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ABSTRACT: The far-infrared spectrum (100−500 cm−1) of a d1 isotopologue of the
astrophysically important molecule, vinyl alcohol, is reported. We observed several low
energy (OD) torsional bands: the fundamental and first two hot bands of the syn
rotamer and the fundamental and first hot band of the (higher energy) anti rotamer.
While the bands corresponding to the anti rotamer are somewhat obscured by
rotational lines of water (making a full spectroscopic analysis unfeasible at this stage),
the syn-vinyl alcohol bands are not, and a global fit was performed that included 4404
distinct infrared lines assigned in this work, in addition to 59 previously reported
microwave lines. This simultaneous analysis of the torsional fundamental, torsional hot
band, and pure rotational band of syn-vinyl alcohol allowed for determination of
spectroscopic parameters in the first two torsionally excited states and for refinement of
them in the ground state. These parameters should be useful in searches for both cold
and warm CH2CHOD in interstellar molecular clouds.

1. INTRODUCTION

An important route to the deuterium enrichment of complex
organic molecules (i.e., molecules with ≥6 atoms1) in the
interstellar medium (ISM) involves reaction with atomic
deuterium on the surface of dust grains.2 These deuterium-
enriched complex molecules can then be desorbed from the
grain surface into the gas phase immediately after reaction or
following an ensuing increase in temperature, during, e.g.,
protostar formation.2−5 One of the simplest complex organic
molecules is vinyl alcohol, the normal isotopologue of which
has been identified in the ISM toward Sagittarius (Sgr)
B2(N).6 It has been shown that this species is efficiently
formed in proton-irradiated laboratory ices,7 from which it can
be ejected into the gas phase. One can speculate that prior to
ejection, it can undergo an exchange reaction with atomic
deuterium on the grain surface to produce monodeuterated
vinyl alcohol (CH2CHOD; VA-d1).
The abundance of atomic deuterium on grain surfaces

naturally depends on its abundance in the gas phase, which can
be traced back to reactions involving H2D

+.8 It is believed that
H2D

+ is most commonly formed from the reaction between
HD and H3

+, where the abundance of H3
+ is enhanced in

regions of depleted CO, its main destroyer, which typically
occurs at low temperatures as CO solidifies onto the surface of
dust grains. Additionally, the reaction between HD and H3

+ is
exothermic; hence, it occurs optimally in low-temperature
regions of interstellar space (T < 25 K).9 As the temperature in

the ISM increases, the rate constant for the exothermic
production of H2D

+ decreases, and eventually the reverse
(endothermic) reaction is favored.10−13 The depletion of H2D

+

consequently impedes the deuterium enrichment of these
complex molecules in warmer regions. Alternatively, it has
been shown that deuterium enrichment is possible in the
presence of hydrocarbons such as CH2D

+ and C2HD
+, which

form at higher temperatures (up to 70 K).13 Considering the
complexity of the chemistry that occurs in molecular clouds, it
is not surprising that there is some discrepancy between the
theoretical and observed abundances of deuterated species in
hot core/compact ridge regions of, for example, Orion. This
could be due, in part, to not considering the deuteration of
species from H2D

+ reactions at low temperatures in existing
models, occurring before the heating of the hot core.13 All in
all, detection of complex deuterated species in hot core regions
allows us to comprehend the likely chemical composition of
molecular clouds and how these regions have evolved.
While emission from both rotamers of the normal

isotopologue of vinyl alcohol were observed toward Sgr
B2(N),6 there have not been any sightings of isotopically
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labeled vinyl alcohol, the most abundant of which are expected
to be the mono-13C substituted vinyl alcohols and the
monodeuterated vinyl alcohols (esp., CH2CHOD).14−16

During a microwave study reported in 1976 on syn-vinyl
alcohol (the most stable of the two rotamers), Saito observed
VA-d1 and reported ground state (GS) rotational constants (A,
B, and C).17 In 1984, Rodler and Bauder also reported the
microwave spectra of syn-vinyl alcohol along with nine minor
isotopologues, including CH2CHOD, and provided refined
rotational constants (as well as higher order centrifugal
distortion constants; up to the quartic level).18 Following
this, Rodler reported the microwave spectrum of the higher
energy rotamer (anti-vinyl alcohol) and its OD equivalent and
determined rotational and centrifugal distortion constants (up
to the quartic level).19 Finally, the spectroscopic coverage of
isotopically substituted syn-vinyl alcohol was extended into the
infrared (IR) region using matrix isolation techniques, where
the authors assigned all but the CH stretching vibrational
bands.20

As mentioned above, while normal vinyl alcohol has been
observed in the ISM, minor isotopologues of vinyl alcohol have
not, even though previously reported spectroscopic constants
should be sufficient to allow for accurate predictions of cold
transitions. On the other hand, methanol and the mono-
deuterated form, CH3OD, have been extensively observed
(particularly toward Orion).21 In 1979, Gottlieb et al. reported
that they observed CH3OD toward Sgr B2;22 however, it was
not detected in a later, sensitive survey of Sgr B2 (reported in
1986).23 In 1988, Mauersberger et al. reported observing
CH3OD in Orion-KL, reporting 13 transitions between 80 and
160 GHz.24 In that study, they also suggested the presence of a
potentially less abundant monodeuterated form, CH2DOH.
The group attempted to detect this species but due to the lack
of spectroscopic data were unsuccessful. In 1993, the group
reported successfully detecting this species toward Orion-KL
with assistance of further unpublished spectroscopic data.25 It
has since been observed toward Sgr B2(N), along with a
possible detection of CH3OD.

2 Recently, there have also been
detections of doubly deuterated26 and triply deuterated27

methanol.
We previously reported the far-IR gas phase spectra of both

syn- and anti-vinyl alcohol and used the measured band
positions to empirically refine an ab initio torsional potential.28

Following this, we reported the high resolution analysis of the
anti-vinyl alcohol OH torsional fundamental (ν15),

29 thus
providing spectroscopic constants useful for searches of
vibrationally warm vinyl alcohol for the first time. We now
expand on this by analyzing the spectrum of VA-d1 in the far-
IR, which contains both syn- and anti-vinyl alcohol torsional
fundamental bands (as well as some of their hot bands); we
determine band centers for both rotamers and perform a high
resolution spectroscopic analysis of the syn rotamer that results
in refinement of the ground state constants and the
determination of two sets of excited state constants.

2. EXPERIMENTAL SECTION
2.1. Spectroscopy. The high resolution spectrum of

CH2CHOD was recorded using the THz/Far-IR Beamline at
the Australian Synchrotron, as recently outlined.28 Briefly, VA-
d1 was produced by pyrolyzing monodeuterated 2-chloroetha-
nol at 950 °C. The products were continuously flowed through
a room temperature multipass cell with 16 passes, providing a
total path length of 10 m. The optical elements used here are

the same as that used previously,30 which included a Mylar
beam splitter and polyethylene windows, in addition to a liquid
helium-cooled silicon bolometer detector. The monodeuter-
ated 2-chloroethanol was prepared by hydrogen exchange (25
mL of 2-chloroethanol with 3 × 10 mL of D2O), followed by
extraction with an equivalent amount dichloromethane (×2)
and a final drying over MgSO4.

31 Spectra were recorded under
low- or high-flow rate conditions.

2.2. Anharmonic Frequency Calculations. For the
electronic structure calculations performed in this work we
utilized the Gaussian 09 package,32 as previously described in
ref 28. Anharmonic frequency calculations of monodeuterated
syn- and anti-vinyl alcohol were performed, based on the
coupled cluster optimized structure we previously reported,28

which incorporated single, double, and perturbative triple
excitation contributions [CCSD(T)]. Performing anharmonic
corrections at lower levels of theory than a structure was
optimized at has been shown to provide very accurate
frequencies,33−35 and following this we used a lower level
second-order Møller−Plesset (MP2) theory for calculating
anharmonic corrections. For ease of comparison, the reported
harmonic frequencies are extracted from the MP2 “anhar-
monic” calculations. We utilized Dunning’s correlation
consistent quadruple ζ basis set (cc-pVQZ) throughout.36

2.3. Internal Rotation Hamiltonian. We previously
reported an empirically refined torsional potential for vinyl
alcohol that is utilized here.28 The potential has the functional
form

V V n( )
1
2

(1 cos )
n

n
1

7

∑ϕ ϕ= −
= (1)

where ϕ is the CC−O−H dihedral angle (see inset in Figure
3). Pitzer torsional inertias for the monodeuterated isotopo-
logue were calculated in 5° increments as previously
outlined,37 and the values were fit to the Fourier expansion

F F n( ) cos
n

n
0

7

∑ϕ ϕ=
= (2)

The Fn values determined here are provided along with the
previously determined Vn values28 in Table 1. The potential

energy and inertial functions are used in the internal rotation
Hamiltonian

H
d
d

F
d
d

V( ) ( )
ϕ

ϕ
ϕ

ϕ= − +
(3)

Table 1. Potential Energy and Internal Rotation Fourier
Series Coefficients (in cm−1)

potential energy parametersa internal rotation parameters

empirically refined F0 13.405
V1 168.4 F1 0.984
V2 1471.8 F2 0.321
V3 246.9 F3 −0.0161
V4 −35.155b F4 −0.00400
V5 −0.371b F5 −0.00386
V6 −2.072b F6 0.00175
V7 0.431b F7 0.00105

aFrom ref 28. bConstrained to ab initio values.
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to determine the torsional eigenvalues, by solving the
associated Schrödinger equation. This was performed using
the method of Laane and co-workers,38,39 using an existing
script.40

3. RESULTS AND DISCUSSION
3.1. Band Assignment and Torsional Analysis. The

successful production of monodeuterated 2-chloroethanol is
evident from the shift in the ν20 torsional band of the most
stable rotamer of 2-chloroethanol (Gg′);41,42 this shift is from
344.2 to 240.6 cm−1, which is consistent with the relation,
v v m

mD H H
D̅ ≈ ̅ × = 243 cm−1. As shown in Figure 1, we

observed a marked gradual decrease in the deuterated 2-
chloroethanol precursor peak as we increased the pyrolysis
temperature from 800 to 950 °C. Along with the reduction of
the precursor signal we saw an increase in a feature around 320
cm−1, which we assign to the a″ c-type OD torsional mode
(ν15) of syn-VA-d1. This is much higher than what is expected
from the above relation (v̅D ≈ 288 cm−1), which suggests that
the potential is somewhat less “harmonic” in the syn well. We

note very good agreement, however, with the calculated
anharmonic MP2 vibrational frequency (325 cm−1).
The high resolution (0.00096 cm−1) spectrum of syn-VA-d1

is presented in Figure 2. Here, we see the band origin of the ν15
fundamental which is characterized by a strong central Q
branch peak (at 320.6 cm−1), in addition to its first and second
torsional hot bands (centered around 299.2 and 276.3 cm−1,
respectively). The ν15 fundamental of anti-vinyl alcohol can
also be seen in Figure 2 located around 200 cm−1, with its first
hot band near 196 cm−1. Based on comparison to anharmonic
frequency calculations (Table 2), the bands of syn- and anti-
vinyl alcohol, along with their first hot bands, were easily
assigned (assignment of the second hot band for the syn
rotamer relied on the potential function; vide inf ra). Good
agreement is evident for both rotamers; however, for anti-vinyl
alcohol, the fundamental and hot band predictions are flipped
relative to what is observed. We do not consider this to be very
significant, however, since the residuals are all small (less than
10 cm−1).
Figure 3 shows the empirically refined torsional potential of

vinyl alcohol,28 along with the eigenvalues for CH2CHOD,
determined as described above. Table 2 reports the
corresponding energy level differences, showing better agree-
ment compared to anharmonic frequency calculations with the
observed band origins. As expected, the heavier deuterium
atom in VA-d1 results in a much closer spacing of the energy
levels in comparison to the normal isotopologue. Naturally,
this results in a higher relative population of the excited
vibrational states in VA-d1 in comparison to normal vinyl
alcohol; however, we still observe only the first hot band (ν =
2-1) for anti and the first two for syn (ν = 2-1 and ν = 3-2).
This is likely due to the reduced S/N resulting from
incomplete deuteration (The ratio, VA:VA-d1, ended up
being ∼1:1.2.), in addition to water contamination in the
spectra. Unfortunately, the anti-vinyl alcohol spectral region is
the most contaminated, making it difficult to perform a
detailed analysis. The syn-vinyl alcohol region, on the other
hand, is much less contaminated, allowing for a high-resolution
analysis to be performed.

3.2. High-Resolution Spectroscopic Analysis. We fit
the far-IR spectrum of syn-VA-d1 to a Watson’s A-reduced

Figure 1. Low resolution (0.1 cm−1) far-IR spectra showing the
decrease in the monodeuterated precursor around 240 cm−1 and
concomitant increase in VA-d1 around 320 cm−1, with increasing
pyrolysis temperature (indicated for each trace; in °C).

Figure 2. Survey spectrum of VA-d1 at a relatively high flow rate. For clarity, water and HCl/DCl lines have been artificially reduced in intensity.
Bands corresponding to the torsional vibration of anti- and syn-VA-d1 are arrowed. This is a high flow-rate spectrum.
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Hamiltonian in the Ir representation as outlined in the
following. Initially, the spectrum in the OD torsional
fundamental was simulated (in PGOPHER43) using the GS
rotational and centrifugal distortion constants from Rodler’s
1984 microwave study18 and predicted first excited state (ν15 =
1) constants calculated here. Isolated groups of lines within
low Ka sub-bands that showed similar patterns between the

experimental and simulated spectra were initially assigned, later
moving into higher Ka sub-bands. Initially, only the excited
state rotational constants (A, B, and C) and band origin were
allowed to float, with the quartic distortion constants (ΔK, ΔJK,
ΔJ, δK, δJ) fixed to their GS values. After substantially
improving the fit, which included systematically removing
assignments with large residual errors, the quartic distortion
constants were floated, starting with the largest and gradually
moving on to the smallest. We found that refinement of GS
constants from their initial microwave values was eventually
necessary, which was assisted by inclusion of the previously
reported microwave transitions, with appropriate weight-
ings.17,18 Inclusion of the first two sextic terms ΦK and ΦKJ,
in both ground and excited states, considerably improved the
fit (as monitored by the average residual error). Inclusion of
ΦJK and ΦJ showed minimal improvement and were set to
zero.
Following this, we included the first torsional hot band in

the fit, for which assignments could be made after extrapolating
the parameter shifts from ν15 = 1 to ν15 = 2. Somewhat
surprisingly, perturbations were absent in the hot band spectra,
which made for a relatively straightforward analysis. The lack
of perturbations, however, can be understood by examining
Figure S1, which shows that the first and second excited
torsional states are relatively well isolated from other
vibrations. After refining all 32 parameters in PGOPHER, we
finalized the global fit (GS, ν15, and 2ν15) using SPFIT,44 and
then PIFORM was used for data interpretation.45 Abridged

Table 2. Observed ν15 Frequencies (cm
−1) of Monodeuterated syn- and anti-Vinyl Alcohol in the Far-IR, in Comparison to

Theoretical Ones

rotamer ν′-ν″ observed ab initio V(ϕ)a empirically refined V(ϕ)a anharmonicb harmonicb

syn 1-0 320.6 314.7 317.4 325.3 344.9
2-1 299.2 296.0 297.9 305.8 344.9
3-2 276.3 275.0 275.8 344.9

anti 1-0 200.6 193.9 195.2 192.5 194.8
2-1 196.3 193.1 195.8 193.4 194.8
3-2 188.0 192.0 194.8

aDifference frequencies determined from calculated eigenstates on the appropriate double-well potential. bCalculated at the MP2/VQZ level.

Figure 3. OH torsional potential calculated in 5° increments (black
dots) fitted to a Fourier expansion (black curve); see ref 28 for details.
Black arrows indicate the observed torsional bands.

Table 3. Observed and Calculated Vibrational, Rotational, and Higher Order Centrifugal Distortion Constants for syn-VA-d1
e

parameter calcda (GS) exp. MWb (GS) exp. MW+IR (GS) exp. MW+IR (ν15) exp. MW+IR (2ν15)

v0 (cm
−1) 320.618225(13)c 619.833121(22)c

A (MHz) 52554 52585.52(2) 52585.5255(85) 52424.462(13) 52281.359(27)
B (MHz) 10266 10320.499(3) 10320.5006(15) 10265.2416(24) 10216.6144(37)
C (MHz) 8581 8621.184(3) 8621.1868(14) 8628.7188(21) 8635.8741(31)
ΔJ (kHz) 7.646 7.80(3) 7.7900(12) 7.6048(13) 7.5368(16)
ΔJK (kHz) −48.43 −49.2(5) −49.496(18) −44.488(20) −42.641(43)
ΔK (kHz) 599.8 607(1) 607.87(11) 599.65(10) 594.86(24)
ΔJ (kHz) 1.735 1.785(3) 1.78321(20) 1.67816(46) 1.62843(82)
ΔK (kHz) 26.11 27.88(4) 27.823(26) 18.078(52) 14.101(94)
ΦKJ (Hz) 0.3766 −3.42(11) −4.10(10) −4.20(27)
ΦK (Hz) −5.201 23.02(29) 23.06(23) 23.38(58)
Nlines

d 4404 IR + 59 MW
max. J, Ka 62, 22
σrms MW (kHz) 68.19
σrms IR (MHz) 4.48

aCalculated at the MP2/VQZ level on a CCSD(T)/VQZ optimized structure. bFrom ref 18. cUncertainty in the band origin does not include
calibration error; we expect this is less than 0.0001 cm−1 after calibration using residual water lines.51 dNumber of distinct lines; blended lines were
given a weighting of 1/n (n is the number of lines in the blend). eUncertainty (1σ error) in the last digit is indicated in parentheses.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.9b11514
J. Phys. Chem. A 2020, 124, 704−710

707

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b11514/suppl_file/jp9b11514_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b11514?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b11514?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b11514?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b11514?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b11514?ref=pdf


output files are available in the Supporting Information. A total
of 4404 unique IR lines have been assigned and included in the
fit with a maximum J′ of 62 and Ka′ of 22. A total of 59
microwave transitions were also included from previous
reports,17,18 with a maximum J′ of 22 and Ka′ of 5; they
were given a weighting of 72 or 360 times that of the IR
transitions, depending on the estimated accuracy in the
microwave studies (20 or 100 kHz). Table 3 summarizes the
resulting parameters from the spectroscopic analysis of syn-VA-
d1.
We see good agreement between the experimental constants

with those derived from anharmonic frequency calculations,
indicating physically meaningful values. There is, however, a
discrepancy in the sextic terms, ΦK and ΦKJ, where we
observed similar values with opposite signs. It has been
previously noted that sextic constants are largely affected by
the reduction of the Hamiltonian,46 commonly leading to
slight discrepancies and inconsistencies with the sign, when
compared with experimental values. The quality of the final
fundamental and hot band fit is apparent in Figures 4 and 5,

respectively, which shows the second most intense Q-branch
within each of the torsional bands. We wish to note that due to
the low intensity of the second hot band in addition to its
interference by water lines, this band was not included in the
fit. Future efforts will focus on obtaining a clean high-
resolution spectrum, free of water, for VA-d1. This will further
improve the current syn-vinyl alcohol fit and allow for a high-
resolution analysis of the anti rotamer to be performed.
3.3. Astrophysical Relevance. It is interesting to

speculate on the possibility of detecting emission from
CH2CHOD in the ISM. We can make some qualitative
estimations, drawing from available observational data on
CH3OH, CH3OD, and CH2CHOH. The column density of

syn- and anti-vinyl alcohol was reported from the millimeter
wave detection of vinyl alcohol toward Sgr B2(N), to be 2.0 ×
1014 cm−2 and 2.4 × 1013 cm−2, respectively, giving a total
column density for normal vinyl alcohol of 2.24 × 1014 cm−2.6

The ratio of CH3OD/CH3OH was originally (effectively)
reported as 0.007;22 however, recent observations provide a
stringent upper limit that is 1 order of magnitude lower
(0.0007).2 Assuming the deuteration ratio for vinyl alcohol
(CH2CHOD/CH2CHOH) is the same as the (new) upper
limit for methanol (0.0007), the total (syn + anti) VA-d1
abundance will be 1.6 × 1011 cm−2. Assuming the same relative
abundance of the rotamers, this gives a syn- and anti-VA-d1
column density of 1.4 × 1011 cm−2 and 1.7 × 1010 cm−2,
respectively. These values are considerably lower than the
detected column densities of most interstellar molecules, e.g.,
in a survey of deuterated complex organic molecules in Sgr
B2(N) using the Atacama Large Millimeter/submillimeter
Array (ALMA), the lowest observed column density was 3 ×
1014 cm−2.2

There are, however, reported detections of molecules (with
larger dipole moments) that have lower column densities than
this (3 × 1014 cm−2). For example, Bacmann et al. reported the
identification of D2CO at a column density of 5.8 × 1011 cm−2,
using the IRAM 30 m telescope.47 D2CO has a dipole moment
(a axis only) of 2.347122 D48 which is larger than that for vinyl
alcohol, with a and b axis dipole moments of 0.616 and 0.807
D for the syn rotamer and 0.547 and 1.702 D for the anti
rotamer. As the intensity of a transition is proportional to the
square of the dipole moment, the probability of observing VA-
d1 in the ISM is comparatively (but not vanishingly) low. The
best-case scenario, considering only the column densities and
dipole moment squares, shows that an a-type (b-type)
emission of syn-VA-d1 is 19 (35) times less likely to be
observed than formaldehyde [65 (628) for b-type (a-type) of
anti-VA-d1]. It should be noted that in addition to this, the
partition function of vinyl alcohol is less favorable, resulting
from the three additional atoms (in comparison to form-

Figure 4. Close-up of the second most intense Q branch in the
fundamental band of syn-VA-d1. The experimental spectrum (black) is
shown along with the simulated fundamental band (red) and hot
band (blue). The upper panel shows the associated Fortrat diagram.
This is a low flow-rate spectrum.

Figure 5. Same as Figure 4 but in the vicinity of the first hot band.
This is a high flow-rate spectrum.
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aldehyde). Nonetheless, if successful, the detection (and
determination of relative abundance) of VA-d1 would allow
for a better understanding of how vinyl alcohol forms in the
ISM. It is hoped that our refined ground state constants, in
particular, might eventually be useful in performing efficient
searches for this species.

4. SUMMARY AND OUTLOOK
Here we reported the far-IR spectrum and analysis of
monodeuterated vinyl alcohol (CH2CHOD; VA-d1). We
observed the ν15 OD torsional fundamental and its first two
hot bands for syn-vinyl alcohol (at 320.6, 299.2, and 276.3
cm−1 respectively), along with the fundamental and first hot
band of anti-vinyl alcohol (at 200.6 and 196.3 cm−1). The band
centers agree very well with the previously reported semi-
experimental potential energy surface, with a RMS deviation
between experimental and theoretical torsional energies of 2.9
cm−1. A high resolution analysis of the syn-vinyl alcohol
fundamental and first hot band has been performed, resulting
in vibrational, rotational, and centrifugal distortion constants
(including quartic and the first two sextic terms) for ν15 = 0, 1,
and 2. The analysis reported here could be of assistance in
searches for VA-d1 in warm environments, since our ground
state and excited state rotational constants should allow for
accurate predictions to be made up to several hundred Kelvin.
In closing, we note that recent searches for the normal
isotopologue of vinyl alcohol have been made, and while they
have been unsuccessful,49,50 neither attempted to observe this
somewhat elusive species toward the source where it was
originally observed.6
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