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Abstract: The microwave spectrum of methyl formate has been observed in the 7- 200 GHz
region, and new 437 lines have been assigned to the first excited A torsional substate. Both
excited state lines and ground statelines reported previously were analyzed simultaneously on
the basis of an internal axis method Hamiltonian. A total of 3514 lines were fitted to a
10th-order reduced Hamiltonian model involving 67 molecular parametersto a 1s standard
deviation of 179 kHz.
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Introduction

Methyl formate (HCOOCH;) is an interesting molecule in molecular spectroscopy, because a large
amplitude torsiona vibration makes it difficult to reproduce observed torsionrotation transition
frequencies as accurately as those of atypical semirigid molecule. This molecule is also of astronomical
interest, because 391 rotational transitions in its ground torsiona state have been observed in star
forming regions such as Sgr B2 and OMC-1[1]. The microwave spectrum of this molecule has been
observed Y to 608 GHz, and rotational transitions in the ground torsional state have been extensively
analyzed by severa researchers [2-9]. For excited torsional states, however, no transition has been
assigned asfar aswe know. An analysisof rotational transitions in excited torsional states isimportant to
determine an effective Hamiltonian of this molecule, since many molecular parameters of the
Hamiltonian can only become free of correlation when datafrom excited torsional statesisavailable. An
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analysis of excited state lines is al'so important to identify astrophysical unidentified lines. Star forming
regions where the existence of methyl formate has been confirmed are relatively hot and many
unidentified lines from these regions are supposed to be excited torsond Sate lines of methyl formate.

In this study, we have observed the microwave spectrum of methyl formatein the 7- 200 GHz region
and assigned new 437 lines to the first excited A torsional substate. Both the first excited torsiona state
lines and the ground state lines reported previously [2-9] were analyzed simultaneously on the basis of
an internal axis method (IAM) Hamiltonian [10]. A total of 3514 lines were fitted to a 1S standard
deviation of 179 kHz, and molecular parameters were determined.

Experimental Procedure and Assgnments

The microwave spectrum of methyl formate has been observed in the 7+ 200 GHz region. A part of
the observed spectrum is shown in Figurel. A synthesized sweeper (< 40 GHz) was used as amicrowave
source, which was combined with microwave amplifiers and multipliers to provide complete coverage
of the 7-200 GHz region. More than 40 000 lines have been observed in this region with a typical
accuracy of 50 kHz. Details on our microwave spectrometer have been described elsewhere [11].
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Figure 1. A Part of the Observed Spectrum.
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We searched first excited torsiona state lines (satellite lines) around the corresponding ground state
lines (main lines) assigned previoudly, taking intensities of satellite lines into account. The intensity of a
satellite line is about half of that of amain line due to the torsional energy difference of ~130 ci ! [12].
Satellite lines from low-J transitions were assigned by observing Stark effects. For A-species, satellite
lines including higher-J transitions were fitted to a Watson A-reduced Hamiltonian by neglecting the
effect of methyl torsion. We assigned 437 A-species lineswith J £ 17 and Ka £ 7 to the first excited
torsional state, and confirmed our assignments by forming closed transition frequency loops; each loop
consists of four observed frequencies. No E-species line was, however, assigned definitely because the
number of assigned transitions was insufficient for combination relations. The distrib ution of errors of
loops for the excited torsiona state is shown in Figure 2. Although several loops have errors of near 1
MHz because of uncertainties due to blended lines, the 1s standard deviation of the errors of loops is
about 100 kHz. Thisis consistent with our estimate of the experimenta uncertainty of 50 kHz for aline,
because the law of propagation of errors gives an uncertainty of 100 kHz to each loop which consists of
four frequencies.
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Figure2. Higogram of Errors of Frequency Loops.
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Analysisand Discussion

In the previous analysis of the ground state lines [9], we successfully used a 10th-order reduced IAM
Hamiltonian with 53 parameters, which includes the term Dap, (PaPo+PoPs) P?, acorrection term to the
Dap term. For methyl formate, the CHs-symmetry axis differs by around 52° from the principa a-axis
and the value of |Dan| islarge [8]. Furthermore, methyl formate has low energy vibrational modes such as
COC deformation (318 cm?) and G O torsion (332 cm™) which possibly contribute much to the
centrifugal distortion effect [12]. In reduction of a Hamiltonian, the Dy, term should be retained to make
alarge correction to the Dy term for the centrifugal distortion. In the present study, we simultaneously
analyzed rotational transitions of the first excited and ground torsional states on the basis of the same
Hamiltonian model. For this smultaneous analysis, we needed 14 more parameters which were set to
zero inthe previous analysis[9]. The parametersused are defined in Table 1.

Our data set consists of atotal of 3514 lines, including both 437 newly assigned A-species lines with
J£ 17 and K, £ 7 of the first excited torsional state and 3077 previously reported A- and E-species lines
with J £ 43 and K, £ 18 of the ground state. We limited our data set to transitions whose assignments
were confirmed by combination relations, excluding ~500 lineswith higher J and K, reported in Ref. [8].
The same weight was given to al the observed frequencies, because their experimental uncertainties are
comparable in magnitude ( ~100 kHz). Details on the fitting procedure have been reported elsewhere
[13].

The data set wasfitted to the Hamiltonian model involving 67 parameterstoa 1s standard deviation
of 179 kHz. Determined molecular parameters are shown in Table 2. The parameter F is fixed to the
value obtained previously because of its strong correlation with the parameter r [7]. The absolute value
of the parameter Dan2 is comparable with those of other quadratic centrifugal distortion parameters, and
makes a noticeable contribution to the calculated transition frequencies even for mediumJ transitions.
We added 14 parameters, k7, Ve, G, C19, Nv, K2, C11, ddap, hys, Ny, Ny, Nk, €13, and ¢, to the Hamiltonian to
fit the data set with the same quality as was obtained in the previous analysis of the ground state lines. It
Is noted that most of these parameters are the coefficients for coupling terms between rotational angular
momentaand torsional potential. Datafrom the first excited torsional state has become available, and the
information on torsional dependence of rotational energy levels has been obtained in the present study.
Therefore, the parameters for coupling terms were determined. Since we included the Dap2 term in the
Hamiltonian, one of the k7, ks', and Vs terms should be removed to keep the Hamiltonian completely
reduced [14]. In this analysis, we removed the kg’ term and therefore the Hamiltonian remains a
completely reduced Hamiltonian.

In summary, the 10th-order reduced IAM Hamiltonian mode including the Dap, term has been
successfully used to analyze rotationa transitions of the ground state and the first excited A torsional
substate of methyl formate. The next step in thiswork isan analysis of E-species lines of the first excited
torsiona state. Assignments of these lines are in progress, according to frequencies calculated from the
molecular parameters determined in this work.
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Table 1. 1AM Reduced Hamiltonian Parameters for Methyl Formate
Rotational Operator 5 Torsional Operator )
1 P. P.P- cos3c  {P.°,cos3c Cos6e
1 F V42 ks V/2
p? (B+C)/2 Ly = Ny
P’ A - (B+C)/2 Ks K,
Py? - P2 (B-C)/2 C, Cio Ci1
{P,, P} Day (o ddp,
P -D; V; fv ny
P?P.’ -Dax fv v
Pa4 -Dx fx Nk
2P? ( sz - Pcz) -d; Ce Ci3
{ P2, (P’ -PS)} -dk Co Cis
P*{ P..P.} D.no
pe H, hye N4
P* P Hjx hss hs1
P* P, Hys
Pa6 HK
2P* (P, - PY) h; Co7
PP { P, (P’ -P’)} hu
{ P, (P2-P2)Y hk
P*{P., R} DD
p° L,
P° P, L sk
PP, [
P> P Lakk
= L«
2P° (P2 - P?) Iy
P*{ P, (P -PZ)} Iy
PZ{ Pa4 :(sz'Pcz)} IKJ
{P, (PZ-P2)} I
p P;
P8 Pa2
P° P} P«
P* P2 Pus
P? P’ Pk
P, P«
2P°(Py” - PY) o
PP { P2, (Py -PS)} Pask
P*{ P.*, (P’ -PZ)} Pk
PP { P.°,(P,°-P2)}
{ Paav(sz'Pcz)} Bk
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Table 2. Determined Molecular Parameters of Methyl Formate

Parameter  Value[MHZ] Parameter Value[MHZ]

A-(B+C)/2 1.196392(78) 100 | ¢ 5.787(48) 10"
(B+C)/2 7.20460(14) “10° Ny -3.5618(82) ~10°

(B-C)/2 1.92152(22) “10° K, 1.1899(69) T10°

Dab —5.19966(24) “100 | cu —2.1095(48) " 10"

F [fixed] 1.68142 “10 | ddg, —2.1872(48) " 10"

r [unitless] 8.39818(70) “10% | L, —3.4662(73) ©10"°
Vs [em?] 3.80434(44) 10 | Lo 2.3592(49) " 10°
Dy 1.19198(57) “100 | Ly —2.8943(41) " 10°
Dk —8.3133(44) “10% | Lk 4.1668(62) 10°
D« 8.3260(37) “100 | Lk —3.3118(55) “10°®
ds 5.0065(27) “10% | —1.5480(27) 100
dx —8.2476(44) 710% | I 1.2004(30) ©10"°
Das2 5.6677(56) “10% | Iy —2.0012(41) " 10°
Ly 6.253(27) 100 | Kk 2.3439(60) " 10°
F 1.0730(12) 10 | he -4.973(13) “10™
Ks -6.163(11) 10 | hys —1.7708(35) 107
C 8.304(18) “100 | hy, -9.577(19) " 10°
o 2.1490(23) 1 | hy 4.6263(74) 10°

ks 9.2(78) “ 10 Ca -5.1951(98) " 10°

Ve [em™] 2.5166(97) “10 n —5.654(12) ~10°

H, 1.2361(17) “10° | n, —4.2392(79) " 10?

Hx —2.7463(52) “10° | g 5.133(12) ~ 102

Hys —1.4411(13) “10" | cis 3.9907(65) " 10°

Hy 1.5737(13) “10% | —1.6248(37) " 10°

hy 6.5035(82) “10° | P, 1.545(17) “ 10
hak 6.5763(87) “10° | P -1.3287(31) © 10"
hi —1.3274(13) “10° | Py, 6.583(15) 10"
DD,y 3.5966(87) “107 | Pk -1.3322(31) “10t
Iy 4.705(11) “10° | Pk 8.328(19) 102
fy 1.9131(30) “10° | p 1.911(16) “10"
fy 9.989(23) “10° | pyxc 7.6242(38) “ 10
fr -9.321(22) “10° | px —7.9465(84) “ 10
Cs —4.4934(98) “10° | 2.7938(36) - 10
Co 1.0917(26) "10° | s[kHZ] 179
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