9 -2 -~ 235320.950 0.358
0 1 3 2a-Kee 2 2 - 57819.970 -0.092 0 1 9 9 -1 - 164727.070 -0.173
1 1 3 =2 o= Kmm 222 -- 57801.100 -0.072 0o 1 9 9 2--  231114.258 0.448
11 3 el mm Cem 2 21 - 58087.820 0.144 1 19 9 -2 == 240143.254 -0.040
T 01 3 1e=Kem 2 1= 57804.810 -0.125 1 109 9 -1 -~ 149960.693 -3.312
1 1 3 2acCe- 2 2-- 58023.760 0.102 1 19 9 1 --  155167.0%0 1.023
0 1 3 -2--<-= 2-1-=  198959.200 -0.599 1 19 9 2 --  244723.691 -0.106
0o 1 3 0 wm Kem 21 - 12635.230 -0.055 o 1 9 8 -8 -~ 173388.230 -0.867
0 1 3 0e=<Kem 2 1= 9109.970 -0.177 0 1 9 8 -7 --  173402.540 -0.428
0 1 3 2--<e= 2 1=  197763.980 ~0.114 o 1 9 8 -6 -~ 173429.050 -0.303
1 1 3 0a=<em 2 1 -- 25537.160 0.507 [ 9 8 -5 —-  173469.920 0.115
0 1 4 a3 --<e- 4 -2 234437.949 -0.399 o 1 g 8 -4 -~ 173534.180 0.275
0 1 B =2 - e Ut - 144806.238 -0.574 o 1 9 8 -3 ——  173663.480 0.298
0 1 4 3ea<e- 4 2--  234198.426 0.072 0o 1 9 8 -2 -=  173124.000 -0.078
1 1 Bl ceCee 4 0 -- 70516.950 0.549 o 1 9 8 -1 --  168088.650 0.039
1 1 4 1 =<K= B 0 -- 32155.680 -0.468 0 1 9 8 0 171265.500 -0.057
0 1 0en<= 3] am 33236.470 -0.255 [ 9 8 1 177543.370 -o.uzg
0 1 5.3 <ee 52—  234396.86 0. 0 1 9 8 3 -~  173638.120 -0.23
0 1 520w 5oy - ,27$§6‘663 _3.;32 [ 9 8 4 --  173519.040 -0.057
[ | 5 3 - <= 5 2--  234091.226 0.131 o 1t 9 8 5 --  173475.980 0.330
1 1 5 1 ma<ee 5 Q0 a- 31749.880 -0.071 0 1 9 8 6 -- 173453.470 0.3%0
0 1 5 =l em Ko H ool e 96360.740 0.053 0 1 9 8 7 -- 173434.860 0.205
0 1 523 acdem 4 -3 aa 96384 .420 0.123 o 1 9 8 B8 --  173414.700 -0.375
0 1 5 1 eedee 4 1o 98863.420 -0.249 1 19 8 -5 --  173509.200 2.139
0 1 5 3 e-<dee 4 3o- 96368.020 -0.620 1 19 8 -4 -~ 173289.790 0.751
? : 5 4 - <ee : LI 96353.170 -0.074 1 1 9 8 -3 — 173351.000 0.182

5 1 == <o -1 - 97335.870 -0.244 1 19 8 -2 1 .050 -0,
1 1 5 2eadem 4 2. 96800.190 -0.105 1 19 8 -1 - 1;2332.220 -?.8?9(
0 1 5«1 —= &e= 4 0 -- 135282.620 -0.159 1 1 9 8 0 - 171686.570 -0.809
0 1 5 2a-<e= 4 1-- 232981.310 0.664 1 1 9 1 8 1--  169630.810 -0.523
0 1 6-3--<- 6-2-- 234385.765 -0.181 Tt 9 2--<ee 8 2o 174706.790 -0.641
0 1 6 -2--<- 6-1--  151167.222 -0.274 1 T9 3--<= 8 3. 174102.290 0.531
0 1 6 3a=-<e- 6 2--  233845.390 0.224 1 19 Hew<e- 8 ¥ --  173719.530 0.521
1 1 6 -3--<- 6-2-- 241477.039 -0.575 o1 9 5--<- 8 5. 173383.7M0 0.526
1 1 6 1--<—- 6 0-= 30943.900 0.238 0 1 9-3--<e- 8-k -155088.150 1.254
1 1 6 3--<—- 6 2-- 246191437 -2.012 0 1 9 0--<- 8-1--  140655.940 -0.787
0 1 6 -1e-=<-= 52— -35472.150 0.344 0 1 9-1--<- 8 0--  198698.100 0.659
0 1 6-1--¢- 5 0--  151590.000 0.292 0 1 9 2--<- 8 3. -57476.080 -0.626
0 1 6 1e-<em 5 2 -15525.100 -0.470 1 19 1< 8 0--  197621.728 ~0.127
1 1 6 1e-<e= 5 0--  146055.927 -0.631 1 19 0--<-= 8 1--  143695.537 -1.320
0 1 T =3 == Cee T =2 == 234486.470 0.217 0 110 -3 == == 10 -2 -- 236133.202 0.951

e 0 1 722 a-Kee T -1a--  155170.047 -0.202 0 1 10 3 --<e= 10 2 --  229258.004 0.768
0 1 T 3e-de= T 2--  233381.707 0.333 1 110 -3 == == 10 -2 —-  239353.376 0.507
1 1 7 =3 am Com T =2 - 241158.980 -0.554 1 1 10 =2 == K== 10 =1 == 146814.599 -2.019
1 1 7 3a-de- T 2a--  245818.531 -1.580 1 1 10 2 -x <= 10 1 --  161365.480 0.670
0 1 T =l == Cem 6 -4 —- 134933.400 0.212 1 1 10 3 = <= 10 2 -- 284031.191 0.544
0 1 7 -3 a-<e= 6-3--  134996.000 0.143 0 1 10-9 —— <= 9 -9 -m  192651.513 -0.843
0 1 T 1 w=Cee 6 1 == 138284880 -0.506 0 1 10 -8 == <= 9 -8 ~= 192656.298 ~0.863

oo 1 T 2 === 6 2= 135476.6 80 -0.491 0 110 =T == <= 9 =T -= 192674.853 =0.65
0 1 7 3ee<em 6 3--  134973.050 -0.330 0 1 106 - <== 9 -6 -  192709.033 -0.271
0 1 T Baeoo 6 4 em 134922.260 -0.029 0 1 10 =5 == €= § =5 - 192761.962 0.190
0 1 7T 5--<-- 6§ 5-=  134905.470 0.226 0 1 10 =M —- <—= 9 -4 - 192847.802 0.428
1 1 7 <5 e-<em 6 -5 == 134941.360 1.553 0 1 10-3 --<ee 9.3 - 193019.287 0.432
T 1 T =2 = <e= 6 -2 --  135083.150 -0.300 0 1 10 =2 == <= 9 -2 -=  192207.244 0.049
1 1 7 0--<e- 6 0--  134075.390 -0.663 O 1 10 -1 == <== 9 =1 —=  186641.281 0.091
1 1 T 2--<-= 6 2--  135700.820 -0.158 0 1 10 0--<-= 9 0--  189803.812 0.029
1 1 T 3 el 6 4 - 135074.800 0.336 0 1 10 1 o= <em 9 1 - 197094 .462 -0.270
1 1 7T 1-=<-- 6 0--  163760.634 -0.505 0 1 10 2--<-= 9 2--  194859.611 -0.28
0 1 B3 a-<e- 8-2--  234781.600 0.112 0 1 10 3 --<e- 9 3 -  193002.978 -0.34
0 1 8 3 --<- 8 2-- 232458.590 0.353 0 1 10 4 - <= 9 4 - 192830.517 0.097
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TABLE II—Continued

VTOR SIGMA J' K' P! ge k" p®  FREQUENCY(MHZ)  RESIDUAL(MHZ) VTOR SIGMA J' K' P! Jw K" pv  FREQUENCY(MHZ)  RESIDUAL(MHZ)
01 9 5--  192768.212 0.314 11 112 —= < 10 -2 --  213071.005 -0.163
o 1 9 6 --  192736.376 0.895 11 111 —= <= 10 -1 - 216294.726 -1.702
0 1 9 7 --  192711.083 0.462 11 11 0--<- 10 0--  208842.851 -0.903
0o 1 9 8 --  192685.790 -0.308 11 11 1--<e- 10 1 --  206398.076 -0.6%6
o 1 9 9 --  192660.790 -1.273 11 11 2 --<-= 10 2--  213672.900 -1.431
11 9 -5 --  192796.923 2.447 11 11 3 --<-— 10 3 --  212957.802 -0.455
LI 9 -4 --  192568.310 1.173 11 11 Ham<—- 10 4 --  212403.085 0.605
1 1 9 -3 -- 192667.138 0.613 0 1 11 0 = <== 10 -1 —- 183958.370 -0.78
1 9 -2 --  193456.884 -0.066 0 1 11 2--<e= 10 3 --  -14456.900 -0.752
1 9 -1 -=  196602.900 ~1.437 11 11 1 --<—- 10 0--  230024.072 0.139
1 9 0--  190321.337 -0.894% 11 11 0--<¢- 10 1--  185216.826 -1.767
1 9 1--  188012.197 -0.718 0 1 12 -3 .- < 12-2 - 238677.098 1.492
1 9 2 --  194210.654 -1.054 0 1 12 -2 -= <—= 12 -1 == 183070.769 0.145
1 9 3 --  193518.310 -0.249 11 12 =3 == <== 12 =2 == 236837.011 2.897
1o 9 4 --  193055.716 0.385 11 1222 «- G- 12 -1 == 140509.765 1.159
0 1 9 -1 - 162371.090 -0.809 1 112 2 em em 12 1 - 176900.530 -1.074
o 1 9 0--  214073.955 0.881 11 12 3--¢- 12 2 242689.610 2.475
(I 9 0 --  213947.314 -0.078 11229 = <= 11 -9 == 231183.560 -0.843
1 9 1--  164386.269 ~1.485 0 1 12-8--¢- 11-8-- 231195.320 -0.515
o 1 237244.090 1.206 0 1 12T - K- 1127 -- 231225450 -0.529
0o 1 176404.918 ~0.154 0 1 126 -- <= 11 -6 - 231279.060 0.070
o 1 226857.714 0.481 0 1 125--<-- 115 -~ 231363.290 0.433
o 238283.962 1.584 0 1 12 oo Kem 11 - o- 231506.410 0.804
1o 143590.781 -0.577 0 1 12-3--¢-- 11 -3 - 231748.890 0.759
1 16310, 280 Y 0 1 1222 - <= 11 -2 == 230315.740 0.331

- . 0 1 12 -1 == <== 11 -1 -=  223649.880 0.024
1 243316.100 1.527
0 1 211921.084 -0.664 0 1 12 0 <= 11 0~ 226551.591 0.210
0 1 211917.529 -0.752 0 112 1 = <== 11 1 --  235996.190 -0.029

N : 0 1 12 2--<e= 11 2  234795.460 -0.212
0o 1 211925.244 -0.802
o 1 211949.218 -0.565 0 1 12 3--<- 11 3 - 231847.620 0.033
o1 211992.236 -0.177 0 1 12 B —<-— 11 b - 231484.200 0.189
o 1 512059.521 0,250 0 1 12 5 --<em 11 5 o=  231369.740 0.541
0 1 212171.435 0.495 0 1 12 6--<-- 11 6--  231310.460 0.738
0o 1 212384.726 0.517 0 1 12 Te=<e= 11 7--  231267.640 -0.207
[ 211273.759 0.182 0 1 12 9--<e= 11 9--  231195.320 -1.30
o 1 205161.904 0.150 0 1 1210 --<-- 1110 --  231166.860 -2.108
o 1 2082281480 0.034 11 12 b —- <—— 11 -4 - 231150.210 2.099
0 1 216581.904 -0.184 1 112 -3 «= <e= 11 -3 --  231357.290 1.159
0o 1 214800.830 ~0.258 11 12 =2 —- <=- 11 -2 - 232804.110 -0.286
0 1 212400.888 -0.197 1 112 =1 == <== 11 =1 —=  235885.210 -1.937
0o 1 212151.855 0.129 11 12 0--<-—= 11 0--  227259.030 -0.952
0 1 212066.064 0.497 1 1 12 1 e Ko 111 -- 224788.330 -0.790
0o 1 212021.581 0.670 11 12 2--<- 11 2--  233048.500 -1.855
0 1 211988.622 0.325 11 12 3 --<-= 11 3 --  232422.030 -0.887
0 1 211957.568 -0.390 1 112 ¥ oem Cem 1T - 231761.830 0.264
o1 211927.978 -1.234 1 1 12 5a--<-= 11 5--  231255.770 1.549
0 1 211903.662 -2.053 0 1 12 0 == <= 11 -1 - 205348.130 -0.652
1 212087.744 2.806 0 1 12 -1 --<-= 11 0--  244853.650 1.195
1 211854.736 1.580 1 1 12 1 e <e= 11 0 -  245969.511 0.212
1 212001.464 0.787 11 12 0 - < 11 1 --  206077.617 -2.186

comparable with parameters obtained via other approaches. Our parameters are in
good agreement with an IAM analysis of the v, = 0, 1 low-frequency data by the
Manchester group (16), who obtained a similar root-mean-square deviation with a
much smaller data set. What can be compared most easily from the assorted approaches
is the derived torsional potential. The parameters defining the torsional potential in
our and earlier treatments are the Fourier coefficients V3 and Vs which are related to
the potential V(%) via the equation

V=(V3/2)(1 —cos 3y) + (Ve/2)(1 — cos 6v) 3

where 7 is the torsional angle. These parameters are obtainable via analysis of rotational
transitions within at least the lowest two torsional states, from analysis of torsional
transitions in the far infrared, or from analysis of combined microwave/millimeter-
and far-infrared data sets. Another quantity defined by the torsional potential is the
frequency (cm™') of the (rotationless) v, = 1 < O transition for both the 4 and E
symmetry substates. This frequency can be measured directly via far-infrared spec-
troscopy. In Table IV, we have listed results for V3, Vs, and the v, = 1 < 0 torsional
frequencies from a variety of treatments. Most values of V; are around 400 cm™!. Our
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TABLE III

SPECTRUM OF ACETALDEHYDE

Rotation, Torsion, Distortion, and Interaction Constants for Acetaldehyde

Constant Value for fit to Value for fit to

(MBz unless noted) A\ 0,1*° Ve 0 only.

A 56518.0708(1874) 56316.9553(2430)

B 10444.5425(600) 10463.4434(2418)

c 9089.53951(106 5) 9092 .52115(515)

by -3615.6115(4236) -3685.8926(1.5059)

Flen ) 7.53724364(249723) 7.53724364(£ized)

plunitless) 0.328347410(17973) 0.328805197(11987)

V(e ) 405.583681 (176543) 397.34084(515)

Vlem ) -12.41659(1891)

oo 23.87216(15392)

G, x 10 6.9927(7878)

Lo 0.17257 (1576)

by x 10° 7.77239(3099) 7.70845(1917)

Dy x 10 -4 .965727(11886) -5.023536(18320)

D 0.7202353 (42904) 0.72184346(185342)

X, 3.312718(440466)

X, ~18.897786(294764)

X, -6.81227(71991)

kg -501.89683(573973)

5, x 10° 1.30961(2277) 1.27080 (1082)

5 = 102 5.175(2013) 5.876(963)

oy x 10 2.08001(32402)

o 11.02272(12848)

1, x 10! 1.15792 (5848)

By x 10 ~2.4844(7002)

Uncertainties in parentheses represent lo deviations. Number of listed

significant figures for each constant is necessary to reproduce

calculated frequencies to 1-10 kHz.

The variance of the fit to the

combined v_ = 0,1 data is 685 kHz whereas the variance of the fit to

t

the v = 0 data is 269 kHz.

t
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value of 405.58(18) cm™' is within experimental uncertainty of the value of 406(10)
cm™' obtained by Kilb ez al. (10) and the value of 408(10) cm™! derived by Herschbach
(21) using the same data. We differ somewhat from the values of 400.5(2.4) cm™!
obtained by Bauder and Giinthard (/4) and 401.44(7) cm™! obtained by Petty (I6).
The values of 431(7) and 389 obtained by Iijima and Tsuchiya (22) and Souter and
Wood (11), respectively, appear to be less accurate.

The three listed values of V5, ours and those of Bauder and Giinthard (/4) and
Petty (16), are in reasonable agreement with one another although our value differs
by more than the combined standard deviations from each of the earlier determinations.
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TABLE V
Further Assigned Transitions of CH;CHO below 72 GHz*

VIOR SIGMA J' K' P’ Jj* k" P FRBQUENCY (MHZ)  RESIDUAL(MHZ)
1 0 3 1 - <= 3 0 + 41567.120 -0.264
1 0 31 - (- 2 2 - -58926.640 ~1.340
1 0 4 1 -~ (- 3 2 - -37892.200, -0.784
1 0 5 1 - (— 5 0 + 46511.260 —0.419
1 0 5 1 + (=~ 4 2 + -31268.860 -0.216
1 0 8 1 + (— T 2 + 13118.600 0.939
1 0 8 2 - K~ T 3 - ~57696.520, -0.170
1 0 9 1 + (- 8 2 + 25935.430 0.576
1 0 9 2 - (- 8 3 - -39300.440 0.277
1 0 10 1 + <— 9 2 + 37570.400 0.456
1 0 11 2 + (- 11 2 - 12338.300, -0.409
1 0 11 1 + (— 10 2 + 47912.960 1.092
1 0 12 2 + (- 11 3 + 31382.880 -1.164
1 0 12 2 - (¢— 1 3 - 13904.900 -0.771

L

1 1 4 0— ¢—- 3 1 - 44666.010, -0.168
1 1 5 0— (<~ 4-1 — 25543.000, -1.289
1 1 51— (- 4 2 -— ~-44525.720 -0.678
0 1 6 1— (- 6 0 -- 58976.050 —0.472
1 1 6 -1 -~ (- 5§5-2 - -41555.240, -0.847
1 1 9 1-—- (- 9 0 - 25935.430 0.953
1 1 9 2 — (- 8 3 - -70621.920, 0.118
0 1 11 -2 — (- 10 -3 - ~24859.100, -0.425
1 1 11 -2 — (- 10 -3 - -26280.940, 0.761
1 1 1 1 —

(-~ 10 2 -— 45032.770 -1.192

Measured by Petty (16) unless an asterisk follows the frequency, in
which case measured by Liang.

while the others increase. Structural information suggests that this corresponds to
changes in the CHO rather than the CHj; group (16, 23); a more detailed analysis of
this and of higher torsional states is in progress.

Our least-squares fit to the 562 transition frequencies of acetaldehyde has enabled
us to predict the frequencies of a much larger number of transitions in the lowest two
torsional states involving the quantum number J < 12. These predictions have enabled
us to assign some b-type (AK = +1) transitions, measured at Manchester at frequencies
below 72 GHz; the assignments and frequencies are listed in Table V. Many if not
most of our frequencies are predicted to an accuracy of better than 1 MHz and should
be of interest to radioastronomers. Indeed, the availability and assignment of many
transitions of acetaldehyde in its first torsionally excited state might permit astronomers
to search for this species in its v, = 1 state and help elucidate regions of active star
formation.
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