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Similar to ethane (C;Hg), monodeuterated ethane (C;HsD) has a bright series of Q-branches in the CH
stretch region, between about 2960 - 3020 cm~' (3.38 - 3.31 um). As the progressions in the differ-
ent isotopes are slightly offset from one another, the new C;HsD model enables sensitive constrains of
the D/H ratio in spectra from comets, in organics across the Solar System and beyond. Specifically, the
D/H ratio of organic molecules in comets is a critical cosmogenic indicator, which not only provides in-

Keywords: sights into the formation processes of our Solar System, but also allows for a test of our understanding
Infrared of solid-state astrochemistry. High D/H ratios are predicted in a number of astrochemical models, which
Rovibrational spectra can be benchmarked using the new spectroscopic information of C;HsD and C,Hg. We present a quan-
Comets

tum band model for C;HsD in the mid-infrared. Our model is based on rotationally resolved spectra of
C,HsD and C,Hg obtained at 85K between 2050 - 3050 cm~! (4.88 - 3.28 um) using a Bruker IFS-125HR
equipped with a cryogenic Herriott cell at JPL. High-level quantum chemical calculations were carried
out at the CCSD(T)/ANOT1 level of theory to aid vibrational assignments, with the anharmonic frequen-
cies and vibrational corrections determined from second-order vibrational perturbation theory (VPT2). As
a first demonstration of the applicability of the model, we obtained a stringent upper limit to the or-
ganic D/H ratio (18.2 VSMOW) in comet C/2007 W1 (Boattini) from high resolution fluorescence spectra
obtained with Keck/NIRSPEC.

Deuterium fractionation

Published by Elsevier Ltd.

1. Introduction der of magnitude greater deuterium enrichment, likely as a result

of atmospheric water loss [8,9].

One of the outstanding astronomical questions of modern times
is understanding the chemical evolution of our planetary system;
of particular interest is the origins of the chemical composition of
Earth. Since all deuterium (D, heavy hydrogen) was formed during
the Big Bang, and subsequently been depleted through astration or
integration in molecules [1,2], the isotopic ratio of deuterium to
hydrogen (D/H) is a valuable measure of the chemical history of
astronomical objects. In the solar system, the D/H ratio on Earth
(determined from H,O0) differs widely from that known for other
planets in our solar system, but is consistent with the values ob-
served for Oort cloud and Jupiter family comets suggesting comets
are the source for deuterium enrichment [3-5]. While, the protoso-
lar D/H value is approximately preserved in the giant planets, at a
value roughly 2 x 10> [6,7], the rocky planets show about an or-
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Deuterium enrichment occurs through a number of mecha-
nisms, most of which are driven by the small difference in the
zero point energy between hydrogen and deuterium. Consequently,
isotopic fractionation is sensitive to formation conditions and
temperatures. In the gas-phase, it occurs through, e.g., photode-
struction of HD to D and ion-neutral reactions with H,D* [10-12].
Low temperatures, such as those found in cold molecular clouds in
the interstellar medium (ISM) or midplane of protoplanetary disks
(< 50 K), result in strong deuterium enrichment because kinetic
energies favor dehydrogenation over dedeuteration. Moreover, in
these regions of space, molecules freeze out of the gas phase, and
grain-surface chemistry is thought to further enhance the D/H
ratio of interstellar ice species, leading to a significantly deuterium
enriched ice layer ([13,14] and references therein).

Comets are formed in the “freeze-out zone” of protoplane-
tary disks of forming solar systems, and consequently they act
as cryogenic relics of the original molecular cloud [15]. Through
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Fig. 1. The CCSD(T)/cc-pCVQZ geometry of a) C;Hg and b) C,HsD; the rotational axes are shown in panel b) apply to both molecules. The a-axis, which has the smallest
moment of inertia, lies along the C-C bond, while the c-axis, which has the largest moment of inertia, is directed into the page. The ab initio bond lengths and angle are
given for C;Hg, with experimentally determined values givin in italics below [30]. The permanent dipole moment (red arrow) of C;HsD is in the a/b-plane, with a magnitude

of ~0.0078 D.

understanding the chemical composition of comets we can test the
hypothesis that small icy bodies delivered prebiotic matter to early
Earth. To date the D/H ratio in comets is known primarily from
measurements of H,0, and limited measurements of HCN and CH4
([16-22] and references therein). Strong differences in the D/H ra-
tios are expected between water and carbon bearing molecules,
with hydrocarbons expected to show high deuterium enrichments
(see the model described in Cleeves et al. [23]). For example in the
ISM, high D/H ratios (~0.2) are seen, e.g., for CH30H, polycyclic
aromatic hydrocarbons (PAHs), and NH3 [14,24-26].

Ethane (C,Hg) offers a good probe of cometary D/H ratio as
it is often one of the molecules that dominates the mid-infrared
(mid-IR) spectra (3 - 5um) of the comae [27,28]. Of the deuter-
ated isotopologues, monodeuterated ethane (CyHsD) is statisti-
cally expected to be the most likely form. Importantly, the mon-
odeuterated isotopologue has strong features near both 3.4 pym and
4.6 ym. This give the advantage of simultaneous measurement of
features for C;Hg and C;HsD, reducing systematic errors in deter-
mining D/H ratios.

Cometary C,Hg was first detected in the comet C/1996 B2
(Hyakutake) through observation of the CH; asymmetric stretch
(v7) fundamental band emission features around 3.35pum [27].
Since its first identification, and considering that the infrared C,Hg
signatures are so strong, it is now considered a primary tracer to
the volatile composition of cometary ices. The abundance of C,Hg
is found to be on order of a few tenths of a percent with respect
to water, similar to methane abundances [29]. However, in order
to measure the D/H ratio using ethane, accurate rovibrational data
for both isotopologues is needed.

The equilibrium geometry of C2H6(221A1g) consists of two
methyl groups that are staggered with respect to each other (see
Fig. 1a). As such, it is a centrosymmetric molecule with no per-
manent dipole moment, and cannot be detected through its pure
rotational transitions. Instead its detection is through the infrared
active vibrational modes, which have been well studied in the lab-
oratory, including all fundamental and some combination bands
[28,31-39]. Of the infrared active modes, remote sensing is often
carried out through the strongest band - the v; fundamental band
at ~2985cm~1. Recently, Villanueva et al. [28] extensively mod-
elled the C,Hg rovibrational spectra around the v, band, describ-
ing over 17,000 transitions in this region, including transitions of a
nearby hot-band.

Deuterium atoms can replace hydrogen atoms in molecules, and
participate in the same characteristic vibrations. The substitution
of one hydrogen atom with a deuterium atom results in mon-
odeuterated ethane (C,HsD; ®'A’), which has a permanent dipole

moment (~0.0078 D; see Fig. 1b). Accordingly, pure rotational
transitions are now allowed, and all eighteen vibrational modes
are infrared active. C;HsD is comparatively less well spectroscop-
ically studied, with only the lowest three rovibrational manifolds
(ground, vqg, and v{7) being known [40,41]. Precise spectroscopic
data comes from the study by Daly et al. [40], combining room
temperature submillimeter data between 8.7 and 53cm~! (be-
tween 260 and 1600 GHz) with microwave data from Hirota et al.
[42] to determine ground and torsionally excited state parame-
ters for C,HsD, including the sextic centrifugal distortion rota-
tional constants and fourth order tunneling terms. However, for
the majority of the studied rovibrational manifolds only the ap-
proximate vibrational energy is experimentally known, if at all;
this includes all of the CD and CH stretch vibrational modes
[43,44].

In this work, we present the high resolution infrared spectra of
C,Hg and CyHsD in the mid-IR, and the application of the rovi-
brational models to derive a sensitive upper-limit of D/H ratio in
comets. This article is organized as follows. Section 2 contains de-
tails of the experimental methods for measuring the gas-phase in-
frared spectra of C;Hg and C,HsD. Section 3 discusses the spectral
analysis and vibrational assignments, including the results of high
level ab initio calculations. In the C;HsD model, we present a com-
plete quantum mechanical band model for eight bands, including
lines of P, Q, and R branches. The modelled spectrum is applied to
a fluorescence model, and the astrophysical implications are dis-
cussed in Section 4. Finally, in Sections 5 the conclusions are pre-
sented.

2. Experimental method

The experimental setup has been described in detail in Sung
et al. [45] and Mantz et al. [46]. In the present experiment, the
molecules under study are obtained from ICON at high purity and
used as is: 99.99% ethane (C;Hg) and 98% 1D-enriched ethane
(CyHsD). The gas is injected into a cryogenically cooled gas cell
kept at ~85 K, and a pressure of about 0.293 Pa; at such low pres-
sures there is uncertainty in the pressure reading

The IR spectrum of gas-phased molecules is recorded using a
high resolution Fourier transform spectrometer, Bruker IFS-125HR,
at JPL, wherein the IR beam is multipassed with Herriott cell op-
tics resulting in an absorbance path length of 20.941 m. The final
transmission spectra are recorded as a function of frequency over
22 and 50 hours for C;Hg and CyHsD, respectively. The resulting
resolution of the spectra is 0.0019 cm~!, which is approximately
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Fig. 2. The experimental gas-phase spectra of C;Hg at 85 K between 2870 - 3030cm~" (3.48 - 3.30 pm, in black), with the inverted simulated rovibrational bands plotted

below in color (using the PGOPHER software [47]). The vibrational assignments are given above the corresponding band origin.
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Fig. 3. The experimental gas-phase spectra of C;HsD at 85 K between 2150 - 3050cm~! (4.65 - 3.28 pm, in black), with the inverted simulated rovibrational bands plotted
below in color (using the PGOPHER software [47]). The vibrational assignments are given above the corresponding band origin.

the Doppler broadened line-width at the given frequency. The ab-
solute frequencies are obtained by calibration against CO,.

3. Monodeuterated ethane model

The infrared spectra of C;Hg and C,HsD are recorded between
2050 - 3050 cm~! (4.88 - 3.28 um). The experimental transmis-
sion signal (I) is converted to absorption cross sections (o, in
cm/molecule) from the expression:

—In(I)

= NI (1)
where L is the path length and N is the species concentration. The
recorded overview spectra are shown in Figs. 2 and 3. Three rovi-
brational bands of C;Hg and eight rovibrational bands of C;HsD are
observed.

Previous experimental and theoretical work showed that this
region is dominated by the CH and CD stretch vibrations
[28,31,43,48,49]. C,Hg is a prolate symmetric top molecule, and
the infrared active rovibrational bands can be broken up into two
structure type: parallel bands of A, symmetry, which are identified
by close spacing of the K-subband Q-branches, and perpendicular
bands of E, symmetry, which is identified by significantly larger
spacing between the K-subband Q-branches. In contrast, as a near-

prolate asymmetric top molecule of C; symmetry, the rovibrational
band structure for C,HsD is relatively more complex with three
types of band structure that depends on the direction of the transi-
tion dipole moment: A-type, which is identified by close spacing of
Kg-subband Q-branches, and B- and C-type, which are identified by
larger spacing between the Kj-subband Q-branches. Furthermore,
since the D-atom lies in the a-/b-axis plane, but not along either
axis, the permanent dipole moment points in the direction of the
D-atom between the a- and b-axis. As a result the rovibrational
bands of C,HsD exhibit a band structure composed of either purely
C-type transitions or a mixture of A- and B-type transition. The
relative intensity of the A- and B-type transitions depends on the
magnitude of the transitional dipole moments (u), i.e., a larger wa
relative to up results in a rovibrational band structure composed of
strong A-type transitions with accompanying weaker B-type tran-
sitions.

At the spectral resolution of the present rotationally cold gas-
phase spectra, the individual rovibrational transitions are resolv-
able, allowing for rotational analysis and unambiguous vibrational
assignment. Based on the experimental conditions, a gas tempera-
ture of 85 K, vibrational transitions out of the ground vibrational
state are dominant from Boltzmann statistics. The rotational anal-
ysis of the ethane bands is performed using the PGOPHER software
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[47] starting from a symmetric top Hamiltonian, while the rota-
tional analysis of C;HsD bands is performed starting from a Wat-
son non-rigid asymmetric top Hamiltonian (A reduction and Ir rep-
resentation). In all fits, the ground state rotational constants are
fixed to the values given by Pine and Lafferty [33] and Daly et al.
[41] for CoHg and C,HsD, respectively. The band profiles and rel-
ative band intensities are consistent with a molecular rotational
temperature of ~85 K. In the initial fits, individual rotational tran-
sitions are identified, up to J” = 15, K/ = 15, and K/ = 15.

To accurately model the rovibrational bands of both C;Hg and
C,yHsD, torsional (internal rotation) terms should be included in
the Hamiltonian, which acts as a small perturbation to the rovi-
brational energy levels, and subsequently, the transition line posi-
tions. However, these terms could not be included accurately in
the PGOPHER model [47]. For the purpose of this study, the ex-
perimental spectrum is convoluted with a Gaussian function to
closer mimic the expected resolution of astronomical spectra (Av
= 0.05 cm~1!), and performed a contour fit of the rovibrational
band profile to refine the rotational analysis. Using this method,
ideally the small line positions shifts expected from the torsion
could be neglected. Fortunately, the effect of the internal torsional
motion of the D-atom around the molecular symmetry axis rela-
tive to the CH3 group in C;HsD and the effect of the CH; groups
relative to each other in ethane is observed to be minor. At the
smoothed resolution the standard rovibrational Hamiltonians are
able to reproduce the observed band profiles, allowing for deter-
mination of effective spectroscopic parameters.

The upper state vibrational assignments are made based on the
vibrational energies, vy, and the primary rotational constants (Ay,
By, and Cy). For new vibrational states, the vibrationally depen-
dent rotational constants are estimated, to first order approxima-
tion, from:

Xy =Xo — Z(OK,XVi) (2)

where X is used as a generalization for A, B, and C, Ay, By, and Cy
are the experimentally determined ground state values [28,41], oel?(
are the VPT2 vibration-rotation interaction constants determined
from ab initio calculations, and v; is the vibrational quantum num-
ber.

Spectral analyses of the bands are performed by fixing the
ground state rotational constants to the previously determined
values, and fitting the observed transitions using least-squares
analysis to determine the band origin, and effective upper state
rotational constants (A, B/, and C’). The resulting vibrational
assignments and spectroscopic parameters are summarized in
Tables 3 and 4. In addition to the expected CH and CD fundamen-
tal bands, one combination band and four overtone bands out of
the ground state are assigned for C,Hg and C,HsD, respectively.

By varying the modelled transition dipole moments to match
simulated line intensities to the observed line intensities the spon-
taneous Einstein A coefficients were determined from the expres-
sion:

8m2y3
Amp = B |(Al1n|B)|?
5= 3gop | AILIB)] 3)
which can be approximated to:
Asp = (3.13618894 x 10~ 7s~'cm~3Debye~2)v3;S (4)

where v,p is the transition frequency between states A and B, and
S is the line strength. The determined Einstein A values and line
positions are used as the input for the fluorescence model.

3.1. Ab initio calculations

To support the vibrational assignment of the observed rovibra-
tional bands, high level quantum chemical calculations were per-

formed with the development version of the CFOUR program [50].
The computational method is calibrated using the frequencies of
the well studied C,Hg and rotational constants of known C,HsD
states.

All calculations were carried out at the CCSD(T) level of theory,
which with a sufficiently large basis set has been shown to accu-
rately reproduce experimental values of semi-rigid molecules [51-
61]. Equilibrium geometries were determined using the large core-
valence correlation-consistent quadruple-{ basis set (cc-pCVQZ),
which features [8s7p5d3f1g] (non-hydrogen atoms) and [4s3p2d1f]
(hydrogen) of (15s9p5d3fl1g) and (6s3p2d1f) primitive basis sets,
respectively [62-64]. All electron (AE)-CCSD(T)/cc-pCVQZ has been
shown to give accurate equilibrium geometries for small hydrocar-
bons [58,60,61,65-67].

It is well known that correlation-consistent basis sets, such as
cc-pCVQZ, are susceptible to basis set superposition error (BSSE)
[68,69]. One way to avoid this possible problem is to use ba-
sis sets with a large number of Gaussian primitives (particu-
larly f-type), such as the atomic natural orbital (ANO) basis set
(with the primitive basis set (13s8p6d4f2g) for non-hydrogen
atoms and (8s6p4d2f) for hydrogen) [56,70,71]; the basis set
has common truncations: [4s3p2d1f] for non-hydrogen atoms and
[4s2p1d] for hydrogen (hereafter known as ANO1) [63,64,70]. In
addition, only the valence electrons of carbon are considered in
the correlation treatment, ie., standard frozen-core (fc) calcula-
tions. (fc)-CCSD(T)/ANO1 has been shown to accurately repro-
duce experimental frequencies and intensities for small molecules
[56,60,61,72,73]. Using the (fc)-CCSD(T)/ANO1 optimized geometry,
second-order vibrational perturbation (VPT2) theory calculations
were determined from full cubic and the semidiagonal part of the
quartic force fields obtained by numerical differentiation of ana-
lytic CCSD(T) second derivatives [54,74|. Due to the high density
of states in the 3 um region, particularly for C;HsD, in order to re-
produce the observed vibrational frequencies resonances between
states must be addressed. The vibrational frequencies resulting
from the resonant interactions are calculated by a deperturbation-
diagonalization technique followed by transformation of the deper-
turbed transition moments, as discussed in Vazquez et al. [73] and
Matthews et al. [74].

The CCSD(T)/cc-pCVQZ equilibrium geometries (see Fig. 1) of
C,Hg and CyHsD result in equilibrium rotational constants of A, =
2.7041 and B, = 0.6711 cm~! for C;Hg, and A, = 2.3511, B, =
0.6365, and C, = 0.6147 cm~! for C;H;D. The VPT2 vibrational cor-
rections to the equilibrium rotational constants result in ground
state rotational constants of Ag = 2.6687 and By = 0.6622 cm~!
for CoHg, which agree within ~ 0.1% of the experimental values of
2.671 and 0.6630271 cm~!, respectively [33]. Similarly, for C,HsD,
the ground state rotational constants, Ag = 2.3225, By = 0.6283,
and Cy = 0.6068 cm~!, agree with the reported experimental val-
ues of 2.323387, 0.629071, and 0.607559 cm~!, respectively [40].

3.2. Rovibrational structure of C;Hg

The experimental spectra of this region (see Fig. 2), agrees with
previous studies from Pine and Lafferty [33] and Hepp and Her-
man [37], and shows only three strong rovibrational bands with
band origins at: 2895.62(1) cm~! (Ay,), 2953.92(2) cm~! (Ay,), and
2985.39(1) cm~! (Ey), and a weak band at 2930 cm~! (E,). Com-
parison of current determined band origins with previous exper-
imental studies assign these bands as the vg + v;; combination
band, the vs fundamental band, and the v; fundamental band (see
Table 3) [28,33,37].

The CCSD(T)/ANO1 VPT2 calculations are consistent with the
experimental observations. As a highly symmetric molecule C,Hg
is predicted to have only three strong infrared active modes in the
3 pm region: vg + vy1 (Ary @ Ay @ Eu), vs (Agy), and v7 (Ey),
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Table 1
Harmonic (w) and anharmonic (VPT2, v) frequencies (in cm~') of fundamental
and select combination states C;Hg and C;HsD®.

Mode CCSD(T)/ANO1 Expt. Expt.-Calc.
w % v
C,Hs
V1 (Arg) 3040.4 2981.3 2953.7¢ -27.6
vy (Arg) 1424.4 1393.3 1388.4¢ -4.9
v3 (Ag) 1011.9 988.4 993.959(94)b 5.5
v, (torsion) 313.0 294.8 289.52¢ -5.3
vs (Azy) 3039.9 2984.1 2895.62(1)¢ -88.5
ve (A) 1406.2 1375.4 1379.163(4) 3.7
vy (Ey) 31243 2984 2985.39(1)4 1.4
vg (Ey) 1509.8 1468.8 1471.634(9Y 2.5
Vg (Ey) 820.5 818.4 821.722448 3.3
vio (Eg) 3101.4 2959.7 2968.48(10)" 8.8
v (Eg) 1508.8 1465.6 1468.4(1)" 2.8
v1a (Eg) 1225.0 1195.6 1196.9(2)" 13
Vg + viz (Ey) 1538.1 1484.8 1479.807(9) -5.3
2vy + vg (Eg) 2135.9 2029.3 2014.08(30)" -15.2
v + vz (Eg) 2733.9 2657.8 2658.29(5)" 0.5
Vg + viz (Agy) 2734.9 2659.7 2665.1512(30) 5.5
vy + Vs (Agy) 2830.6 2749.9 2753.326(32) 34
v + vi1 (Ey) 2915.1 2838.6 2844.13069(75)! 5.5
vs + vy (Aw) 3018.7 2894.0 2953.92(2)4 59.9
vg + i (Ey) 3018.7 2931.8 2930.705(90)' -1.1
vy + vio (Ey) 34144 3255.5 3255.568(50)! 0.1
Vg + vy (Eg) 3437.3 3275.6 3256.55(4)" -19.0
ZPE = 16173.8cm™!
CyHsD
vy (A) 3114.0 2951.4 2948.30(1)¢ -3.1
v, (AY) 3065.5 2956.9 2952.18(5)¢ -4.7
v3 (A) 3040.2 2980.8
vy (A") 2263.8 2177.3 2181.38(1)¢ 4.1
vs (A") 1509.0 1468.6 1469/ 0.4
ve (A') 1485.2 1452.4 14491 -3.4
vy (A) 1415.9 1384.8 1388/ 3.2
vg (A") 1326.5 1296.6 1310/ 13.4
vg (A") 11434 1119.4 1120/ 0.6
vy (A) 994.2 973.2 978 4.8
vy (A) 714.4 712.4 711k -1.4
vz (A”) 3124.2 2977.9 2975.71(1)¢ -2.2
Vi3 (A”) 3101.2 2956.3
vig (A”) 1509.3 1443.1
Vs (A”) 1340.5 1307.6 1312 4.4
Vi (A”) 1186.9 1158.3 1159/ 0.7
vy7 (A”) 805.0 802.0 805.342729(27) 33
Vg (torsion) 293.7 277.2 271.1% -6.1
2vg (A) 2286.8 2239.0
2v; (A) 2831.8 2750.4 2753.37(1)¢ 3.0
2vg (A) 2970.4 2871.4 2872.77(1)¢ 14
2014 (A") 3018.6 2846.7 2858.39(5)¢ 11.7
2vs5 (A) 3018.0 2898.9 2896.64(5)¢ -2.3

ZPE = 15498.7 cm™!

a. Ref. [31] b. Ref. [38] c. Ref. [35] d. This work. e. Ref. [28] f. Ref. [32] g. Ref. [34]
h. Ref. [39] i. Ref. [37] j. Ref. [43] k. Ref. [40] 1. Ref. [41].

along with a few weaker modes with predicted infrared intensi-
ties of < 1km/mol (the VPT2 anharmonic frequencies are summa-
rized in Table 1). The predicted vibrational energies all fall within
5 cm~! of the corresponding experimentally determined value for
the fundamental vibrations and within 20 cm~! for the combina-
tion modes [28,31-35,37-39].

The strongest rovibrational band in the CH stretch region of
the present ethane gas-phase spectrum is at 2985.38(1) cm~! and
has E;, symmetry. The v; fundamental band, the only pure E,
band predicted in this region, has been extensively studied and
modelled, making it an ideal standard for the ab initio predic-
tions [28,33,37,39,75-78]. It is noted by Villanueva et al. [28],
this band exhibits perturbations (e.g., ®Qs) as a result of either
Fermi or Coriolis interactions with nearby overtone or combina-
tion states, and precise deperturbed rotational constants for the

Table 2
CCSD(T)/ANO1 vibration-rotation interaction con-
stants (a;, in cm~') of C;Hg and C,HsD.

Mode of (x10%) oaf (x10%) af (x10%)
CHe

" 143 0.52

v, -5.80 7.10

V3 3.03 5.93

Vg 0.94 2.59

Vs 13.9 052

Ve -6.90 6.99

V7 8.65 0.60

Vg 111 339

" -850 1.15

Vio 8.73 0.38

Vi 10.1 423

Via 437 259

C,HsD

vy 8.47 0.56 0.39
vy 9.50 0.77 0.28
V3 10.7 0.46 0.43
V4 11.7 0.60 1.16
Vs 38.8 1.09 -5.68
Vg -3.22 -1.14 -5.34
V7 -4.37 5.95 6.32
Vg 215 0.65 6.01
Vg 56.5 5.11 1.92
V1o 1.55 460 498
Vi 351 028 1.63
Vi 333 0.53 0.59
V13 7.39 0.32 0.42
Via 389 7.84 -0.64
Vis -9.97 0.55 -1.18
Vie -56.0 -0.30 2.14
iy 17.7 1.80 0.63
Vig 1.16 2.86 1.73

v; mode were determined to be A = 2.6839943 cm~! and B =
0.66311490 cm~! [28]. The CCDS(T)/ANO1 VPT2 calculations pre-
dict A; = 2.6623 cm~! and B; = 0.6624 cm~! match to within the
experimental uncertainty. In the present study, for simplicity, effec-
tive upper state spectroscopic constants were determined using the
PGOPHER standard symmetric top Hamiltonian assuming no pertur-
bative effects and fixing ¢, 7;, and 7 to those determined by Vil-
lanueva et al. [28]; consequently, this model is not as accurate. De-
spite the limitations, the presented simple model reproduces ob-
served line positions to on average +0.05 cm~!, and the modelled
intensities result in Einstein A coefficients consistent with the val-
ues from HITRAN [79]. The determined effective spectroscopic con-
stants, A’ = 2.6824(1) cm~! and B’ = 0.6631(1) cm™', are consis-
tent with those previous experimental and ab initio values [28].
When combined with band origin and symmetry, the rotational
constants confirm the assignment of the band at 2985.39(1) cm™~!
as the v; fundamental band, and suggest that the ab initio pre-
dictions are suitable for making vibrational assignments of newly
measured C;Hg and C,HsD rovibrational bands.

3.3. Rovibrational structure of C;HsD

In contrast to the relatively sparse spectrum between 2050 -
3050 cm~! (4.88 - 3.28 um) of C,Hg, the spectrum for C,HsD
in the same region is relatively complex and congested. This is a
result of the added D-atom breaking the degeneracy of some of
the vibrational modes, and all eighteen fundamental vibrations be-
ing infrared active. The CCSD(T)/ANO1 VPT2 vibrational frequen-
cies and o values for C;HsD are summarized in Tables 1 and
2. The predicted vibrational energies of the fundamental bands
fall within 5 cm~! of the corresponding experimentally deter-
mined values [40,41,43], and based on the agreement found for
C,Hg the predicted values are able to accurately predict CH stretch
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Table 3
Effective spectroscopic parameters® (in cm~') of the observed C;Hg rovibrational
bands.

Ground® (Aig) vy (Eu) vg + v (A) Vs (Ag)
Origin 0.0 2985.39(1)  2953.92(2) 2895.62(1)
A 2,671 2.6824(1)  2.674(3) 2.666(2)
B 0.6630271 0.6631(1)  0.6651(3) 0.6794(2)
D; (x10°)  1.0312 0.91(9) 1.0312¢ 14.2(7)
Di (x10%)  0.2660 0.21(7) 0.2660° -33(1)
Dy (x10%)  0.109 -0.23(1) 0.109¢ 6.36(8)
¢ 0.12828¢ 0.12828¢ 0.12828¢
1y (x 10%) -7.82¢ -7.82¢ -7.82¢
nk (x 10%) -7.12¢ -7.12¢ -7.12¢

a. Experimental uncertainties are given in parentheses in units of the last signifi-
cant digits. b. Ref. [33]. c. Ref. [28].

vibrations. Moreover, the CCSD(T)/ANO1 rotational constants deter-
mined by Eq. (2) for vy and vig of C;HsD are within < 0.02%
the experimental values, e.g., the ab initio values are Ay; = 2.3411,
By; = 0.6273, C;7 = 0.6069 cm~! compared to experimental val-
ues of Agypr17 = 2.3410517(13), Beypri7 = 0.62720325(29), Ceypra7 =
0.60681418(29) cm~! [41]. This suggests the CCSD(T)/ANO1 VPT2
rotational constants are sufficiently accurate that combined with
vibrational energy they can be used to unambiguously assign
newly measured vibrational states of C,HsD.

In the region probed in the current experimental spectrum ten
infrared active bands are expected with an infrared intensity >
1km/mol; five fundamental bands and five overtone (Av = 2)
bands (see Table 1), as well as a large number of weaker vibra-
tional transitions that should not be observable at the current ex-
perimental signal-to-noise. As seen for the normal isotopologue,
the 3-4 pm region of C,HsD is complicated due to perturbations
by overtones and combination states (with a low-frequency tor-
sional mode (vqg) at ~277 cm~!) that are in Fermi or Coriolis res-
onance. For example, a Fermi resonance is predicted between the
v4 and 2vg state, which results in the infrared intensity borrowing
between the two states; v4 to increase from about 6 to 11 km/mol
and 2vg to decrease from about 8 to 1 km/mol.

At the signal-to-noise of the present experimental spectrum
only eight rovibrational bands are observed (see Fig. 3). The best
fit modelled spectra based on the standard Watson non-rigid
asymmetric top Hamiltonian reproduces observed line positions
to + 0.1 cm~'. Some transitions are missing or blended in the
modelled spectra when compared to the observed high resolution
experimental spectra. The absorption modelled by the assumed
dipole moment is consequently spread out over only the limited
number of transitions captured in the best fit model. As a result,

= ' ' ' ' ' ' ' '
2+ 4
g 04 by \L;x@Ml““L{JL“ ‘uhmmmm.gv AL AL LY Iy
wl””"l \ MT'WNHNM f

1
4+
2150

it
2220

PRI I ST U NSNS U U (NS T N W (U SRR T

AL B B LR L B

2160 2170 2180 2190 2200 2210
Frequency (cm™)

Fig. 4. C;HsD experimental spectrum (in black) in the CD stretch region with the
v4 rovibrational band simulated inverted below (in blue using PGOPHER [47]).

the modelled band intensities match the observed experimental in-
tensities in the convoluted spectra, but at the experimental resolu-
tion individual line intensities end up being overestimated in the
modelled spectra.

Based on the band origins determined from the models, the
eight bands are tentatively assigned as the vy, vy, vy, and vy, fun-
damental bands, and the 2vs, 2vg, 2v7, and 2v4 overtone bands.
The effective upper state rotational constants for the eight bands
are determined from the best fit of the models (Table 4) and are
found to be within 1% agreement of theoretical values confirming
the vibrational assignments. For bands where higher order cen-
trifugal terms could not be determined the values are fixed to the
ground state values of Daly et al. [40].

In the CD stretch region of the C;HsD experimental spectrum
only one rovibrational band is observed, at 2181.38(1) cm~! with
A-type and B-type transitions of an A’ - A’ vibrational transition.
Combined with the determined effective rotational constants (see
Table 4), this band is assigned the CD stretch (v4) fundamental
band (see Fig. 4). In this region, no additional spectral features can
be identified, e.g. the 2vq overtone band predicted at 2239.0 cm™!,
suggesting that the presence of the predicted Fermi resonance be-
tween v4 and 2vg that results in the significant intensity borrow-
ing from 2vg.

Table 4
Effective spectroscopic parameters® (in cm~!) and tentative vibrational assignments of the observed C,HsD rovibrational bands.
Ground® (A") vz (A”) vy (A) vy (A) 2v5 (A) 2v6 (A7) 2vy4 (A) 2v7 (A) vy (A)

Origin 0.0 2975.71(1)°  2952.18(5) 2948.30(1)  2896.64(5) 2872.77(1)  2858.39(5) 2753.37(1)  2181.38(1)
A 2.3233871(8)  2.299(1) 2.314(2) 2.317(1) 2.311(3) 2.326(2) 2.2464 2.323(1) 2.319(1)
B 0.6290712(3)  0.629(2) 0.630(5) 0.628(1) 0.6454 0.630(5) 0.627¢ 0.620(1) 0.630(1)
C 0.6075590(3)  0.609(2) 0.602(5) 0.608(1) 0.609¢ 0.613(5) 0.619¢ 0.599(1) 0.607(1)
Ag (x10%)  0.81775(14) -5.11(57) 0.81775¢ 0.81775¢ 0.81775¢ 0.81775¢ 0.81775¢ 0.81775¢ 1.10(94)
Ajg (% 10%) 2.2144(2) -3.4(9) 2.2144° 2.2144¢ 2.2144° 2.2144° 2.2144° 2.2144° 30.83(60)
Ay (x108) 0.89671(6) 2.46(51) 0.89671¢ 0.89671°¢ 0.89671¢ 0.89671¢ 0.89671°¢ 0.89671¢ 5.38(86)
Sk (x 108) -3.373(1) -3.373¢ -3.373¢ -3.373¢ -3.373¢ -3.373¢ -3.373¢ -3.373¢ -3.373¢
8 (x10°) 2.753(6) 2.753¢ 2.753¢ 2.753¢ 2.753¢ 2.753¢ 2.753¢ 2.753¢ 2.753¢
Hi (x1019) 1.56(6)
Hy
Hy (x10'2)  6.67(2)
Hj (x10'3) 1.4(4)

a. Experimental uncertainties are given in parentheses in units of the last significant digits. b. Ref. [40]. c. Band origin for K, > 2 subbands. For K, = 0
subband: vy = 2979.14(5) cm~! and K} = 1 subband: vy = 2980.84(5) cm~!. d. Fixed to CCSD(T)/ANO1 VPT2 values. e. Fixed to ground state values [40].
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Fig. 5. C;HsD experimental spectrum (in black) in the CH stretch region with the
summed trace of the vq, vy, and vy, rovibrational bands simulated inverted below
(in blue using PGOPHER [47]). Strong features that could not be assigned to a rovi-
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In the spectral forest observed in the CH stretch region, six
complete rovibrational bands and one strong Q-branch are iden-
tifiable with band origins at 2975.71(1), 2952.18(5), 2948.30(1),
2896.64(5), 2872.77(1), 2858.39(5), and 2753.37(1) cm~! (see
Fig. 5). Additional spectral lines are observed in the experimen-
tal spectrum, including possible Q-branches marked with aster-
isks in Fig. 5, but no band structure is recognizable. Like the
band in the CD stretch region, the rovibrational bands in the
CH stretch region show a mix of A-type and B-type transi-
tions of A’ - A’ vibrational transitions, with the exception of
the band at 2975.71(1) cm~!, which shows C-type transitions
of a A’ - A” vibrational transition. Based on the effective rota-
tional constants and vibrational energies given in Table 4, the
upper states are tentatively assigned as the 2v;, 2vyy, 2vg, 2vs,
vy, Vy, and vy, states. The strongest band in the experimen-
tal spectrum is the v, fundamental, which is the equivalent vi-
bration to the v; mode of C,Hg - the CH3 asymmetric stretch
vibration.

As a result of the higher state density around 3000 cm~! rel-
ative to 2000 cm~!, the vibrational states in this energy range
experience more complex state mixing, involving both Fermi and
Coriolis interactions. In the experimental spectrum evidence for
state mixing is observed prominently in two of the rovibrational
bands: 2vs and vq. In order to reproduce the observed vq, fun-
damental band structure, the K/, = 0 and 1 subband origins (vq)
are shifted relative to the K, > 2 subbands, giving subband ori-
gins of: K, = 0 is 2979.14(5) cm~!, K, = 1 is 2980.84(5) cm~!,
and K, > 2 is 2975.71(1) cm~!. A similar shifting of the K sub-
bands is observed for the 2vs overtone band. This suggests a K]
dependent perturbation, e.g. a Coriolis interaction. However, spec-
tral confusion around 2900 cm~! precludes accurate rotational as-
signment of the 2vs overtone band, but the VPT2 predicted ro-
tational constants sufficiently reproduce the observed Q-branch
structure.

4. Modeling C;HsD in cometary atmospheres

Comae of comets are highly diffuse and collision between
molecules are too rare to establish thermodynamic equilibrium. In-
stead, radiation dominates the molecule’s rovibrational state popu-
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Fig. 6. Best fluorescence model fit (upper red trace) to the observed emission spec-
tra of the comet C/2007 W1 (Boattini; upper black trace), including spectral features
due to dust and telluric lines, C;HsD, C;Hg, CH30H, OH, and CH4 (individual simu-
lated emission features are given in lower colored traces). The residual of the best
fit is shown in black in the lowest trace. A trace of the C;HsD spectrum at 50 x
the actual abundance is given to indicate the spectral morphology at the resolving
power of the observations.

lation, with solar radiation “pumping” molecules into vibrationally
excited states. This in turn results in subsequent fluorescent emis-
sion through radiative decay. Infrared active transitions are thus
seen in emission in spectroscopic observation of comets. The
strength of a solar-pumped fluorescent line is not only depen-
dent on the molecules’ abundance, but requires computation of the
transition-dependent fluorescent emission rates or g factors [28].
Effectively, the rate at which a certain state is populated is deter-
mined by the absorption of Solar radiation and emission from this
state is subsequently proportional to the Einstein A coefficient of
the particular transition. The quantum band models for the differ-
ent rovibrational transitions are used to derive fluorescent pump-
ing and emission rates. Following the procedures described in Ap-
pendix C of Villanueva et al. [28], the state-specific fluorescent
solar pumping rates, gpump(L’), are obtained by summing over all
transitions leading to state L. The fluorescent emission of a par-
ticular transition, the g factor, is the product of the solar pumping
rate and the relative strength of the Einstein A coefficient with re-
spect to all transitions to this state.

The new rovibrational band models are applied to the emis-
sion spectra of the comet C/2007 W1 (Boattini) to look for in-
frared features from deuterated ethane. The comet C/2007 W1 was
a dynamically new comet that had particularly favorable observ-
ing conditions, getting as close as 0.2 AU from the Earth [80,81].
The data for this study, and presented in Fig. 6 were taken on July
9, 2008, using the long-slit echelle grating spectrograph at Keck-2,
NIRSPEC with the KL1 setting (see Villanueva et al. 2011 for details)
[80,82]. Of the 21 comets in our NIRSPEC/Keck II spectral database,
the comet C/2007 W1 is a representative comet in terms of abso-
lute Doppler shift (km/s) and fluorescence brightness (FoM), which
makes it a good candidate for determining a diagnostic upper limit
for D/H in ethane.

Based on the best fit of the fluorescence model to the ob-
served emission spectra of the comet C/2007 W1 (Boattini; see
Fig. 6), the molecular production rates are determined to be (with-
out correcting for Q-scale, nucleocentric production rates, see Vil-
lanueva et al. [28] for details): 1.461(9) x 1026 molecules/s (C;Hg);
3.45(7) x 1026 molecules/s (CH3O0H); 1.69(31) x 1026 molecules/s
(CHy); 9.28(71) x 1027 molecules/s (OH); and < 2.49 x 10%* (3¢
upper limit) molecules/s (C,HsD). Assuming that most deuterated
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ethane is monodeuterated, and accounting for the possible deuter-
ation positions, the upper limit D/H ratio for ethane is determined
to be 2.6 x 1073. The determined upper limit D/H ratio is 18.2 x
Vienna Standard Mean Ocean Water (VSMOW), and consistent with
the values determined from other organics for other comets, e.g.,
D/H < 5 x 1073 from methane for Comet C/2004 Q2 (Machholz)
[18], and ~25 x 10~3 from HCN for comet Hale-Bopp [16,23,83].
The present fluorescence model has been tested and used to suc-
cessfully measure ethane in the emission spectra of the comets
C/2004 Q2 (Machholz) and C/2000 WM1 (LINEAR) through the v
and v; [84]. In particular, the comet C/2004 Q2 was determined
to have an C,Hg abundance of 12.03(27) x 1026 molecules/s based
on the intensity of the v, transitions, an abundance about 12 x
that found for the comet C/2007 W1 using the same methods [84].
Consequently, assuming similar D/H for ethane would result in a
C,HsD abundance of < 2.9 x 102> molecules/s.

As seen in Hale-Bopp, a similar formation temperature (~ 30 K)
can result in more deuterium enrichment in organics than in
H,0 [16]. Due to the higher complexity of hydrocarbon organic
molecules, and consequently the larger variation in specific molec-
ular formation and fractionation pathways, a relatively higher D/H
ratio and larger spread of values is expected relative to H,O
[23,85]. This is further compounded by the high exothermicity of
deuterium incorporation into methane that results in higher D/H
in molecules formed via CH3+ , e.g., ethane or deuterated ethane,
compared to H,O at low temperatures such as those found for
the midplane of proto-planetary disks (T > 10 K) [85]. Taking into
account possible formation and fractionation pathways in proto-
planetary disks, and following the protosolar disk chemical mod-
els by Cleeves et al. [23], the low deuteration of ethane observed
for the comet C/2007 W1 suggests chemical processing of the
cometary ice in the inner AU of the disk (within ~70 AU of the
protosun). This is further supported by the low observed abun-
dance of CHy, which is expected due to high conversion of CHy
to C,Hg and larger hydrocarbons in the warm inner AU [86,87].

5. Conclusions

The high resolution infrared spectra of ethane (C;Hg) and mon-
odeuterated ethane (C;HsD) at 85 K are measured in the CD and
CH stretch region. Two fundamental and one combination band of
CyHg, and four fundamental and four overtone bands of CyHsD
are observed and modelled using the standard symmetric top
molecule and asymmetric top molecule Hamiltonians provided by
the PGOPHER software [47]. The modelled rovibrational bands are
sufficient to describe the main features of the C;HsD spectrum,
and also permit a secure identification.

The emission spectra of the comet C/2007 W1 (Boattini) is
modelled, and the resulting best fit parameters provide a new
strict D/H upper limit of 18.2 VSMOW for ethane. The modelled
cometary abundances suggest deuterium incorporation into ethane
occurred in the inner region of our primordial proto-planetary
disk.
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