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The ground state rotational spectrum of H,C'*O has been studied between 485 and 835 GHz with
a sample of natural isotopic composition. Additional lines have been recorded around 130 GHz and
near 1.85 THz, using a recently developed far-infrared laser-sideband spectrometer. The accurate
new line frequencies were fit together with previously published data to obtain greatly improved
spectroscopic constants. Both Watson’s S and A reduced Hamiltonians have been employed
yielding the rotational constants As = 281 961.215 (82), Bs = 36 902.275 51 (36), Cs = 32
513.405 89 (36), A4 =281 961.371 (82), B4 = 36 904.173 32 (91), and C4 = 32 511.524 65

(86) MHz, respectively.
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1. Introduction

Formaldehyde, H,CO, is one of the most simple
and fundamental organic molecules. It is of great at-
mospheric and astrophysical importance. Its first in-
terstellar detection dates back to 1969 [1], and since
then it has even been observed in many external galac-
tic sources. Moreover, several singly substituted iso-
topomers, such as H,'*CO [2], H,C"*O [2], HDCO,
and even D,CO (unlabelled atoms refer to '2C and
160, respectively) have been observed in the inter-
stellar medium. It has been suggested that H,C'7O
and H,*C'80O might be observable [3]. Furthermore,
some transitions of H,'*CO have been identified in
the 580 - 720 GHz region in an Orion KL line sur-
vey obtained at the Caltech Submillimeter Observa-
tory [4]. This detection suggests that the less abun-
dant H,C'8O should also be observable in that fre-
quency region; overlap by stronger interstellar fea-
tures might be a problem for the unambiguous iden-
tification of this isotopomer. For the extension of
radioastronomy to higher frequencies and with the
advent of missions such as SOFIA (Stratospheric
Observatory For Infrared Astronomy) and FIRST
(Far InfraRed Space Telescope), the knowledge of
precise rest frequencies is required to unambigu-
ously identify the carriers of spectral features and to

investigate the dynamics of the sources via Doppler
analysis.

Even though the rotational spectrum of formalde-
hyde has been studied very often, precise labora-
tory frequencies of several isotopomers up to the
low submillimeter region (< 460 GHz) were obtained
only quite recently. Since the rotational transitions
of formaldehyde isotopomers with an even number
of 'H nuclei follow a-type selection rules only, and
since distortion effects are fairly large, extrapolation
of the rotational spectrum to higher frequencies and
higher quantum numbers is risky. Therefore we have
started to investigate the ground state rotational spec-
tra of several isotopomers of formaldehyde in the sub-
millimeter and terahertz regions, often supplemented
by measurements in the microwave region. Results
on H,CO [5], HDCO [6], and D,CO [6] up to 2.54,
1.63, and 1.86 THz, respectively, have been reported
already. The H,CO data were further improved by
using infrared ground state combination differences
in the fit [7]. In the present article, we report accurate
transition frequencies of H,C'®O in the submillime-
ter region, extending previous measurements up to
358 GHz which were summarized by Cornet and Win-
newisser [3]. The rotational spectrum of H,'3CO has
been studied also, and these results will be presented
in [8]. Since H,C'®O is a near symmetric prolate top,
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Fig. 1. Two examples of weak submillimeter-wave transx-
tions of H,C' O the absorptlon coefficients are ~3.7 - 107*
and ~5.3 - 107° , respectively.

we have tested the performance of Watson’s S re-
duced Hamiltonian in comparison to the A reduced
Hamiltonian which was used mostly to fit spectra of
the H,CO isotopomers, and both results are presented.

2. Experimental Details

Essentially all accessible transitions between 485
and 835 GHz have been recorded with the Cologne
Terahertz Spectrometer with phase-locked BWOs
as sources and a magnetically tuned hot electron
InSb bolometer as detector. Further details of the
spectrometer are given in [9]. Two transitions near
1.87 THz, which were among the strongest of
H,C'30, were recorded with a frequency-stabilized
FIR laser-sideband spectrometer [10, 11], in which
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Table 1. Assignments, trequenmes (MHz) uncertainties,
and residuals® (kHz) of transitions” of H, cho.

J;\a, Kol J’é "R Frequency unc. 0-¢(S) o-c(A)
% 04845 10 10 10
43, 3.3840 1.0 0.1 0.1

A 135310 10 0.1 0.
107111 4388.79698 0.10 002  0.04
185 15955 3 8744370 10 29 -39
267827 12107.035 10 -1.0 3.0
164 13-16; 14 12688.997 10 97 78
172 13165.95491  0.13 -0.02 -0.02
35, 2,-254 ’ 13267205 10 40 95
354 30-355 31 15262.577 10 0.1  -3.6
l73 14717315 17971.340 10 53 -8.3
97 7 92 8 18905.493 10 3.2 8.6
36, 41305 55 19905.896 10 36 44
27, 53~ 74‘24 23817.083 10 -6.0 -6.5
18, 15718, 16 24901.840 10 54 11
3 532737533 25730.399 10 3.5 7.1
e g 26330.140 10 214 212
102'{,;-102’9 28120.098 10 93 22
28, 54728, 5 31312809 10 -10 44
38, 13385 3 32972319 10 60 49
195 167193 17 33824.287 10 -0.5 -6.2
13 5-115 5 40179.083 20  -11.7 29
29,3529, 56 40684.809 20 70 214
395,34—39535 41898.579 20 6.1 -6.6
41374 4 43878.091 20 44.0 433
20, 1,-20; 4 45109.757 20 190 122
51,4—51’5 65803.150 40 -17.1 -18.7
lo,-0 69415437 10 128 129

0,0

the output of a frequency-locked ring laser (the
1626 GHz laser line of CH,F,) is mixed with a phase-
locked BWO to generate sideband radiation. For
strong single lines, accuracies of better than 20 kHz
could be achieved. In the present case, however, the
the lines are so weak that the accuracy is limited by
the signal-to-noise ratio and by the background fea-
tures. Finally, two transitions have been recorded near
130 GHz employing a free space absorption cell, an
AMC (Analytik Messtechnik Chemnitz) synthesizer
as source, and a diode detector. A formaldehyde sam-
ple of natural isotopic composition was used through-
out.

3. Observed Spectra, Analysis, and Discussion

Atlower frequencies (~500 GHz), the new lines of
H,C'®0 were located close to the predicted positions.
The latter were derived from previous data, taking for
some higher order centrifugal distortion constants the
values of the main isotopomer [7]. The high sensi-
tivity of the spectrometer is demonstrated by the two
weak transitions in Figure 1. The non-rigidity of the
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Table 1 (continued).
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Table 1 (continued).

e Kol T Kett Frequency unc. 0-¢(S) o-c(A)
y A 122730.0447* 12 30 -28
25715, 134435.9203* 5 24 24
Zoo-lo s 138770861 10 47 46
2wl 143213068 10 -79 79
35202 208006441 10 96 97
ol 208211467 10 157 155
351220 208444718 10 24 2.5
iy 214778436 10 92 9.1
494305 277062.652 20 346 347
4)4-3,5 277562802 10 5.1 48
e 278145446 10 29 28
433, 286293689 10 06 0.5
505304 345881.039 20 164 165
5,44 346869.178 20 -16.8 172

5,74, 346983.975 20 2.5 1.6
By~ 5 348032433 20 254 255
5147413 357741049 20 08 1.1

s 6'62,5 485302.411 20 -135 -13.8

o-6, 485380.169 40 -132 -122

75-6 485608 .542 20 0.2 -1.0

74-64 485843.081 20 -5.8 -7.3
755634 486125220 20 193 184
Ts4-G5 5 486185962 20 224 232

L6615 500355758 10 47 39

15, 14-15) 15 516871.001 80 652 79

o A 536529272 15 69 45
BosTor 550374.583 10 -154 152
W ol 554407.032 15 1.1 08

B, 554434668 20 9.0 47

86T 554722.572 20 1.0 1.2

85-75 554998.795 10 4.0 -5.6
8.5 Ta s 555660932 10 22 13
3’5-73,4 555782.317 15 -99 -10.8
82’6—72'5 559216.737 20 0.4 1.4

vr-Trg 571481648 15  -10 22

16, 15-16, 1 582847.845 80 -25.1 —-63.8
T 603231.510 10 94 64

molecule was apparent from the fact that lines were
often lying well outside the sum of the experimental
and predicted uncertainties, sometimes even at low
IK,. Despite the rather sparse spectrum, some lines
of H,C"®O were overlapped by other lines, e.g. of
other isotopomers. These lines were recognized by
a much larger intensity than expected or by differ-
ences between experimental and calculated positions
that were much larger than the estimated uncertainty;
they were not included in the final line-list given in Ta-
ble 1. One example for an overlapped line was found
at 1 848 551.902 (200) MHz, one third of which turned
out to be due to 28, 5 - 27, 57 of H,C'®O and about
two thirds to 265 ,, - 255 ,, of H,'*CO.
Formaldehyde is a near symmetric, prolate ro-
tor with an asymmetry parameter £ = —0.9648 for

J,Ik'a’,I\'c’ - J}’{a",}\"c" Frequency  unc. 0-¢(S) o0-c(A)
954854 617740617 10 4.1 43
By 624768.928 40 -31.6 -335
9,08y g 625222998 20 1.0 2.0
92‘7 —82“ 630220.745 20 4.1 2.8
s 642456.260 20 2.6 42
10, 15-9; s 669818260 10 -2.5 1.0
By T 684662.910 10 07 0.6
ho-Drs 692337.373 15 95 9.6
o -9 692615.747 30 40.9 47.7
10,-9, 693023422 10 34 53
10, -9 693410.220 20 2.2 -3.6
05 =9, 693801 .223 15 4.3 -6.8
104'7 '94,6 694257 .504 30 8.2 6.1
104‘(»' 45 694263.152 30 -6.8 -89
el e 694809.124 15 -1.0 -19
105 7-94 ¢ 695188.916 10 43 5.1
10, -9 701551.998 10 20 04
10,'9-9, s 713254505 10 7.6 9.6
115 14 ~10 15 736283.422 15 09 47
1y, -1y 10 751137.984 10 32 3.1
10~ 10,0 760829977 40 68 82
11, ,0-10, 761141.648 10 28 238
I1,-10, 761361.758 30 7.6 162
11¢-10, 761853 .416 20 -7.1 -1.5
1 17 - 107 762312.924 20 -6.3 -5.3
1 -10, 762755 .688 15 1.0 0.9
1, - 10, 763770790 30 317 298
1 l4y7 - 104,6 763782.036 30 -325 -344
Vg g-105y 764415312 10 33 26
154103 765030.350 10 8.1 75
115 4=105 ¢ 773200623 30 -152 -13.5
W, =10y 5 783849217 10 4.5 638
19,1519 1 797402.966 60 180  47.0
gl [y 802622.681 10 2.1 1.6
T § e 817180342 15 83 7.7
Tl 820319369 50 3.3 298
2, 5~ H5 4 820824722 15 89 9.
12,,-11,, 829952.697 80 529 552
12, -1 lg 830538952 80 -79.6 -70.9
le -1 lg 831084 264 40 -299 -246
127—117 831598 .731 10 -6.5 -5.6
126—116 832102 .377 15 3.0 1.3
1221 l5 832638 .635 10 6.2 39
129~ 833307.721 15 27 1.
ey 833328.892 15 40 2.4
12, 10-115y 834035807 10 6.7 6.3
Pig-llyg 834988240 10 4.1 3.7
¥, 05" 361 e 1862487.065 200 319 -20.6
27525265 34 1872169.057 200 -93.6 -37.3

4 0-¢(S) and o-c(A) refer to the residuals obtained with the S and A
reduced Hamiltonian, respectively. ® Frequencies up to 358 GHz,
except two lines marked by asterisks, from Cornet and Winnewisser
[3], all others from this work. Since Ko+ K.=J or J + |, K. has
been omitted for prolate paired transitions.

H,C'80. Therefore, Watson’s S reduction of the rota-
tional Hamiltonian should be more appropriate than
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Table 2. Rotational and centrifugal distortion constants®
of H,C"™O in Watson’s S reduction compared to values of
H,CO [7], standard deviation rms (MHz) and dimensionless
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Table 3. Rotational and centrifugal distortion constants®
of H,C'™O in Watson’s A reduction compared to values of
H,CO [7], standard deviation rms (MHz) and dimensionless

weighted rms.

weighted rms.

H,C'*0 H,CO
A 281961 .215 (82) 281 970.540 2 (101)
B 36902 .275 51 (36) 38 833.987 49 (47)
c 32 513.405 89 (36) 34 004 .244 07 (45)
Dy - 103 64 .306 34 (218) 70 .324 96 (180)
Dk - 10 1202 .078 (25) 1321.001 (42)
Dy 19 .459 (39) 19.390 50 (99)
d, - 10 -9.082 19 (62) —10.437 621 (260)
d, - 10 -2.076 42 (96) —-2.501 385 (81)
Hy - 10° 6 .64 (255) 3.20 (165)
Hjg - 10° 6.080 (98) 7.105 (72)
Hpy - 10° 1.703 (186) 9.46 (117)
Hy - 103 4.0185 40185 (280)
h, - 10° 27.59 (164) 31.830 (256)
h, - 10° 37.09 (95) 47 350 (223)
hy - 10° 12.640 (131) 15970 (40)
Lk - 10° 6.59 6.59 (218)
Liky - 10° -10.7 -10.7 (46)
Ly - 10° -588 —588(202)
L, - 1013 -374 -374(51)
l,- 101 -147.0 ~147.0 (98)
rms - 103 18 .64
wrms 0.664

H,C*0 H,CO
A 281961.371 (82) 281970.522 1 (103)
B 36 904.173 32 (91) 38 836.050 64 (48)
c 32511.524 65 (86) 34 002.200 41 (46)
Ay - 103 68.460 31 (226) 75.325 17 (179)
Ajg - 103 1 177.244 (24) 1291.119 (40)
Ak 19.524 (39) 19.415 09 (99)
6y - 103 9.095 323 (283) 10.454 476 (234)
e 946.20 (40) 1 028.115 (56)
é; - 10° 85.0 (34) 97.93 (172)
bk - 100 27.984 (257) 32.398 (111)
Py - 100 —73.02 (81) -76.69 (109)
b - 10° 4.0749 4.074 9 (280)
¢y - 10° 36.64 (171) 44535 (283)
drK - 100 14.37 (43) 17.162 (66)
oK - 100 14272 (181) 1 491.0 (40)
Lysk - 10° —1.595 —1.595 (62)
Lyg - 10° -5.97 -5.97 (204)
Liky-10° 4] 41.0 (46)
Ly-10° -607 —-607(202)
Iy - 10° -85.5 -85.5 (34)
rms 19.86
wrms 0.692

4 Numbers in parentheses are one standard deviation in units of the
least significant figures.

the more widely used A reduction. Infact, in the
course of the investigation it was found that often pre-
dictions and fits in the .S reduction were better than
those in the A reduction, as judged by the standard
deviations obtained in the fitting process. However,
as for the main isotopomer [7], the differences in the
quality of the fit between the .S and the A reductions
were generally small, and occasionally smaller resid-
uals were obtained with the A reduction. Similar to
the main isotopomer, the coefficient s,;, of the uni-
tary transformation for the A reduction, ~6-1077, is
smaller than D/B = 1.86-1076, ensuring fast con-
vergence of the rotational Hamiltonian for moderate
values of J and K.

It is well known that for a large number of exper-
imental lines of a fairly floppy molecule there does
not exist a unique set of spectroscopic constants to
be used in the fit. In our case, constants that signif-
icantly reduced the standard deviation and that were
well determined, i.e. with a value at least three times
larger than the uncertainty, were retained in the fit. As
can be seen in Table 1, some higher order constants
were kept fixed to values of the main isotopomer [7].

4 Numbers in parentheses are one standard deviation in units of the
least significant figures.

For the S fit, H; was fitted also because its value
and its uncertainty are reasonable and because its
uncertainty for the main isotopomer is not much
smaller.

The obtained rotational and centrifugal distortion
constants of H,C'8O are presented in Tables 2 and
3 together with values for the main isotopomer. The
complete fit file, including correlation coefficients, as
well as new line predictions for astrophysical pur-
pose are available online from the Cologne Database
for Molecular Spectroscopy (http://www.phl.uni-
koeln.de/vorhersagen/).

In general, the spectroscopic constants of H,C'*O
are smaller than those of H,CO because of the
larger mass of 80 compared to '°O; the constants
Dk and &, respectively, are a possible excep-
tion. In most cases, the changes between the two
isotopomers are comparable to the changes in ap-
propriate powers of the rotational constants. Some
larger differences, such as for Hy; and h,, may
be explained by the small value of the constants
compared to related ones. The smaller uncertain-
ties of some H,C'®O constants compared to those of
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H,CO are most likely caused by the smaller num-
ber of distortion constants determined. As for the
main isotopomer, Watson’s S reduction results in
a final fit just slightly better than the A reduction.
Thus, the use of the A reduction for fitting and pre-
dicting spectra of isotopomers of formaldehyde is
about as reasonable as using the S reduction. Ta-
ble 1 shows also that the residuals obtained with
the A and the S reduced Hamiltonians are in gen-
eral very similar; occasionally, however, larger de-
viations are observed, but they do not seem to be
systematic.
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With the present investigation, the data set of
H,C"0 has been enlarged substantially. As a conse-
quence, improved spectroscopic constants have been
obtained which allow the strongest transitions (7 R-

branch transitions with K, < 3) to be predicted which
uncertainties of less than 1 MHz up to ~2 THz.

Acknowledgements

We acknowledge support by the DFG via Grant
SFB 301 and by special funding from the Science and
Research Ministry of the Land Nordrhein-Westfalen.

[7] H.S.P. Miiller, G. Winnewisser, J. Demaison, A. Per-
rin, and A. Valentin, J. Mol. Spectrosc. 200, 143
(2000).

[8] H. S. P. Miiller, R. Gendriesch, F. Lewen, G. Win-
newisser, U. Wotzel, H. Mdder, R. Bocquet, J. De-
maison, and L. Margules, in preparation.

[9] G. Winnewisser, A. F. Krupnov, M. Yu. Tretyakov,
M. Liedtke, F. Lewen, A. A. Saleck, R. Schieder, A. P.
Shkaev, and S. V. Volokhov, J. Mol. Spectrosc. 165,
294 (1994).

[10] E Lewen, E. Michael, R. Gendriesch, J. Stutzki, and
G. Winnewisser, J. Mol. Spectrosc. 183, 207 (1997).
[11] R. Gendriesch and F. Lewen, to be published.



