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MILLIMETER WAVE SPECTROSCOPY OF THE GROUND,
FIRST AND SECOND EXCITED TORSIONAL STATES OF ACETONE

Purpose: spectrum investigation of the lowest three torsional states of acetone (CH;COCH ;) within the frequency ranges
34-150 and 480-620 GHz.
Design/methodology/approach: New measurements were carried out using the automated millimeter wave spectrometer in the
Insitute of Radio Asronomy of NASU (Kharkiv, Ukraine) and the submillimeter-wave spectrometer of PhLAM (Lille, France). The
results of new measurements were fitted using a recently developed model for the molecules with two equivalent methyl rotors and
C,, symmetry at equilibrium (PAM_C2v_2tops program,).
Findings: Analysis of the acetone molecule spectrum was carried out using the new measurements for torsion—rotation transitions
in the millimeter wave range belonging to the ground, first and second excited torsional states, as well as previously published
data. In addition, we performed more accurate measurements of a number of previously published lines which posed some
problems for previous analysis using the same model.
Conclusions: The remeasurements have shown that the problems existed with spectrum description were caused by underestimated
experimental error of the previously published data. The final fit uses 99 parameters to give an overall weighted root-mean-
square deviation of 0.78 for the dataset consisting of 6233, 4868, and 4364 transitions with J up to 60 and K, up to 35,
belonging, respectively, to the ground, first, and second excited torsional states of the acetone molecule.
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1. Introduction In this context, acetone being a ubiquitous molecule
in the interstellar medium [1-3], is of substantial in-
terest for the radio astronomy since it has a rich and
dense spectrum which is significantly complicated
due to the presence of the intramolecular large am-
plitude motions.

Despite of more than fifty years of laboratory
investigations of acetone spectrum (started in 1959
by Swalen and Costain [4]), the theoretical inter-
pretation of the observed microwave spectrum of
acetone still poses a problem. The fifty-year history of
acetone spectrum studies [4—7] was documented in a
series of papers by Groner and co-authors [8—10].
In these works [8—10], the analysis of rotational
transitions carried out with the ERHAM program
[11, 12], which fits the rotational levels of individual
© I A. Armicieva, V. V. Tlyushin, E. A. Alekseev, torsional states separately, without explicitly intro-

O. A. Dorovskay, L. Margulés, and R. A. Motiyenko, 2016 ducing a potential function. The resulting theoretical

For a long time, radio astronomy has been one of
the most important sources of information about
chemical composition and properties of the interstel-
lar medium with laboratory spectroscopy being a
key part of corresponding radio astronomy studies.
The majority of about 190 different molecules and
molecular ions detected for now in the interstellar
medium have been found using the methods of mi-
crowave radio astronomy. Further progress in ex-
ploration of chemical diversity of the interstellar
medium presumes not only searching for new sub-
stances but also a comprehensive account for the
spectra of already detected interstellar molecules.
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models [8—10] showed significant fitting problems
especially in the excited torsional states [9, 10].
A new program PAM_C2v_2tops (Principal-Axis
Method for C,, molecules with 2 tops) developed
in Kharkiv for fitting the high-resolution torsion-ro-
tation spectra of molecules with two equivalent
methyl rotors and C,, symmetry at equilibrium has
been recently applied to the analysis of aceto-
ne spectrum [13]. The work [13] provided a con-
siderable progress in fitting available experimental
data on CH,;COCH, spectrum [8-10] and gave a
firm basis for further investigations of the acetone
spectrum.

In the current work, a new study of the acetone
spectrum that covers frequencies within 34 —150 GHz
and the range of rotational J quantum number
up to 60 is presented. First of all, the new study
fills up the gap in the millimeter wave data on
acetone spectrum clearly seen in the earlier ex-
perimental studies [8—10]. For the ground torsional
state [8], the data within 43—141 GHz range were
absent, whereas for the first and second excited
torsional states, the available data in this frequen-
cy range were rather sparse (the frequencies,
respectively, of only 106 [9] and 82 [10] absorp-
tion lines were measured within 73-150 GHz).
Our new experimental data were combined with
the earlier published measurements [8—10] and
fitted using a recently developed model for the
molecules with two equivalent methyl rotors and
C,, symmetry at equilibrium (PAM_C2v_2tops
program) [13]. In comparison with our previous
analysis [13], the range of rotational quantum num-
ber J has been extended up to 60. Also, we have
provided the remeasurements with higher accura-
cy of a number of lines in the 480 — 620 GHz range
(earlier measured with 200 kHz uncertainty [8])
which posed some problems for our recent analy-
sis of literature data using the PAM_C2v_2tops
program [13]. The aforesaid problems with a group
of measurements having 200 kHz uncertainty are
shown to be caused by underestimated measure-
ment uncertainty of the old data [8].

The rest of the paper is organized as follows.
Section 2 reviews experimental details of our current
study. Section 3 briefly discusses the theoretical model
and computer program used. Section 4 shows the
results of acetone spectrum assignment and fitting.
Sections 5 and 6 give some discussion and con-
clusions.

2. Experimental Details

The absorption spectrum of acetone within
34-150 GHz range was recorded using the auto-
mated millimeter wave spectrometer of the Institute of
Radio Astronomy of the National Academy of Scien-
ces of Ukraine. This spectrometer is built according
to the so-called “classical” scheme of absorption spec-
trometers, and its detailed description can be found
in [14]. In the current study we used slightly upgraded
(in comparison with [14]) version of the spectrometer.
In particular, a new backward-wave oscillator (BWO)
unit that covers frequency range from 34 to 52 GHz
has been put into operation. The structure of this unit
is rather similar to those of other BWO units common-
ly applied in the spectrometer [14]. It has been found
that a quasi-optic absorption cell commonly used with
our spectrometer (a glass-tube of 5.6 cm internal dia-
meter and 300 cm long) provides too high attenuation
below 50 GHz, thus essentially limiting sensitivity.
To solve this problem, a new waveguide absorbing cell
(a copper waveguide of 10x 72 mm internal cross sec-
tion and 295 cm long) was designed and constructed.
Thus, the measurements within 34 —-50 GHz were
done using the new copper waveguide cell, whereas
those within 50 —150 GHz were performed with the
usual quasi-optic cell. All measurements were done
at room temperature and with sample pressures that
provided almost Doppler limited resolution (about
10 mTorr). Estimated uncertainties were 10, 30, and
100 kHz depending on the S/N ratio observed.

The measurements within 150—930 GHz were
performed using the spectrometer of the Laboratory
of Physics of Lasers, Atoms and Molecules of Lille
University, France [14]. This spectrometer is also
built according to the classical scheme of absorption
spectrometers. The frequency ranges 150-210,
225-315, 400-630, and 780-930 GHz were
covered with solid state multiplication sources.
Frequency of the output signal of the Agilent synthe-
sizer E8257D (12.5—-17.5 GHz) was first multiplied
by six and amplified by the VDI AMC-10 active
sextupler providing the output power of +14 dBm in
the W-band range (75-110 GHz). This power is
high enough to pump passive Schottky multipliers
(%2, x3, x5, x6, and x9) from Virginia Diodes, Inc.
in the next stage of frequency multiplication chain.
The measurements were done at typical pressures of
10 Pa and at room temperature. Estimated uncer-
tainties for the measured line frequencies are 30, 50,

38 ISSN 1027-9636. Paouogpuzuxa u paouoacmponomus. T. 21, Ne 1, 2016



Millimeter Wave Spectroscopy of the Ground, First and Second Excited Torsional States of Acetone

and 100 kHz depending on the observed S/N ratio
and frequency range.

3. Theoretical Model

In this study, the recently developed PAM_C2v_2tops
program for fitting the high-resolution torsion-rotation
spectra of molecules with two equivalent methyl ro-
tors and C,, symmetry at equilibrium is used [13].
This program uses the following general expression
for the Hamiltonian:
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where the B’s are fitting parameters, the quantities in
brackets are quantum mechanical operators in the
usual notation, and subscripts 4 and B denote the
two methyl tops. The expression in Eq. (1) is written
in a slightly symbolic form, in the sense that terms
generated from input with ¢, =0 or ¢, =0 are obtained
by omitting the corresponding sine functions, rather than
by simply setting ¢ = 0 in them. The program exploits
a two step diagonalization procedure. In the first step,
a set of torsional computations is performed with
comparatively large torsional basis set of the form
exp[(31,+o,)ia, Jexp[(3ly+0,)ia; | for each of
the four different pairs of (o ,,0,) =(0,0), (0,1), (L,1)

and (1,2). In the second step, a truncated torsional
basis set is used which is obtained by rejecting all but
the lowest nvt torsional eigenfunctions of the first
step. Just as in our previous study [13], here we use
the 441 basis functions in the first step and nvt = 66

torsional eigenfunctions in the second one. More de-
tails on the used theoretical approach and correspond-
ing computer program can be found in [13].

The opportunity to choose almost any symmetry-
allowed term in the Hamiltonian (by choosing an
appropriate set of k, n, p, q, 1, r,, S, S,, t, and
t, integer indices in Eq. (1)) makes it possible for
the user to test the efficacy of an almost unlimited

number of higher-order torsion-rotation terms in
the fits. The addition of new higher-order parameters
requires a corresponding addition of new nomencla-
ture, hopefully possessing some mnemonic features.
In developing our nomenclature scheme we follo-
wed the general idea adopted in [15], that is to agree
on a letter for a low-order term, and then add one
or more subscripts to indicate higher-order correc-
tions to this term. Our scheme looks as follows.
The letter convention for the low order terms follows
the spirit of [16]. We use F, F', V;, etc. for low-
order torsional terms in the Hamiltonian of Eq. (1).
The rotational 4, B, C and centrifugal distortion A,
A, Ay, etc. parameters have their usual notation.
Terms in Eq. (1) containing a cos() or cos()cos()
factor are designated by the letter V' followed by
the periodicity of the corresponding cosine factor,
re. Vi, Vi, Vi, Vs, etc. Similarly, terms contai-
ning a sin() or sin()sin() factor are designated
by letter V' followed by the periodicity of the corre-
sponding sine factor, i.e. V35, V¢;, etc. Terms contai-
ning cos()sin() factors are designated by the double-
letter V', which is again followed by the periodicity
of the corresponding cosine/sine factor. Addition of J
and K subscripts to any given Hamiltonian term name
has the usual meaning of adding J* and J 2 factors
to that term (each additional J* or J> factor leads to
an additional J or K subscript). Presence of the J_,
J.,orJ ) factors in the term is indicated by the z, x,
or y subscripts in the term name. If the term can be
characterized as multiplication of some lower-order
term by J? or J i , then we add an x2 or y2 sub-
script to the parent term name (the special case of
addition ofa J? factor is considered above). Multipli-
cation by p,/p, and P’ / p; factors (added in a
way that preserves required symmetrization (see
Eq. (1)) is indicated by the addition of m and m2
subscripts, respectively. We should distinguish two pos-
sible cases for this situation if a particular term
also contains one or more cos() or sin() factors
(the terms [{pA,cos(30cA)} —{pB,cos(30cB)}]Jz
and [{pA,cos(3ocB)}—{pB,cos(3ocA)}]Jz can be
considered as an example of the two possible
cases where {A4,B}= AB+ BA). In one case, the
p, or p factors are followed by cos()/sin()
factors depending on o ,, and the p, or p; factors
are followed by cos()/sin() factors depending
on o, (e.g. [{pA,cos(3ocA)} - {pB,cos(30LB)}]Jz).
In the other case, the p, or p’ factors are follo-
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wed by cos()/sin() factors depending on ay,
and the p, or pj factors are followed by
cos()/sin() factors depending on o, (e.g.

[{pA,cos(3ocB)}—{pB,cos(3ocA)}]JZ). In the first
case, i.e. when the p, or pi factors are follo-
wed by cos()/sin() factors depending on o, and the
pg or p, factors are followed by cos()/sin()
factors depending on o,, the corresponding sub-
script is placed in square brackets, i.e. [m] or [m2].
So, if we consider the example terms given above,

the first one [{pA,cos(3ocA)}—{pB,cos(3ocB)}:|Jz
will get the name Vy,,., whereas the second one

[{pA,cos(30LB)} —{pB,cos(3(xA)}]Jz will get the
name ;.. Finally, if the term can be characterized
as multiplication of some lower-order term by the
mixed factor p,p,, then we add an m’ subscript.
Numerous examples of applying these naming con-
ventions can be found in Table 1 where parameter
names are accompanied by the explicit operator forms

of the corresponding Hamiltonian terms.

Table 1. Molecular parameters of acetone obtained with the PAM_C2v_2tops program from the fit of v, <2 dataset

Operatora Parameter” Value®, cm™
P+ ph F 5.578928(15)
PPy + DPpPa F' —0.21633(15)
(1/2)(1 -3, +1—-c30,) v, 406.670(50)
(1/2)(1—cba. , +1—cba,) v, -3.813(23)
(1/2)(1-c9a , +1-c9ap) Vs -0.3363(11)
(1/2)(c3a 30, 1) Vi 157.476(83)
(1/2)s3a. 830, Vi, —164.044(28)
1/2)(p,— pp)J. 4Fp, 1.309700(55)
1/2)(p,+ py)J, 4Fp, 0.573554(22)
J? A—(1/2)(B+C) 0.1426987(58)
J? (1/2)(B+C) 0.2261915(11)
Ji-J; 1/2)(B-C) 0.06229188(80)
-J* A, 0.193305(24)-107°
J2J? Ay -0.30999(27)-107°
-J? Ay 0.72021(53)-10°
277 (77 =J3) 8, 0.83472(12)-10”
272 (77 =T3) 8, 0.139614(75)-10°°
(1/2)(1-c3a, +1-c3a,)J? V., —0.40044(36)-10°°
(1/2)(1-c3a, +1-c3a,)J? Vik 0.0117404(88)
(1/2)(1—cba , +1—c6a,)J? Ve, ~0.775(10)-107*
(1/2)1-c9a , +1—-c9a.,)J? Vs, 0.1678(54)-107*
(1/2)(1-c6a , +1—cb6oy)J? Ve —0.8109(40)-107*
(1/2)10-c3a, +1—-c3a,)J? Vikk ~0.15753(52)-10°°
(1/2)(1-c3a, +1-c3a)J 2 J? Vi 0.1868(26)-1077
/2)(p5+p3)J? Fy ~0.16915(61)-10°*
(1/2)(p4 = p3)J: Pk ~0.79732(86)-10°°
s3a 830,07 Vi -0.26261(42)-107>
(1/4)(p, + pB)(JZZJX + Jij) Pk 0.51285(41)-10°°
s3a 830, Vi, 0.25251(94)-10°°
A/2)(Paps+ Pspa)? F 0.1996(11)-107*
s3a 830, Vi 0.11529(15)-107
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Operator? Parameter” Value®, cm™
/4 p, = pp)(J.TE+T7.) Pa ~0.25667(42)-10°°
(1/2)(c3a, +c3ay) > Vi 0.55537(43)-1072
/2)(p,+pp)J . J* Py -0.9930(23)-10°°
W/2)(p}+p3)J? F, ~0.53425(79)-107°
/2)(p-ps ). Pon 0.9401(24)-10°*
(1/2)(s60 ;830 5 + 8605830 ;) Ves —4.4567(60)
3o 30,7 Viswr —0.13594(25)-107
3o e3> Visk 0.15222(21)-10°2
W/2)(p}+p3 ). Prm2 ~0.3624(14)-10™
(/) ({pgss3a,} —{pS305})J, Viny 0.3301(11)-107
1/2)(p, + ps)J> Por ~0.23051(24)-10°°
(1/4)(s30 +83a)(J. T, +J,J.) Vi -0.6493(21)-107
(/) ({p 4,830 4,830} —{py,s3015,530 1), Vasimz -0.015259(73)
(1/2)s301 8301, (J2J + 37 Visge 0.5654(41)-107
(/) ({pg.c30}—{p,c3as})J. Ve 0.019945(63)
(1/2)(s9a ;8305 + 8905830t ) Ves —1.3508(48)
/4)({p3>Pat—1Ph P4} ). Pont 0.587(10)-10°*
(1/4)({pg>30t +1pc3a,})J, Ve 0.3751(27)-107
/2)(pips + pipl) Fy, ~0.1641(31)-10°
(1/2)(cba 430 +cbazc3a ) J? Vess -0.13937(74)-107°
(1/4)({p.1€30 4} — {py.C305}) S, Vipmy: ~0.075884(96)
(1/4)({p}-5601 530} + {p. 560,530, }) Veam 0.02126(39)
(/) ({Psr530 = {p 4530, 1) (S, + 7,77 ) Vi 0.1236(31)-10
(1/2)(c6oL, +c6oi,)> Veur 0.4935(40)-107*
(1/4)({p 4,560 1,83005} +{py.s605,830,})J, Vestmyx -0.013394(42)
Je H, 0.4190(25)-107"2
J4J? H -0.376(10)-10™"2
JAJ? Hy, —-0.4964(29)-107"!
J¢ H, 0.7785(29)-107"!
2(J§ ~J: )J4 h, 0.2095(13)-107"2
{J;‘,(Jf —Jﬁ)} I 0.2891(17)-10™"
(1/4)(s60. ;83015 — 56015830, ) (ST, +J,J.) Vs —0.13304(47)-1072
/%) ({pc30 3 —{ pB,c30LB})(JZJf +J§J2) Viimjz2 —0.6402(55)-10°°
(1/4)(s30, =530 )(J S+, ) Vi —0.25570(40)-107
(1/2)( ph+ pj;) F,, —0.59013(78)-107
(1/2)(c30, +c305)J2 Vires -0.25865(93)-107
(1/M)({pg-s60 4} = {p,,s60,5})J, Vmy 0.2163(24)-107
/4)({p3> Pat+1Ph P4} ). P 0.7136(68)-10~*
(1/2)(c6a 300, —1+c60ze30, —1) Vs 6.289(39)
cébo coa, —1 Vo -1.617(10)
(1/4)({pg.s60. 4,8305} +{p 560 5,530 ,})J Vi 0.8502(32)-107*
(1/4)({pgrc60L} +{p,,c60,})J, Vi 0.41390(96)-107
(1/4)(s60, +560a,)(J.J, +J,J.) Ve, -0.2317(20)-107°
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1/2)(Pirs + Paps)
(1/4)({pA’C30‘A}_{pB’C3aB})J23
/2)( P}y - Pari ).

(1f4)(s30t, —s3a,)(J2 T, +J,J )
W4 p, +pp) (20, +J,J2)°
/2)(p%+ ;)7
W4 ({py- 3o} —{p,c3a,})(J.T7 +J30, )T
/4)(Pips—Pypa )T+ T TN
(/4)({p -3 4,830, } — {py, 530,830} ) (.7 + T2, )
(1/4)(s30, —s3a,) (3T, +J 77 )
U/4)({pg. 3o}~ {pgc305})J:
/) P} p3)(J.T, +,J.)

/%) ({p.s3a,,8305} + {pB,s3ocB,s3ch})Jf,
(1/2)(PAPB + PPy )J?
(1/4)({PA5PB:C30‘A:C30‘B} + {pB’pA’C:;a‘B’C:;a‘A})Jzz
s3ocAs3ocBJfJ2
(1/4)({pA=pB’C3a‘A’C3G‘B} + {pB’pA’C3(X‘B’C3aA})
(1/4)({173’030‘,4} - {pA’C3(xB})Jz‘]2

Operatora Parameter” Value®, cm™!

(/) ({pyr560 4} {p4560,}) (2T, +J,J7) Vi 0.1958(24)-10°°
(1/2)(s60. 8305 + 560158301 ) J Vi, ~0.6895(86)-107*
(1/4)(c3a, +c3ay)(J2T7 + 207 ) Vikao 0.6092(61)-107

(YD ({P4s P5rC304,€305} +{ Py, pssC30p,c300,}) I} Vismisa 0.7289(71):10°°
(1/2)(p+ pp)JT? P2 0.902(19)-107"

(1/4)({ P3,830,,830,} + {p3,830 830, })JX Vs moma 0.7290(62)-107*
(1/4)(c60 5830, —c60t8305)(J T, +J,J ) VWi —0.2529(25)-10°

E 0.583(11)-107

Vitmyzx 0.14310(65)-107
Pzmtm -0.929(13)-10°°
Viok 0.1746(26)-107°
Pk —0.2298(26)-107"°

F, -0.3014(24)-107°

Vimeix -0.684(17)-107"!
Fo —0.2418(33)-107"!
Vstmizn 0.1559(89)-10°°
Vo 0.4951(70)-107
Vimekk -0.1587(26)-107"°
F, 0.3244(49)-107°
Vistmee2 0.1346(35)-107°
Fyx 0.3607(48)-107°
Vismk 0.6596(52)-10°°
Visma ~0.638(10)-10°*
Vasm 0.01665(82)
Vimzs 0.554(31)-1077

& Operator which is multiplied by the parameter in the program, where {A,B}=AB+BA,

{A,B,C,D} = ABCD+DCBA, cx=cosx and sx =sinx.
For parameter nomenclature see discussion in the text.

{A,B,C}= ABC+CBA,

© Statistical uncertainties (parenthesized) are shown as one standard uncertainty in the last two digits.

4. Spectral Analysis and Fit

We started our analysis from the results of [13] where
the weighted standard deviation of 0.94 was achieved
for the dataset consisting of 13 FIR (Far Infra-
red) line frequencies and 1720 microwave transitions
with J <38 and K, <21 that was fitted using
40 parameters of the Hamiltonian model which as-
sumes two equivalent methyl rotors and C,, sym-
metry at equilibrium (PAM_C2v_2tops program).
Assigning and fitting the new data using the
PAM_C2v_2tops program proceeded in a fairly con-
ventional iterative way by going up in frequency, with
assignments for all three torsional states done simul-
taneously since our previous study [ 13] provided rather

good starting predictions. As a result, about 10000 new
line frequencies within 34 —150 GHz range have been
added to the initial dataset [13]. Furthermore, we re-
measured a number of lines in the 480-620 GHz
range which were previously obtained with 200 kHz
uncertainty [8]. These lines have posed some prob-
lem for our recent analysis of literature data using the
PAM_C2v_2tops program [13]. The comparison
of the remeasured transition frequencies with the old
data [8] will be discussed in more detail in Section 5.
Here, it should be mentioned that all data with
200 kHz uncertainty in the 480 — 620 GHz range from
[8] were replaced in the final dataset with the new
more accurate measurements obtained in our cur-
rent study.
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The final dataset consists of 12128 microwave line
frequencies and 7 FIR band origins. Due to cluste-
ring in the acetone spectrum and occasional blending
these 12128 line frequencies correspond to 15465
rotational transitions in the fit. In comparison with
our previous study [13], the dataset was significantly
enlarged, and more than 10000 new line frequen-
cies were added to the analysis. Table 2 gives an
overview of the (c,,6;)=(0,0),(0,1), (1,1) and
(1,2) symmetry species coverage in G,, as well
as the J, K,, and v quantum number coverage of
the dataset used in the final fits of this paper.
Comparison of Table 2 with Table 4 in [13], where
analogous overview of the previous dataset is given,
shows that the range of rotational quantum numbers
was most significantly expanded in the K, quantum
number (especially for the second excited torsional
state v,,).

A fit achieving a weighted root-mean-square
(rms) deviation of 0.78 for 12128 microwave and 7
FIR line frequencies with 99 parameters included in
the model was chosen as our “best fit” for this paper.
The 99 molecular parameters obtained from this
fit are given in Table 1. Although the number
of parameters in the model was significantly increa-
sed (99 here against 40 in [13]), our current study
shows further improvement of the lines/parameter

Table 2. Overview of the dataset and fit quality

ratio in comparison with the previous results (=122
lines/parameter here against ~ 43 lines per adjus-
table parameter in [13] and =19 lines/parameter
in [8—10]). The quality of the fit chosen as our “best
fit” for this paper can be seen from the overview
of Table 2. The overall weighted standard deviation
of 0.78, as well as the fact that all data groups are
fit within their experimental uncertainties (see middle
part of Table 2 where the data are grouped by mea-
surement uncertainty), seems to be completely satis-
factory.

5. Discussion

A significant increasing (almost 2.5 times) of the num-
ber of parameters in the model in comparison with
our previous work [13] is caused in our opinion
by expanded rotational quantum number range in-
volved in the analysis (which is especially evident for
the second excited torsional state, see Table 2).
Also, our new data provide a higher level of accuracy
of measurements than that observed in the previous
dataset [13]. Indeed, in [13], the dominating group of
data belongs to the category with 100 kHz uncertain-
ty (see Table 4 in [13]), whereas in the current fit, the
category with 10 kHz measurement uncertainty
is dominant (see Table 2 here). Thus, on average we

By symmetry By measurement uncertainty By torsional state

(6.465)" #° rms®,kHz | Unc.%, kHz #° rms®, kHz v #b rms®, kHz J,K§
(0,0) 3819 42.73 4 14 1.42 GS 6233 43.41 60, 35
0,1) 4912 37.91 8 20 3.72 Viz 4868 4742 52,32
(1,1) 3313 52.48 10 6793 8.30 V7 4364 45.95 43,29

(1,2) 3421 50.57 20 43 11.77

30 2805 19.39

50 755 31.85

100 1588 82.96

150 95 49.42

200 15 36.94

2 Symmetry species in Gy symmetry group.

b Number of transitions of each symmetry species included in the least-squares fit of this paper, with a weighted standard deviation
of 0.78. (Parameters from this fit are given in Table 1.) Only rotational transitions are considered in this table. The rms deviation
of the 7 vibrational frequencies from Table 2 in [16] is 0.372 cm™'. Note, that due to blending, 15465 rotational transitions correspond

to 12128 measured line frequencies in the fit.
¢ Root-mean-square (rms) deviation for each data group.
Estimated measurement uncertainties for each data group.
e . L.
Number of measured line frequencies in each data group.

fGs represents the ground torsional state; v;, and v;; represent excited torsional states with v, =1 and v;; =1, respectively.
€ The maximum values of J and K, for transitions in each torsional state included in the fit.
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need now a theoretical model which should be ade-
quate at the level being by order of magnitude higher
than in the previous study [13]. A higher level of ac-
curacy will certainly require an inclusion of additional
higher order terms to take into account more subtle
torsion-rotation effects becoming evident at this in-
creased level of accuracy. At the same time, it should
be noted that the current number of parameters (even
with an increased range of quantum numbers and sig-
nificantly improved average level of measurement
uncertainty) is still less than the number of parame-
ters (105) employed in [8—10] to fit earlier available
smaller set of data. Finally, we would like to mention
that despite the fact that in acetone we have two large
amplitude torsional motions, the number of parame-
ters used in our model is comparable with that used
to fit spectra of some other molecules with only one
torsional large amplitude motion [15, 17, 18]. From
the arguments given above we can conclude that the
number of terms used in the model is physically sound
and fairly well balanced with the amount of available
experimental data.

It is interesting to compare the values of the low
order torsion parameters with the results of the pre-
vious study [13] because of a rather broad variation
of V; and V,; values among different fits to near
experimental error (weighted rms deviation ~1) ob-
served in [13]. As was mentioned in [13], changes
in the V; and V;; values in the fits were always
triggered by changes in the parameter set, and there-
fore we anticipated that an addition of new terms to
the model will affect low order torsion parameters.
Comparison of the V;, V35, V5, F, F', and p values
from Table 1 with the corresponding values from
Table 5 in [13] shows that variations of the para-
meter values are well above the confidence intervals
from the previous study [13] with the largest changes
observed namely for V;, V,;, and V;; parameters.
In our opinion, these large changes in low order pa-
rameter values are caused by significant changes
in the model and dataset, as well as by the correlation
between V; and V;; which is a known issue
discussed in some detail by Groner and co-authors
[19, 20]. At the same time, it should be noted that in
our current fitting attempts we have observed signif-
icantly narrower variation of V; and V;; values among
the exploratory fits to near experimental error. There-
fore we think that our new experimental data gave
an opportunity to put tighter constraints on the highly
correlated low order torsional parameters. We hope

that further experimental investigation of the acetone
spectrum, especially an addition of the high-resolu-
tion data on acetone torsional bands, will allow signi-
ficant reducing of the correlation between low order
torsional parameters in our model, thus providing an
opportunity of benchmark comparison with ab initio
calculations.

One of the issues remained unresolved in our
recent analysis of literature data using the
PAM_C2v_2tops program [13] is the situation with
the 200 kHz data group, the only one not fit within
experimental error in [13]. This group of data repre-
sented the transitions with the highest K, quantum
numbers in the fit, and therefore a reasonable ques-
tion had emerged whether these fitting problems were
due to some limitations of the theoretical model
or were of pure experimental nature. In the previous
work [13], the assumption was made that the sys-
tematic errors in the early FASSST measurements
(the data [8] were recorded using an early version of
the FASSST spectrometer at Ohio State University)
is the cause of the fitting problems in the 200 kHz
uncertainty data group. To check this assumption,
we have remeasured the line frequencies within
480620 GHz range for the 200 kHz data group in
[8] using the records of the acetone spectrum ob-
tained in PhLAM laboratory (Lille, France). In con-
trast to the FASSST spectrometer at Ohio State
University, the Lille spectrometer is a synthesizer
based one and therefore it provides much better fre-
quency calibration of measurements. Differences
between transition frequencies from [8] and our new
remeasured values for the same lines are shown
in Fig. 1. It is evident that a number of differences
up to 1 MHz are observed. About 30 % of the lines
have the differences between 200 and 400 kHz, and
about 20 % of the lines have the differences above
400 kHz, i.e. well above experimental uncertainty
stated for these lines in [8]. At the same time, the
new remeasured frequencies are fitted within exper-
imental error (mainly 30 or 50 kHz), whereas the
earlier measured frequencies are not. Thus, we can
conclude that systematic errors in the early FASSST
measurements were indeed the cause of our fit-
ting problems [13] in the 200 kHz uncertainty data
group [8]. As was already mentioned, in our current
fitting attempts all these data were replaced by the
new more accurate measurements obtained with the
use of the Lille spectrometer.
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Fig. 1. Differences between remeasured in the current work transition
frequencies and those observed in [8] for the 200 kHz uncertainty
group of data. Fig. 1(a) represents 485 — 520 GHz frequency range,
Fig. 1(b) represents 590 — 615 GHz frequency range

6. Conclusions

We have presented a new study of rotational spec-
tra in the lowest three torsional states of acetone
CH,COCH, employing the model developed for mol-
ecules with two equivalent methyl rotors and C,, sym-
metry at equilibrium that makes use of an explicit two-
dimensional potential function. In the current study,
the dataset available in the literature was augmented
by the new measurements in the millimeter wave range
as well as by remeasurement of a number of transi-
tions in the submillimeter wave range. About 10000
new line frequencies were added to the analysis. The
set of 99 Hamiltonian parameters, which fits within
the experimental error the dataset of 12128 micro-
wave and 7 FIR acetone line frequencies, was ob-
tained. The experimental dataset sample all symme-
try species in Gy¢ of the ground, v, =1, and v, =1
torsional states and covers the frequency range from
8 to 610 GHz. It is shown that previously reported

problems of our analysis of literature data using the
PAM_C2v 2tops program [13] were caused by un-
derestimated experimental uncertainty of the old
data [8]. Our remeasurements have allowed to re-
solve these problems. The obtained results provide a
firm basis for further investigations of the submillime-
ter wave spectrum of acetone and for reliable predic-
tions of the acetone spectrum in the millimeter wave
range for the needs of radio astronomy.
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IO. A. Apmeesa’, B. B. Hnowun', E. A. Anexceeg!'?,
0. A. [loposckas’, JI. Mapeynec?, P. A. Momuenko’

"Paguoactporomuueckuii nHcTUTYT HAH Vkpansst,
yi. KpacHo3namenHas, 4, . Xapbkos, 61002, Ykpanna

2 X apbKOBCKHI HAIMOHATILHBII YHUBEPCUTET
nmenu B. H. Kapasuna,
1. CBoOoxsL, 4, . XapekoB, 61022, Ykpanna

3 JTaboparopwust GU3MKHU J1a3ePOB, aTOMOB H MOJICKYII,
VYuausepcuret Jlwis 1, F-59655 Bunsués 1 Ack, @panmms

CIIEKTPOCKOITMSI OCHOBHOI'O, TEPBOT'O

11 BTOPOI'O BO3BYKJIEHHBIX TOPCUOHHBIX
COCTOSIHUIA ALIETOHA B MIIJIUMETPOBOM
JIMATIA3OHE JIJIMH BOJIH

TIpeomem u yenb pabomul: UCCIEIOBAHUE CIIEKTPA IEPBBIX TPEX
TOpcUOHHBIX cocTostHui aneroHa (CH,;COCH;) B nuanazoHax
34+150 u 480+620 I'Tw.

Memoowr u memoodonocust pabomut: HoBble M3MepeHHs BBITION-
HEHBI C UCIIONE30BAHIEM aBTOMATH3UPOBAHHOTO CIIEKTPOMETPA MIJI-
JIMMETpOBOTO uanazoHa Pamroactponomumdeckoro nacturyra HAH
VKpauHBI ¥ CyOMUJUTIMETPOBOTO CIIEKTPOMETpa J1abopaTopuH
OJTAM (JIvsns, Opanmwst). Pe3ynbrarsl HOBBIX M3MepeHHH 00pa-
00TaHBI C MMOMOIIBIO HENABHO Pa3pa0OTaHHONW MOIENH IS
MOJIEKYII C IByMSI 9KBUBAJICHTHBIMH METHJIBHBIMH TPYIITIAMH H
paBHOBecHOH cummerpueit C,,, (mporpamma PAM_C2v_2tops).
Peszynbmamul pabomvl: AHaIN3 CIIEKTPa MOJIEKYIBI AlleTOHA
BBIIIOJTHEH C UCTIOJIb30BAHUEM KaK HOBBIX H3MEPEHHH 1JIs TOp-
CHOHHO-BpAIlaTeIIbHBIX [IEPEXO0I0B B MIJIMMETPOBOM JIHAIIa30-
He JUTUH BOJIH, OTHOCSIIIIMXCS K OCHOBHOMY, TIEPBOMY H BTOPOMY
B030Y>KICHHBIM TOPCHOHHBIM COCTOSTHHSIM, TaK ¥ paHee Ommyo0-
JIMKOBaHHBIX AaHHBIX. KpoMe Toro, mpoBeneHsl 0oj1ee TOuHbIe
M3MEpEHHs LIETI0TO Psiia paHee OMyOIMKOBAaHHBIX JIMHHH, KOTO-
Ppble IPEACTaBIUIM HEKOTOPYIO TPoOIeMy B IPEIbIIyIIeM aHa-
JIM3€ C MCTIOJIb30BAHUEM TOM JKe MOJIEITH.

3axnouenue: Pe3ybTaThl HOBTOPHBIX M3MEPEHHUIT OKA3aIIH, YTO
HMEBIIINECS MPOOIIEMBI OTMCAHMS CIICKTPAa ObLIH BHI3BAHBI HEZIO-
OIIEHEHHBIMH YKCIIEPUMEHTAITEHBIMH ITOTPEITHOCTSIMH OITy OJTH-
KOBaHHBIX paHee JaHHbIX. DUHabHAS MOAEb UCTIONB3YeT 99
rapaMeTpoB U 00ECTIEUNBACT B3BEIICHHOE CPEAHCKBAIPATIYHOES
otkiionenwe (.78 st Habopa JaHHBIX, cocTosiero u3 6233, 4868
n 4364 nepexonoBc J <60 u K, <35, OTHOCAIIUXCSA COOTBET-
CTBEHHO K OCHOBHOMY, TIEPBOMY H BTOPOMY BO30YKIICHHBIM TOP-
CHOHHBIM COCTOSTHUSIM MOJICKYJIBI alleTOHA.

Kniouegvie cnosa: aneToH, MUJUTMMETPOBBIH CIIEKTP, BHYTPEH-
Hee BPaIllCHUE METHIBLHOM IPYTIIIEL

IO. A. Apmeesa’, B. B. Imowun’, €. A. Anexcees'?,
0. A. [loposcwka’, JI. Mapeynec?, P. O. Momienko?

"Panioactporomiunuii inctutyT HAH Ykpainu,
Bys1. UepBoHOMpanopHa, 4, M. Xapkis, 61002, Ykpaina

2 X apKiBCbKHIl HALIOHAIBHUIT YHIBEPCHTET
imeni B. H. Kapasina,
M. CBobonu, 4, M. XapkiB, 61022, Ykpaina

3 JIabopartopist pi3uKu Ja3epiB, aTOMIB Ta MOJIEKYII,
Vuisepcutet Jlimb 1, F-59655 BineaboB 1’ Ack, @panmis

CIHEKTPOCKOIIIAA OCHOBHOTI'O, ITEPHIOTO

TA JIPYTOI'O 3BYDKEHMX TOPCIMHUX CTAHIB
ALIETOHY V MIUIIIMETPOBOMY HIAITA30HI
JOBXXMH XBWJIb

Ilpeomem i mema pobomu: NOCHIIKEHHS CIIEKTpa MEPIINX
TpbOX Topciiinux craniB anerony (CH,COCH,) y niamasonax
34150 Ta 480+620 I'Tn.

Memoou ma memooonozis pooomu.: HoBi BUMiprOBaHHS BUKO-
HAaHO 3 BUKOPUCTaHHAM aBTOMATH30BaHOTO CIIEKTPOMETpa MiTiMeT-
poBoro niana3ony Panioacrpomiynoro incturyra HAH Ykpai-
HU Ta cyOMiITiIMeTpOoBOTO cieKTpoMeTpa Jadopartopii DJIAM
(JTinne, @panuis). Pe3ynsratit HOBUX BUMIpIOBaHb 00POOICHO
3 BUKOPHUCTAHHM HEIIOAABHO PO3po0IIeHOT MOIeNi AJIs MoJie-
KyJI 3 IBOMA eKBiBAICHTHUIMU METWIILHUMU TPyHIaMH Ta piBHO-
BakHOMO cumerpieto C,, (mporpama PAM_C2v_2tops).
Pezynomamu pobomu: AHaIi3 CTIEKTpa MOJICKYJIH alleTOHY BH-
KOHAHO 3 BUKOPUCTAHHSIM SIK HOBUX BUMIpIOBaHb JJIs TOPCIHHO-
00epTaIbHHUX IEPEX0/IiB Y MUTIMETPOBOMY Aiara3oHi JOBKHH
XBUJIb, 1[0 HAJISIKATH 10 OCHOBHOTO, IIEPIIIOTO Ta JPYToro 30ya-
YKEHHX TOPCIHHMX CTaHiB, TaK i paHile omyOIiKOBAHUX JaHHX.
J1o Toro 7k, BUKOHAHO TOYHIIIT BUMIPIOBAHHS HU3KH PaHiIle OITy0-
JIIKOBaHMX JIiHIN, KOTPi CTAHOBHUIIH JCSKY IPOOIIEMy B MOTIEpe/i-
HBOMY aHaJi31 3 BAKOPHCTAHHSM Ti€ 5k MOJIEIi.

Bucnoeox: Pe3ynpraTi NOBTOPHHX BHMIPIOBaHb MOKAa3aJH,
1110 HasIBHI POOJIEMH 3 OIIMCOM CIIEKTPa OyII0 CIIPHYNHEHO HEIO-
OLHKOIO €KCIIEPIMEHTAIBHIX IIOXHOOK PaHillle OITyOTiKOBaHHUX
naHnx. DiHanbHa MOJIETh BUKOPHUCTOBYE 99 apaMeTpiB Ta 3a0e3-
Tieuye 3BaXKEeHE CepeIHbOKBaIpaTHyHe BimxuneHns 0.78 s Ha-
6opy IaHMX, 1110 MicTUTh 6233, 4868 Ta 4364 nepexonis 3 J < 60
Ta K, <35, sKi HaJle)aTh BiIOBIJHO 10 OCHOBHOTO, IEPIIOTO
Ta APyroro 30yLKeHNX TOPCIIHIUX CTaHIB MOJIEKYIIH alleTOHY.

Kniouogi crosa: aneToH, MUTIMETPOBHIA CIIEKTp, BHYTPILITHE 00ep-
TaHHS METUIILHOT TPYIH
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