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ABSTRACT

Context. The hydroxymethyl radical (CH,OH) is one of two structural isomers, together with the methoxy radical (CH;0), that can
be produced by abstraction of a hydrogen atom from methanol (CH;OH). In the interstellar medium (ISM), both CH,OH and CH;0
are suspected to be intermediate species in many chemical reactions, including those of formation and destruction of methanol. The
determination of the CH;O/CH,OH ratio in the ISM would bring important information concerning the formation processes of these
species in the gas and solid phases. Interestingly, only CH;O has been detected in the ISM so far, despite the recent first laboratory
measurement of the CH, OH rotation-tunneling spectrum. This lack of detection is possibly due to the non-observation in the laboratory
of the most intense rotation-tunneling transitions at low temperatures.

Aims. To support further searches for the hydroxymethyl radical in space, we present a thorough spectroscopic study of its rotation-
tunneling spectrum, with a particular focus on transitions involving the lowest quantum numbers of the species.

Methods. We recorded the rotation-tunneling spectrum of CH,OH at room temperature in the millimeter-wave domain using a fre-
quency multiplication chain spectrometer. A fluorine-induced H-abstraction method from methanol was used to produce the radical.
Results. About 180 transitions were observed, including those involving the lowest N and K, quantum numbers, which are predicted
to be intense under cold astrophysical conditions. These transitions were fitted together with available millimeter-wave lines from the
literature. A systematic observation of all components of the rotational transitions yields a large improvement of the spectroscopic

parameters allowing confident searches of the hydroxymethyl radical in cold to warm environments of the ISM.

Key words. methods: laboratory: molecular — techniques: spectroscopic — catalogs — ISM: molecules — submillimeter: general

1. Introduction

The hydroxymethyl radical, CH,OH, is suspected to partici-
pate in the formation and destruction of ubiquitous interstellar
methanol and therefore holds a considerable place in many astro-
chemistry models of the interstellar medium (ISM; e.g., Morisset
et al. 2019; Watanabe & Kouchi 2002; Hama & Watanabe 2013).
Theoretical and experimental surface chemistry studies tend to
indicate that CH,OH should be one of the products of methanol
desorption from ice analogues (Wakelam et al. 2017; Bertin et al.
2016; Oberg et al. 2009). This species may also be formed by
gas-phase reactions (Balucani et al. 2015; Acharyya et al. 2015;
Lucas et al. 2015) or gas-grain reactions induced by cosmic rays
(Garrod et al. 2008). In addition, reactions involving CH, OH on
interstellar ices have also been proposed to form complex organic

* FIT files are available at the CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsarc.u-strashg.
fr/viz-bin/cat/1/A+A/644/A123

molecules (COMs) as glycolaldehyde (HOCH,CHO) and ethy-
lene glycol (HOCH,CH,OH; Butscher et al. 2015). However,
because CH,OH has never been conclusively detected in the
ISM - contrary to its isomer methoxy (CH3O; Cernicharo et al.
2012) and closely related formaldehyde (H,COj; Snyder et al.
1969) and formyl radical (HCO; Snyder et al. 1976) — all models
crucially lack molecular abundance for the CH,OH radical.

The suspected role of the CH,OH radical, not only in the
ISM chemistry but also in the Earth’s atmosphere (Seinfeld &
Pandis 2016) and industrial environments (Westbrook & Dryer
1979), has motivated several studies despite its high chemical
reactivity, inducing a relatively short lifetime. Several electronic
and vibrational bands have been assigned using low-resolution
matrix and gas-phase spectra, thereby allowing thermodynamic
and structural properties to be estimated (Dixon & Norman 1963;
Livingston & Zeldes 1966; Dulcey & Hudgens 1983; Johnson &
Hudgens 1996; Dyke et al. 1984; Jacox & Milligan 1973). Con-
current to these studies, many theoretical investigations on the
radical have been undertaken, providing vibrational frequencies,
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rotational constants in the ground vibrational state, and a pre-
diction of the potential energy hypersurface (Saebo et al. 1983;
Marenich & Boggs 2003; Johnson & Hudgens 1996). The first
high-resolution (i.e., rotationally resolved) investigation on the
species was reported in 2004 by Feng et al. (2004). Using
ro-vibronic spectroscopy, the authors partially resolved the rota-
tional structure within three fundamental vibrational bands: the
v3 (CH symmetric stretch), v, (CH asymmetric stretch), and v,
(OH stretch) bands lying around 3050, 3200, and 3700 cm™!,
respectively. Roberts et al. (2013) recorded the first direct ro-
vibrational spectrum of CH,OH using high-resolution infrared
spectroscopy in a supersonic expansion leading to the direct
observation of K, =0 « 0 transitions in the v3; band. Finally,
the rotation-tunneling spectrum of CH,OH in the millimeter-
wave domain, which is crucial for astronomical searches, was
reported in 2017 (Bermudez et al. 2017). This study revealed a
tunneling effect that significantly complicates the spectroscopy
of the molecule. Shortly after, the ro-vibrational spectroscopy in
the symmetric CH-stretch region was revisited and transitions in
both tunneling sublevels were reported (Schuder et al. 2017).

It is thus interesting that, while rotation-tunneling transitions
of CH,OH have been observed in the laboratory, the species
remains undetected in space. In particular, despite the high num-
ber of transitions recorded by Bermudez et al. (2017), those
involving the lowest quantum numbers — thus expected to be
intense under cold interstellar conditions — remain elusive. In this
work, we reinvestigated the rotation-tunneling spectrum with the
aim of directly observing the transitions expected to be intense
under interstellar conditions. We measured about 180 transitions,
thereby allowing a significant refinement of the rotational con-
stants and now enabling confident searches for the radical in the
ISM.

2. Methods
2.1. Spectroscopic properties

With an asymmetry parameter k = (2B—A—-C)/(A—-C)=-0.95,
where A, B, and C are the rotational constants, the CH,OH rad-
ical is an asymmetric rotor close to the prolate limit (x =—1).
Quantum chemical calculations, led by Saebo et al. (1983) for
example, point to a nonplanar structure at equilibrium (of C,
symmetry), albeit with a low barrier to planarity. It is well
accepted that, in the vibrational ground state, the species behaves
as a planar molecule of Cy; symmetry (Johnson & Hudgens
1996). Indeed, the inertial defect in v=0, Ag=1.0 — Ipp —
1,0=-0.05527 amu Az, is very close to zero, indicating that the
molecule is planar in this state. The negative sign of A, reflects
the existence of low-lying, out-of-plane vibrational modes (Oka
1995). The radical possesses a permanent dipole moment of
0.13 D and 1.6 D (calculated values, Bermudez et al. 2017) along
the a- and b-axes of symmetry, respectively. As a reflection of
the much lower value of the dipole moment along the a-axis, all
rotational transitions observed so far obey b-type selection rules.

Because the hydroxyl H tunnels between two equivalent posi-
tions, a tunneling-rotation interaction creates two substates, a
symmetric and an antisymmetric one. While these two subtates
are often referred to as v=0%* and v=0", in this work we favor
the notation v, = 0 and v, = 1 (for the symmetric and antisymmet-
ric substates, respectively) because it allows for a straightforward
definition of the ortho (K, + v; even) and para (K, + v; odd) rota-
tional levels. Rotational levels within each tunneling state are
connected by a-type transitions and those between the tunnel-
ing states by b-type transitions. Finally, the observation of ortho
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and para spin-statistics in the line intensity of the rotational and
ro-vibrational spectra indicates that the symmetry of the tunnel-
ing substates is C,y, and thus this gives additional evidence of
the planarity of the molecule in the ground vibrational state. For
further details, Bermudez et al. (2017) provided a description of
the internal wave function and statistical weight of the tunneling
sublevels.

The rotational energy level structure of the hydroxymethyl
radical is further complicated by the presence of one unpaired
electron (S =1/2) and three H atoms of non-zero nuclear spins
(Ig = 1/2). The rotational, electron-spin, and nuclear-spin angu-
lar momenta are coupled as follows, where the hydroxyl H atom
is labeled as H1 and the two methylenic H atoms as H2 and H3
(see Fig. 1):

N+S=],

J+ Iy =Fy,

Iz + I3 =1,

F, +Ig=F. (D)

The electron-spin—rotation coupling causes each rotational level
with N > 0 to be split into two fine structure (FS) components
(of J quantum number). Each fine structure level is split into two
components by the hyperfine structure (HFS) associated with the
hydroxyl H1 (F;). For ortho rotational levels, each of these HFS
level is further split into three components by the HFS associated
with the methylenic H2 and H3 atoms (F), whereas no addi-
tional splitting occurs for para levels. Consequently, each energy
level of the species is described by a set of seven quantum num-
bers: N, K,, K., v, J, F1, F. This relatively complex energy level
diagram is illustrated in Fig. 1. The components of the b-type
transitions between two rotational levels (N",“ K < N;(’&,’ K;’) are
split into a pattern of four clusters of lines and follow the selec-
tion rules AJ=J" —J"= 0or 1, AFy=F| - F/=0 or 1, and
AF =F’" — F” =0 or 1. The coupling scheme we choose is gov-
erned by the use of the CALPGM suite of programs (Pickett
1991) for our analysis. The hyperfine splitting caused by the
methylene H2 and H3 atoms is larger than that of the hydroxyl
H1 atom, but the SPFIT and SPCAT programs require the set
of equivalent nuclei to be coupled with the remaining angular
momenta last. The main effect is that the F; quantum num-
bers are less meaningful than if the hydroxyl H1 spin angular
momentum were coupled last.

2.2. Experimental setup

The rotation-tunneling transitions of CH,OH were recorded in
the 140-330 GHz region using an absorption millimeter-wave
spectrometer described in Pirali et al. (2017). The spectrometer
consists of a radio-frequency synthesizer, a frequency multiplier
chain from Virginia Diodes Inc., a Schottky diode detector, and a
lock-in amplifier. The radiation is injected into a 2 m long Pyrex
absorption cell equipped with Teflon windows at both ends. The
radical is produced by H-abstraction from methanol using atomic
fluorine, itself produced upstream by a microwave discharge (set
at 100W) in a F,/He mixture (5% dilution). To limit surface
reactions of the radical, which would lower its abundance, the
absorption cell is covered with a fluorinated wax. The precursor
(methanol in this case) and atomic fluorine are injected sepa-
rately in the cell using two gas inlets. A fast flow, ensured by a
roots blower, was mandatory to observe the radical with a suffi-
cient signal-to-noise ratio (S/N). The best signals were obtained
for partial pressures of 10 ubar of methanol and 20 ubar of F,/He.
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Fig. 1. Schematic energy level diagram of the CH,OH radical and selected portions of the experimental spectrum displaying the different com-
ponents of the "Qy(10) (*«ANg~»(N")) transition. The splittings of each rotational level, due to the tunneling effect, the FS, and HFS, are not
represented at scale. The arrows represent allowed transitions and are linked to the corresponding experimental lines by dashed lines, in purple
for ortho and green for para levels. The presented spectra result from the subtraction of two recordings, without and with a permanent magnet.
Each plot has been normalized to the strongest component within the spectral window. The acquisition time varies, depending on the intensity of
the components (see text for typical values). For the sake of clarity, the molecular representation of the CH,OH radical is shown together with a

schematic representation of the tunneling of the H1 atom.

To unambiguously identify transitions arising from open-shell
species, a permanent magnet (~15mT) was used for reference
measurements by placing it underneath the interaction area of the
two gases. The induced Zeeman effect was strong enough that
only absorption transitions of close-shell species remain detected
in the reference spectra. Since these transitions have the same
intensity in the spectra recorded with and without magnet, ref-
erence subtraction yields a spectrum on which only transitions
arising from open-shell species are visible.

For all measurements, a frequency modulation of 48.2 kHz
and a frequency step of 50kHz were used. Because of the 2f
demodulation scheme employed on the detection side, all tran-
sitions display a second derivative line shape. In the 140-220
and 220-330 GHz range, the modulation depth was set to 400
and 500 kHz, respectively. As a result of a line-by-line type of
measurement, the time constant was set for each scans to max-
imize the S/N, while maintaining a reasonable acquisition time.
Thanks to a relatively stable baseline, long time constants on the
order of 500 ms to 2 s were routinely used. For the weakest lines,
the measurements were repeated up to 10 times.

Overall, 182 transitions were measured with S/N ranging
from 5 to 15 and line frequency accuracy from 50 to 200 kHz.
Figure 2 shows the prediction of the rotation-tunneling spec-
trum below 400 GHz using the final set of parameters at room
temperature and 10 K. All the most intense transitions at both
temperatures have now been measured in the covered spectral
region (as indicated by asterisks on Fig. 2).

3. Results and discussion

3.1. Refit of the literature rotation-tunneling data

Pickett’s SPCAT and SPFIT programs (Pickett 1991) were
employed for prediction and fitting of the rotational spectrum

300 K prediction

3x10 +
*
'Qy(10) *
N 2x10* 4 «
I *
s « 1 *
o 1x10% 4 *
: Al [ |
- o el Jd]. I ’ Iln | ‘\Ll II. IHI
2 2x10" 4 *
& rediction . ’RD(” *
[ T
- "Ro(0) Rol2)
1x107" 4 Qu(2)
*
;00(3)
Qy(4)
} ’* 'Q(6)
0 *
T T 1
0 50 100 150 200 250 300 350 400
Frequency / GHz

Fig. 2. Prediction of the rotation-tunneling spectrum of CH,OH (final fit
from this work) in the 150-350 GHz region, at room temperature (in red)
and at 10K (in cyan). Transitions measured in this work are indicated
with an asterisk. The strongest transitions at low temperatures that have
been measured in this work (at room temperature) are also indicated
and labeled using the formalism “X« ANg»(N"). Intensities have been
determined using the partition functions Q(300K)=36239.1838 and
Q(10K) =259.1302 determined using Pickett’s SPCAT program.

of CH,OH. The starting parameters were slightly modified from
those presented by Bermudez et al. (2017). First, we employed
a Watson’s S reduction of the rotational Hamiltonian because
the molecule is rather close to the prolate limit. Then, to mini-
mize correlations, instead of individual A, B, and C, we adjusted
the linear combinations A — (B + C)/2, (B + C)/2, and (B —
C)/4. Instead of reporting such linear combinations in each
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tunneling state, we present average values together with the devi-
ation for each substate (indicated by A parameters in Table 1,
see footnote b). The rotational constants within each tunneling
state are given in Table A.l. The fit using individual rotational
constants or linear combinations of them are strictly equiva-
lent. Since the initial data set only consisted of transitions with
K, < 1, we kept the off-diagonal quartic centrifugal distor-
tion constant d, fixed to value derived from the calculated
o0k value and floated d; (d, =—6, in the A reduction) because
(B—-C)/4 and d; are the main parameters determining the
asymmetry splitting in K, = 1. Because the experimental quar-
tic centrifugal distortion parameters in the vibrational ground
state are frequently larger in magnitude than the calculated
equilibrium parameters, we increased the ab initio Dk value
reported in Bermudez et al. (2017) by about 5%, which is
slightly less than the change in Ay between equilibrium and
ground-state values in the same work. We did not consider the
larger change in Ayg because of the much larger uncertainty
of the experimental value. Finally, we estimated an Hg value
based on the Dg/(A — (B + C)/2) ratio with the aim of bet-
ter predicting the location of transitions involving higher values
of K, and improving the partition function values at higher
temperatures.

This revised set of spectroscopic parameters was used to fit
the 96 lines published by Bermudez et al. (2017), 11 of which
were excluded from the authors fit. We revised the assignment of
the line in the vicinity of 270 377.474 MHz. In the original work,
this line was attributed to three HFS components, but omitted
from the fit because of the large deviation between the mea-
sured and calculated frequencies. A closer look at the prediction
revealed that two of the HFS components are close to each other
(with a calculated splitting of about 200 kHz), while the third
component is lying more than 600 kHz away (which is about the
line width at these frequencies). Therefore, it is unlikely that this
component contributes appreciably to the measured line position
and we decided to include the two close HFS components in the
fit (and thus to omit only the third component). To sum up, the
initial set of transitions consists of 87 lines; this set is comprised
of 96 transitions assigned less the 11 originally excluded plus
2 added. The resulting set of initial spectroscopic parameters is
reported in Table 1.

3.2. Strategy of assignment

As shown by Bermudez et al. (2017), the rotational-tunneling
spectrum of the radical is rather complex. In our first series
of measurements, some clusters of lines did not appear to be
predicted well. We thus suspected that some parameters were
not properly constrained in the initial fit. Therefore, we decided
to perform systematic measurements within each cluster of
rotational transitions. Starting from the transitions reported by
Bermudez et al. (2017), we then extended our measurements
toward both higher and lower N values. This systematic approach
was crucial to well constrain the relatively large number of
parameters necessary to fit all measured transitions. It revealed
one set of misassignments in the work of Bermudez et al. (2017),
namely the "Qy(7), v; < v =0 «1,J <« J'"=65 < 65FS
component. The authors assigned frequencies at 227 659.877
and 227 662.665 MHz to the F'| « F'=7 <7 and 6 « 6 HFS
components, respectively. Our investigations revealed that the
first frequency should be assigned to the F| « F=6 < 6
component, while the second frequency does not belong to
the rotational spectrum of CH,OH in its ground vibrational
state according to present prediction. Our model predicted
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Table 1. Spectroscopic parameters (in MHz, unless otherwise noted) of
CH,OH determined in the refit of the literature (initial) and from this
work (present).

Parameters ) Present Initial ®

AE 158.35 (75) 139.77 (10)
Rotational parameters

A-(B+0)/2 166 639.770 (25) 166 645.20 (24)
B+C 55790.9636 (56) 55790.27 (12)
B-C 3895.8774 (60) 3896.337 (62)
AA—-(B+C)[2)© -38.2 (15)

AB+C)x 103 © —-13.1 (44) —-126.1 (13)
AB-C)x 103 © 70 (14) 424 (12)
Rotational centrifugal distortion constants

Dg 5.6@ 5.6@
Dyg % 103 580.3 (21) 794 (21)

Dy x 103 62.013 (54) 66.34 (22)
d; x 103 —8.5006 (93) -8.585 (33)
dy x 103 —1.451 (26) -1.32@
Hg x 103 0.25@ 0.25@
Electron spin-rotation and centrifugal distortion constants
€1a —-458.369 (92) -517.6 (20)
€ —121.492 (25) —124.97 (39)
Ec —1.464 (28) —-3.15 (46)
(€ + €pa)/2 —-48.39 (34)

Dfm 1.238 (81)
Df\, x 10° 31.5(23)
dls x 103 0.143 (26)

Isotropic and anisotropic hyperfine interaction constants
ap(H1) —4.7 (14) -124@
T,,(H1) -1.9@ -1.9@

Ty (HI) 9.498 (32) 9.487 (61)
T,,(H1) 17.8@

ar(H)W —54.37 (15) -52.11 (94)
Too(H)V —23.11 (28) —24.5 (21)
Typ(H) 19.44 (15) 20.1 (11)
T (H)D -30.7@

Relevant fit parameters

n@ 182494 87

N K oy ® 13,1 13,1

rms 0.081 0.077

a® 0.95 0.93

Notes. Numbers in parentheses are one standard deviation in units of
the least significant figure. In the set of HES parameters, the hydroxyl H
is indicated by H1 in parentheses, the two equivalent methylenic H2, and
H3 simply by H in parentheses. ”Parameters with no numerical values
were not used in the fit (i.e., fixed to 0, see text) PRefit from the data
from Bermudez et al. (2017); see Sect. 3.1. @AX = (X, =1 — X,,=¢)/2 for
a given parameter X. These values allow us to determine the rotational
constants in each substates v, =0 and 1. (d)Kept fixed to value calculated
by Bermudez et al. (2017), except Dg = 1.05 X that value; see Sect. 3.1.
©Estimated from Dg; see text. VX(H) = X(H2) = X(H3) for a given
parameter X, except To,(H) =T,;,(H2) = —T,,(H3); see text ¥ Number
of fitted transitions. In the present fit, the number of newly measured
lines and lines from Bermudez et al. (2017) are reported, respectively.
®Unitless. PReduced standard deviation; unitless.
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the F| « F=7 « 7 component about 3 MHz lower in fre-
quency than the original assignment, and a line was assigned
at 227 656.875 MHz. Once this correction was made, we could
omit two electron-spin—rotation centrifugal distortion parame-
ters, Df{N and DS, from the fit. In consequence, this assignment
correction induced a very large change in the electron-spin—
rotation constant €,, and additional significant variations in
rotational and centrifugal distortion terms A — (B + C)/2 and
Dyk, as well as €, and €.

3.3. Inclusion of the new measurements in the fit

Most of the newly measured lines could be assigned and fit
straightforwardly. The addition of Q-branch FS components
with N « N"=3 « 2 and 2 « 1 yields a large variation of
AE (the energy difference between both tunneling sublevels),
A(B + C), and A(B — C); and required the off-diagonal electron-
spin—rotation constant df and A(A — (B + C)/2) to be included
in the fit. In addition, we floated d, but kept Dk fixed in the fit
because the change in Dg was deemed too large (about a quar-
ter of its magnitude). At this stage of the analysis, some of our
transition frequencies, mostly with low values of N, still deviated
significantly from their calculated positions. This also applied to
most of the transitions that were already omitted in Bermudez
et al. (2017). We were able to reproduce all these transitions
satisfactorily by adjusting the off-diagonal coupling parameter
(€ + €pq)/2 in the fit. It is important to point out that the Cy,
symmetry of the tunneling substates rules out that this parameter
acts within the tunneling states. Instead, it acts as an interac-
tion parameter between the tunneling states. The same applies
to the off-diagonal anisotropic hyperfine interaction constant for
the hydroxyl H, T,,(H1).

Overall, we were able to reproduce 276 lines in the final fit
(94 from Bermudez et al. 2017 and 182 from this work) with
N and K, ranging from O to 13 and from O to 1, respectively,
by adjusting 21 parameters while keeping 5 fixed. Despite par-
tial overlap between both datasets, all transition frequencies from
Bermudez et al. (2017) (with the exception of two HFS compo-
nents mentioned above) and from our new measurements were
kept in the final fit because transition frequencies from both
sets (i) have similar uncertainties and (ii) constitute independent
pieces of information. The final set of spectroscopic parameters
is reported in Table 1; the derived rotational constants within
each tunneling sublevel are reported in Table A.1. The root mean
square (rms) of the fit is 81 kHz and the standard deviation is
0.95, indicating that the transitions are reproduced within their
experimental accuracy (Tables B.1 and B.2).

The greatly extended line list, in particular transitions involv-
ing low values of N, enabled the determination of new Hamilto-
nian parameters and the improvement of several other param-
eters, notably the HFS parameters. Overall, this enabled an
important refinement of the model parameters set. While some
parameters are fairly close to those previously determined, sev-
eral undergo significant variations that are well beyond the
previously expected uncertainties. For instance, the energy dif-
ference between the two tunneling states AE is shifted by
20MHz; A — (B + C)/2 by about SMHz; and A(B — C) by
more than a factor 5. The use of A(A — (B + C)/2) in the
fit and its strong correlation with AE led to an increase of
the uncertainty of the latter compared to the initial fit. These
strong variations are likely a reflection of the two identified
misassignments and the more systematic measurements of lines
within each rotational clusters. A few parameters warrant further

discussion. The signs of the off-diagonal anisotropic hyper-
fine interaction constants for the hydroxyl H1, T,,(H1), and of
(€ap + €pa)/2, cannot be determined through the fits, but the rel-
ative signs matter. Trial fits showed that their signs need to be
opposite and that the value of T,,(H1) was rather uncertain:
15.0 £ 5.0 MHz. Therefore, we kept the value of T,,(H1) fixed
to that calculated in Bermudez et al. (2017), i.e., 17.8 MHz. The
off-diagonal anisotropic hyperfine interaction parameters of the
two methylenic hydrogens nuclei, 7,,(H), act within each tunnel-
ing state, and their signs are opposite because of the geometry of
the molecule [T,,(H2) =-T,,(H3)]. Several of the HFS parame-
ters associated with the hydroxyl H1 atom and, to a lesser extent,
to the methylenic H atoms were kept fixed in the fit. When fitted,
the T,,(H) parameter took a value of —62 + 11 MHz, which is a
factor two away from the calculated value reported in Bermudez
et al. (2017), while the rms error remained unchanged. In conse-
quence, we decided to keep T,,(H) fixed to the calculated value.
As can be seen in Table 1, the accuracies of the HFS parameters
associated with the hydroxyl H1 remain limited. When float-
ing, T,,(H1) changed its values to 17.3 +4.4 MHz while the
rms error only changes very slightly, from 0.95 to 0.94. Con-
sequently, we decided to keep this parameter fixed in favor of a
more constrained fit. However, we can state that the hydroxyl H1
HFS parameters are almost certainly lower in magnitude than the
value to which they are currently kept fixed.

The initial and final experimental datasets, parameter, and
fit files along with additional auxiliary files are available in the
fitting spectra sections' of the Cologne Database for Molecu-
lar Spectroscopy, CDMS (Endres et al. 2016); a new calculation
of the rotational spectrum of CH,OH is available in the catalog
section? of the CDMS.

3.4. Astronomical implications

The position of many clusters of lines that were not previously
measured by Bermudez et al. (2017) differs considerably from
our initial prediction, in particular those involving the lowest
quantum numbers and that should be intense at low tempera-
tures. For example, we observed a significant shift of the "Ry(2)
transition components located around 322 GHz (see Fig. 3).
Using the initial set of spectroscopic constants, these lines were
predicted about 10 MHz below their actual positions. Such a shift
is much larger than the width of astronomical lines and may thus
explain why the species has remained undetected in the ISM so
far. Similar comments can be made for most of the astronom-
ically relevant transitions. Tables B.l and B.2 summarize the
strongest "Qp and "Ry transitions at 10 K below 400 GHz, and a
comparison of the current prediction with the observed frequen-
cies. The current model nicely reproduces all observed rotational
transition clusters as can also be seen in Fig. 4.

While we measured transitions in most clusters of the
astrophysically relevant lines below 400 GHz, our sensitivity pre-
vented us from measuring every single one of these transitions.
Thus, we cannot exclude some frequency shift from the predic-
tion. In particular, the lowest energy rotational transition "Qy(1)
remains elusive. Its clusters are now expected to lie between 8
and 37 MHz away from the initial prediction (depending on each
cluster). The quality of the present calculated transition fre-
quencies, for such lines involving low values of N and K, < 1,
probably depends mostly on the uncertainties of the HFS

I https://cdms.astro.uni-koeln.de/classic/predictions/
pickett/beispiele/CH20H/
2 https://cdms.astro.uni-koeln.de/classic/entries/
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Ny = 313¢200, 4= 10, J=3.5¢25
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Fig. 3. Overview of one cluster of lines in the "R((2) rotational transi-
tion of CH,OH. The black trace corresponds to the experimental survey
and it is compared with 300 K spectral simulations performed using the
initial (refit, in gray) and final (in red) set of parameters. The presented
experimental spectrum results from the subtraction of two recordings,
without and with a permanent magnet, so that only transitions arising
from open-shell species are visible. The full width at half maximum
of both spectral simulations were chosen to reproduce the experimental
signal at best.

parameters, which are currently kept fixed in the final fit. To esti-
mate such uncertainties in the prediction, we performed several
test fits by subsequently floating each HFS parameter. By far, the
largest effect was observed for ar(H1), yielding deviations of
the predicted frequencies exceeding several times the calculated
uncertainties (of our final fit) for many of the HFS transitions.
However, all those frequency shifts are within ~1.7 MHz and
only marginally affect the strongest HFS components. Conse-
quently, the uncertainties of HFS parameters may lead to fre-
quency shifts of the non-observed lines that are not negligible but
should not prevent the identification of the molecule in the ISM
by radio astronomical means. We note that the deviation induced
by the uncertainties of the other HFS parameters [7,,(H1),
T.,,(H) and T,,(H1)] is much smaller (below 0.32 MHz) and
within the calculated uncertainties on the frequencies.

Aside from the effects that may be caused by the uncer-
tainties related to some HFS parameters, the CH,OH rotational
spectrum should be well constrained for transitions involving low
N and K, < 1. These transitions are the most important ones
for astronomical searches of the molecule in dark or translu-
cent molecular clouds. Nevertheless, from a spectroscopic point
of view, to further constrain the fit it may be useful to inves-
tigate rotational transitions involving higher values of K,. The
K, « K/=2 <1 and 3 < 2 Q-type transitions lie above 410
and 630 GHz, respectively. Such studies should also enable or
improve the determination of some spectroscopic parameters,
such as Dg, db, A(A — (B + C)/2), A(B + C), and A(B - C).
These investigations may also reveal the potential need for addi-
tional parameters, in particular quartic spin-distortion terms,
while improving the accuracies of the HFS parameters, and may
even require the use of an inversion-torsion-rotation Hamilto-
nian (Paulse et al. 1996). Finally, these transitions may as well be
observable in warm (e.g., at a couple hundred K) astronomical
sources.
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Fig. 4. Overview of two clusters of lines in the "Ry(1) rotational transi-
tion of CH,OH. The black trace corresponds to the experimental survey
and is compared with 300K spectral simulations (in red) performed
using the final set of parameters. See Fig. 3 for further information
on experimental and simulated traces. This "Ry(1) is the most intense
transition expected at 10 K below 400 GHz (see Fig. 2). The relative
intensity for HFS components within a rotational transitions are similar
at 300 K and 10 K.

4. Conclusions

In this work, we reported a new investigation of the rotation-
tunneling spectrum of the CH,OH radical following the work of
Bermudez et al. (2017). We measured 182 Q- and R-type tran-
sitions in the millimeter-wave spectral region (140-330 GHz)
involving values of N” and K ranging from O to 13 and O to
1, respectively. In particular, we measured, for the first time, the
"Q0(2) — "Qp(4) and "Ry(0) — "Ry(3) transitions. These lines are
of direct astrophysical relevance, that is, expected to be intense in
cold environments. The new measurements, associated with the
work presented in Bermudez et al. (2017), allowed us to revise
the set of spectroscopic parameters of CH,OH. Spectral predic-
tions based on these constants are expected to be reliable below
330 GHz from 10 to 300K, thus enabling confident interstellar
searches for the radical in cold to warm environments.
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Appendix A: Rotational constants values

The rotational constants in each tunneling substate can be
derived from the parameters presented in Table 1; these values
are reported in Table A.1.

Table A.1. Rotational constants (in MHz) of CH,OH determined in the refit of the literature (initial) and from this work (present).

Present Initial @
Parameters
v[=0 Ut=1 Ut=0 U[zl
A 194 554.34 (78) 194 516.17 (76) 194 540.33 (20)
B 29 843.4062 (67) 29843.435 (28) 29843.227 (32) 29 843.376 (30)
C 25947.5640 (68) 25947.522 (48) 25947.102 (89) 25946.826 (89)

Notes. Numbers in parentheses are one standard deviation in units of the least significant figure. “Refit from the data from Bermudez et al. (2017)
see Sect. 3.1.

Appendix B: Selected astrophysically relevant transitions

Table B.1. Selected astrophysically relevant "Qg» - transitions calculated at 10 K below 400 GHz (intensity, expressed in log(/ca), and frequency,
feae) and comparison with the present measurements (exp).

N;(;[(é - N;(:’,’Ké’ l){ - U{/ J=J" F; - Fi, F' —F"@ log(lcalc) ® fcalc ® fexp Unc. fEXp - fcalc ®

Lio—1o 0-1 1.5-1.5 1-1 -1.50 168 326.825
0-1 1.5-1.5 2-2 -1.24 168 327.522
1-0 1.5-1.5 2-2 3-2 -1.57 168 582.648
1-0 1.5-1.5 2-2 2-1 -1.66 168592.521
1-0 1.5-1.5 1-1 2-2 -1.30 168 602.721
1-0 1.5-1.5 2-2 3-3 -1.14 168 603.364
0-1 0.5-0.5 1-1 —-1.68 168 669.112
1-0 0.5-0.5 1-1 2-2 —-1.45 168 939.431
1-0 0.5-0.5 1-1 2-1 -1.69 168951.013

211202 0-1 2.5-2.5 2-2 -1.40 172 306.263
0-1 2.5-2.5 3-3 -1.24 172307.425
0-1 1.5-1.5 2-2 -1.42 172 547.690
0-1 1.5-1.5 1-1 —-1.68 172550.833
1-0 2.5-2.5 2-2 3-3 -1.27 172584.286  172584.038  0.100 —-0.248
1-0 2.5-2.5 3-3 4-4 -1.16 172585.404  172585.417  0.100 0.013
1-0 2.5-2.5 2-2 2-2 -1.55 172 592.431
1-0 2.5-2.5 3-3 3-3 -1.39 172593.508  172593.487  0.150 —-0.021
1-0 2.5-2.5 3-3 2-2 -1.55 172593.651  172593.487  0.150 —0.164
1-0 1.5-1.5 2-2 2-2 -1.63 172 818.651
1-0 1.5-1.5 2-2 3-3 -1.30 172819.855  172819.418  0.200 —-0.437
1-0 1.5-1.5 1-1 2-2 —-1.46 172 822.756

312-303 0-1 3.5-35 3-3 -1.55 178374.726  178374.706  0.100 -0.020
0-1 3.5-35 4-4 -1.44 178376.362  178376.449  0.100 0.087
0-1 2.5-2.5 3-3 -1.56 178 601.444 178 601.556  0.100 0.112
0-1 2.5-2.5 2-2 -1.72 178 604.529  178604.771  0.100 0.242
1-0 3.5-35 3-3 4-4 —-1.46 178 653.663 178 653.573  0.100 —-0.090
1-0 3.5-35 4-4 5-5 -1.37 178655258  178655.219  0.100 -0.038
1-0 3.5-35 3-3 2-2 -1.77 178 657.108 178 657.465  0.100 0.357
1-0 3.5-35 3-3 3-3 -1.63 178 657.508 178 657.465  0.100 —-0.043
1-0 3.5-35 4-4 3-3 -1.62 178 658.660 178 658.958  0.100 0.298
1-0 3.5-35 4-4 4-4 -1.51 178658.979  178658.958  0.100 —-0.021
1-0 2.5-2.5 3-3 4-4 -1.47 178 874.850 178 874.771  0.100 -0.079

Notes. For each cluster of transitions (involving a common N/, ., « N, .,,), an intensity cutoff of a factor 4 of the strongest component is used.

WK L
Frequencies, experimental uncertainties (Unc.), and residuals (fexp — fealc) are expressed in MHz; I in nm? MHz. Intensities have been determined
using a partition function Q(10 K) = 259.1302 determined using Pickett’s SPCAT program. “The quantum number F only exists for the ortho levels
(see text). PPredictions from the final fit.
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Table B.1. continued.

N%,;Kg - N;(/L’K[.’ v - Ut” J=J" Fi - Fil F' —F’@ lOg(Icalc) ® fcalc ® ﬁexp Unc. fexp - ﬂalc ®
1-0 2.5-2.5 3-3 3-3 -1.65 178 875.901 178 875.970  0.100 0.069
1-0 2.5-2.5 2-2 3-3 —1.58 178 877.737  178877.715  0.100 -0.022
1-0 2.5-2.5 2-2 2-2 —1.81 178 878.650
1-0 2.5-2.5 3-3 2-2 —1.80 178 881.053

413—4, 0-1 4.5-4.5 4-4 -1.87 186694.662  186694.696  0.100 0.034
0-1 4.5-4.5 5-5 —1.78 186696.491 186696.595 0.100 0.103
0-1 3.5-3.5 4-4 —1.88 186930.180  186930.160  0.100 -0.020
0-1 3.5-3.5 3-3 -1.99 186933.016  186933.059  0.100 0.043
1-0 4.5-4.5 4-4 5-5 -1.80 186973.925 186973.855 0.050 -0.070
1-0 4.5-4.5 4-4 3-3 -2.02 186974.980 186974.953  0.050 -0.027
1-0 4.5-4.5 5-5 6-6 -1.72 186975.724  186975.753  0.050 0.029
1-0 4.5-4.5 4-4 4-4 -1.92 186975.830  186975.753  0.050 -0.076
1-0 4.5-4.5 5-5 4-4 -1.91 186976.722  186976.667  0.050 —-0.055
1-0 4.5-4.5 5-5 5-5 -1.83 186977.527 186977.594  0.050 0.067
1-0 3.5-3.5 4-4 5-5 -1.80 187204.111 187204.080  0.100 —0.031
1-0 3.5-3.5 4-4 4-4 -1.92 187205.870  187205.817  0.100 -0.053
1-0 3.5-3.5 3-3 4-4 -1.89 187206.817  187206.841  0.100 0.024
1-0 3.5-3.5 3-3 3-3 -2.04 187208.505 187208.575  0.100 0.070
1-0 3.5-3.5 4-4 3-3 -2.03 187210.393  187210.452  0.100 0.059
1-0 3.5-3.5 3-3 2-2 -2.19 187 213.143 187213.084  0.150 -0.059

Table B.2. Selected astrophysically relevant "Rk - transitions calculated at 10 K below 400 GHz (intensity, expressed in log(/cq), and frequency,
feae) and comparison with the present measurements (exp).

N;(Zké - N;(/‘;’Ké’ U; - U;/ J =J" F; - F;/ F' —F"@ log(lcalc) ® fcalc ® fexp Unc. fexp - fcalc ®
111—009 0-1 1.5-0.5 1-0 -1.39 220220.494
0-1 1.5-0.5 2-1 -0.99 220220.818  220220.926  0.100 0.108
1-0 1.5-0.5 2-1 2-1 -1.34 220459.218
1-0 1.5-0.5 2-1 1-1 —1.45 220490.591
1-0 1.5-0.5 2-1 3-2 -0.84 220497.347  220497.313  0.100 -0.034
1-0 1.5-0.5 1-0 2-1 -1.02 220498.190
1-0 1.5-0.5 2-1 2-2 -1.28 220542.420
0-1 0.5-0.5 1-1 -1.38 220569.669
1-0 0.5-0.5 1-1 2-1 -1.24 220 811.659
1-0 0.5-0.5 1-1 12 -1.35 220 843.440
1-0 0.5-0.5 1-1 2-2 -1.38 220 894.860
21—1o1 0-1 2.5-1.5 3-2 -0.86 272160.133  272160.058  0.050 -0.075
0-1 2.5-1.5 2-1 —-1.05 272161.429  272161.443  0.100 0.014
0-1 1.5-0.5 2-1 —-1.08 272314.812
1-0 2.5-1.5 3-2 4-3 -0.75 272436.717  272436.693  0.050 -0.024
1-0 2.5-1.5 2-1 3-2 —0.88 272438.070  272438.116  0.050 0.046
1-0 2.5-1.5 3-2 2-1 -1.21 272442.401
1-0 2.5-1.5 3-2 3-2 -0.99 272 446.851
1-0 2.5-1.5 2-1 2-1 -1.18 272 447.243
1-0 1.5-0.5 2-1 2-1 -1.25 272577.158
1-0 1.5-0.5 1-0 2-1 -1.10 272589.726  272589.844  0.050 0.118
1-0 1.5-0.5 2-1 3-2 -0.91 272592746  272592.698  0.050 —-0.048
31320 0-1 3.5-2.5 4-3 -0.90 322157.218  322157.465 0.100 0.247
0-1 3.5-2.5 3-2 —-1.03 322 158.774
0-1 2.5-1.5 2-1 -1.23 322229.666  322229.731  0.100 0.065
0-1 2.5-1.5 3-2 -1.04 322232906 322232.743  0.100 -0.163
1-0 3.5-2.5 4-3 5-4 -0.81 322433.683 322433702 0.050 0.019
1-0 3.5-2.5 3-2 4-3 -0.91 322435.231 322435218 0.050 -0.013

P N//

KL KK
used. Frequencies, experimental uncertainties (Unc.), and residuals (fexp — feaic) are expressed in MHz; Iy in nm? MHz. Intensities have been
determined using a partition function Q(10K)=259.1302 determined using Pickett’s SPCAT program. “The quantum number F only exists for
the ortho levels (see text). ¥Predictions from the final fit.

Notes. For each cluster of transitions (involving a common N?, ), an intensity cutoff of a factor 4 of the strongest component is
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Table B.2. continued.

N;([‘K; - Ng[;'K;f v - U;, J=J" Fi - F;’ F' —F"@ 1Og(lcalc) ® fcalc @ fexp Unc. fexp - fcalc ®
1-0 3.5-25 4-3 4-3 -0.95 322438364 322438.442 0.100 0.078
1-0 3.5-25 4-3 3-2 -1.08 322438.882
1-0 3.5-25 3-2 3-2 -1.08 322439.438  322439.500 0.150 0.062
1-0 3.5-25 3-2 2-1 -1.27 322439.785  322439.500 0.150 -0.285
1-0 2.5-15 3-2 2-1 -1.30 322503.234
1-0 2.5-15 2-1 2-1 -1.28 322504.199
1-0 2.5-15 3-2 3-2 -1.09 322506.538  322506.633  0.100 0.095
1-0 2.5-15 2-1 3-2 -1.04 322510.538
1-0 2.5-15 3-2 4-3 -0.91 322513.186  322512.721  0.100 —-0.465

414303 0-1 4.5-3.5 5-4 -1.08 370307.411
0-1 4.5-3.5 4-3 -1.18 370309.055
0-1 3.5-25 3-2 -1.31 370327.000
0-1 3.5-25 4-3 -1.18 370329.627
1-0 4.5-3.5 5-4 6-5 -1.01 370583.580
1-0 4.5-3.5 4-3 5-4 -1.09 370585.209
1-0 4.5-3.5 5-4 5-4 -1.11 370585.966
1-0 4.5-35 5-4 4-3 -1.20 370586.994
1-0 4.5-3.5 4-3 4-3 -1.21 370587.292
1-0 4.5-3.5 4-3 3-2 -1.34 370588.255
1-0 3.5-25 3-2 2-1 -1.54 370599.860
1-0 3.5-25 4-3 3-2 -1.34 370602.441
1-0 3.5-25 3-2 3-2 -1.34 370604.078
1-0 3.5-25 4-3 4-3 -1.21 370 606.235
1-0 3.5-25 3-2 4-3 -1.19 370608.246
1-0 3.5-25 4-3 5-4 -1.09 370610.538

A123, page 10 of 10



	Reinvestigation of the rotation-tunneling spectrum of theCH2OH radical
	1 Introduction
	2 Methods
	2.1 Spectroscopic properties
	2.2 Experimental setup

	3 Results and discussion
	3.1 Refit of the literature rotation-tunneling data
	3.2 Strategy of assignment
	3.3 Inclusion of the new measurements in the fit
	3.4 Astronomical implications

	4 Conclusions
	Acknowledgements
	References
	Appendix A: Rotational constants values
	Appendix B: Selected astrophysically relevant transitions


