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Abstract The cosmic deuterium to hydrogen (D/H) ratio is of key importance
from a cosmological and stellar evolution perspective since deuterium origi-
nates from big-bang nucleosynthesis and is destroyed by stellar thermonuclear
reactions (Pagel 1997). Further, from the interstellar perspective, the galactic
distribution of deuterium and the D/H ratio among various molecular species
also traces interstellar chemical evolution. Over the past few decades, radio ob-
servations have enabled the study of a handful of small, deuterated interstellar
species (Roueff et al. 2000; Turner 2001). However, the number of deuterated
species detected and environments probed are limited, raising issues of selec-
tion effects that hamper generalization and applications to other environments.
Infrared spectroscopy of the interstellar medium offers a distinct advantage in
this regard as the extent of deuteration of entire chemical families, rather than
one species, can be probed (Allamandola 1993; Teixeira et al. 1999). These
observations require space borne telescopes because the molecular vibrations in-
volving D which produce the strongest IR bands fall in spectral regions which
are obscured by terrestrial CO2 absorption (Allamandola 1993). Here we report
the tentative detection of the CD stretching vibration from deuterated interstellar
polycyclic aromatic hydrocarbons in the Orion nebula. Since the PAH emission
features are widespread and probe many different types of cosmic environments,
follow up observations of deuterated PAHs will provide fundamental, far reach-
ing new insight and perspective into galactic and extragalactic processes (Cox &
Kessler 1999).



142 Chapter 6 : Deuterated PAHs in space

Most interstellar sources with associated dust and gas - including H II regions, reflection
nebulae, planetary nebulae, late-type stars, the general diffuse interstellar medium (ISM),
galactic nuclei, and active star forming regions - show strong emission features at 3.3, 6.2, 7.7,
8.6 and 11.2 µm (Cox & Kessler 1999). These bands are generally attributed to vibrational
fluorescence from UV pumped, large polycyclic aromatic hydrocarbon molecules (PAHs,
Allamandola et al., 1989b). As a class, these species are the most abundant polyatomic
molecules in space having an abundance by number of ∼ 10−7 relative to H and containing
5 to 10 % of the elemental carbon (Allamandola et al. 1989b).

Deuterium atoms substituted on the periphery of PAHs participate in the same character-
istic types of vibrational motions as hydrogen atoms. These include CD stretching motions
as well as in-plane and out-of-plane bending motions. However, due to the larger mass of the
deuterium atom, all of these vibrations are shifted to lower frequencies. For the CD stretch-
ing modes, the frequency is lowered by a factor of ≈ 1.3 (Allamandola 1993; Hudgins et al.
1994; Bauschlicher et al. 1997). In addition, the vibrational motions of deuterium atoms can-
not couple effectively with those of adjacent, lighter hydrogen atoms. At the low levels of
deuteration expected in the interstellar PAH population, the overwhelming majority of pe-
ripheral deuterium atoms will be “non-adjacent” or “solo” – that is, they will be “isolated”,
having no neighboring deuterium atoms with whose motion they can strongly interact (for a
discussion of CH group adjacency in PAHs, see c.f. Hudgins & Allamandola 1999a).

The various classes of CD vibrational features in deuterated PAHs (PADs) are not all
equally attractive as targets for an astronomical search for interstellar PADs. It is therefore
reasonable to search for the feature, or features, that offer the greatest prospect for success
– those whose intensity is expected to be detectable and whose spectral position minimizes
ambiguity in attribution. Both criteria point to the CD stretching vibrations of isolated D
atoms on PAHs as being the most promising features for which to search. As with hydrogen,
deuterium atoms associated with interstellar polycyclic networks will be bonded to either
aromatic carbons (those that share in the delocalized pi bonding of the molecule) or aliphatic
carbons (those which carry only sigma or single bonds) (Bernstein et al. 1996). In the purely
aromatic case, a deuterium atom merely replaces a hydrogen atom at the periphery of the
aromatic network without altering that network. The stretching band of the resulting aro-
matic CD bond falls at 4.4 ± 0.06 µm (Hudgins, Bauschlicher & Sandford, in preparation).
With all the PAD aromatic CD stretching features falling in this relatively narrow range, the
composite emission of interstellar PADs is expected to give rise to a single band near this
position analogous to the more familiar 3.3 µm CH stretching band of interstellar PAHs.
Deuterium atoms can also add to the periphery of a PAH changing the character of the car-
bon atom at the addition site from aromatic to aliphatic or replace an H atom already present
on an aliphatic sidegroup. The stretching band of the aliphatic CD bond on the periphery
of the hexagonal C-skeleton (a Dn-PAH) falls at 4.67 ± 0.06 µm (Hudgins, Bauschlicher
& Sandford, in preparation). Both the aromatic and aliphatic CD stretching bands fall in a
spectral region (4 – 5 µm) that is free of other PAH emission features, thereby eliminating
ambiguity in their assignment. Thus any observation of emission bands at these positions in
the interstellar spectrum is consistent with the PAH model and provides strong evidence for
PADs.

The prospects for identifying interstellar PAD features in other parts of the spectrum are
not as good. For the aromatic case, the CD in-plane modes, which fall between 9.5 and 12
µm, are distributed over a relatively wide range and are weak. The CD out-of-plane bending
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modes, although they are generally more intense, are also problematic. Unlike the solo-H
modes, which tend to fall within the relatively narrow range from 10.9 to 11.4 µm (for a
discussion of CH group adjacency in PAHs, see c.f. Hudgins & Allamandola 1999a), the
CD out-of-plane features are spread out over a much wider range (14.2 to 16.5 µm) due
to the greater structural heterogeneity experienced by solo-D atoms (Hudgins, Bauschlicher
& Sandford, in preparation). Solo-D’s are all effectively non-adjacent by virtue of the low
isotopic abundance of deuterium, not by virtue of the peripheral structure of the PAH as is the
case for solo-H’s. Consequently, on average, solo-D atoms sample a wider range of molecular
environments than do solo-H’s. As a result, CD out-of-plane bending in interstellar PADs
would be expected to produce a broad, low contrast plateau between 14 and 17 µm that
would be much more difficult to detect with certainty (Hudgins, Bauschlicher & Sandford,
in preparation). Moreover, this wavelength range is also the domain of aromatic CC skeletal
vibrations, introducing ambiguity of assignment (Moutou et al. 1996; Van Kerckhoven et al.
2000). A similar situation holds for the aliphatic CD bending (deformation) case. Here the
bands would be expected to fall near 7 to 8 µm (Allamandola 1993, Hudgins, Bauschlicher
& Sandford, in preparation), a region overwhelmed by intense PAH emission.

Figure 6.1 compares the ISO-SWS spectrum (Kessler et al. 1996; de Graauw et al. 1996)
of the Orion Bar, position 4, between 3.0 and 5.5 µm1 (top trace) to the absorption spectrum
of a partially deuterated PAH mixture (solid line-lower trace) and the calculated aliphatic
CD stretching absorption of Dn-PAHs (dotted line-lower trace). The 3.0 to 5.5 µm emis-
sion from Orion (upper trace) is dominated by the well-known 3.3 µm aromatic CH stretch
band. Also evident in the spectrum are weaker bands between 3.3 and 3.6 µm (Allamandola
et al. 1989b, Hudgins, Bauschlicher & Sandford, in preparation) and a feature centered near
5.2 µm (Allamandola et al. 1989a). The spectrum shows that new features may be present
centered 4.4 and 4.67 µm. The two hydrogen recombination lines at 4.05 µm (Brα) and at
4.652 µm (Pfβ) have been removed. To assess the reality of the 4.6 µm feature which is
blended with the Pfβ emission line, its integrated strength and uncertainty was determined by
removal of the Pfβ line based upon the Brα line intensity. This analysis clearly showed emis-
sion in addition to that at the Pfβ position. The fluxes of the two candidate features together
with the flux of the bands near 3.3 and 5.25 µm are given in Table 6.1. The errors listed in
Table 6.1 have been determined by comparing the independently reduced up and down scans.
These errors are dominated by uncertainty in the dark current subtraction, resulting in some
wavelength dependent error as well. Taking this into account, we conclude that the 4.4 and
4.6 µm features are present at the 1.9 and 4.3 sigma levels, respectively.

The solid line portion of the lower trace in Figure 6.1 presents the spectrum produced by
combining the laboratory absorption spectra of a variety of individual PADs, PAHs, and Hn-
PAHs. Here the aromatic CH stretches produce the 3.3 µm band, aliphatic CH stretches and
the overtones and combinations of CC modes produce the weak features between 3.35 and 3.6

1The Orion Bar position D5 (05 35 19.8 -05 25 10 (2000)) was observed in the astronomical observations
template 01 full scan mode speed 2 (Target dedicated time number 83101507), by scanning the grating over its full
mobility range and back, yielding two independent scans (the up and down scan). Deviations between the up and
down scans vary between 0 and 2 Jy. The 3 µm region has a spectral resolving power of λ/∆λ = 500, and the 4
to 5.5 µm region a spectral resolving power of λ/∆λ = 250. An independent AOT 06 observation had insufficient
S/N to be considered. The data were processed with IA3, the SWS Interactive Analysis package (de Graauw et al.
1996) using calibration files and procedures equivalent with the pipeline version 10.1 (IA3 test, April 2002). Further
data processing consisted of flat-fielding, bad pixel removal and rebinning with a constant resolution. Details on the
data reduction procedure can be found in Chapter 2.
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Figure 6.1 — Comparison of the 3.0 to 5.5 µm continuum-subtracted ISO spectrum of the Orion
Bar (trace a) to the absorption spectrum of a partially deuterated PAH mixture (solid line, trace b) and
the computed absorption spectrum of a Dn-PAH (dashed line, trace b). Two hydrogen recombination
lines (Pfβ and Pfδ) have been removed based on the strength of Brα line and the case B recombination
theory. The solid line portions of trace b is the absorption spectrum produced by coadding the spectra
of individual perdeuterated PADs and fully hydrogenated PAHs in D/H = 1/20 ratio. The PAH mixture
contains: naphthalene, phenanthrene, pyrene, chrysene, 7,8-dihydrobenzo[a]pyrene, d8-naphthalene,
d10-phenanthrene, d10-pyrene, and d12-chrysene. The dashed line of the trace b is the computed spec-
trum of Dn-PAHs : dihydropyrene, dihydrocoronene and dihydrocircumcoronene. In this composite
spectrum, the aromatic and aliphatic CH stretches produce the bands in the 3 µm region, the CD
stretches in PADs and Dn-PAHs produce the bands at 4.4 and 4.67 µm, and the feature centered near
5.2 µm is due to overtones of the longer wavelength CH bending vibrations.

µm and the complex structure centered near 5.2 µm is due to overtones and combinations
of the longer wavelength CH bending vibrations. The band centered near 4.4 µm in the
spectrum arises from the aromatic CD stretches of the PADs within the molecular mixture.
The dashed line portion of the lower trace presents the computed position of the aliphatic
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Table 6.1 — Feature fluxes and uncertainties.

Wavelength Flux σ
( µm) (W/ µm)

3.3 1.1 10−13 45
3.4 1.4 10−14 12
3.5 4.0 10−15 6.5
4.4 7.2 10−15 1.9
4.6 1.5 10−14 4.4

5.25 4.6 10−14 9.4

CD stretch in Dn-PAHs with two aliphatic D-atoms (the frequencies are computed using the
B3LYP hybrid density functional approach in conjunction with the 4-31G basis set).

On the basis of the band position correspondence between the interstellar and the labora-
tory model spectra seen in Figure 6.1, we attribute the possible new interstellar feature near
4.4 µm to the aromatic CD stretch from deuterated interstellar PAHs and the second broader
feature centered near 4.67 µm to the aliphatic CD stretch. The sum of the intensities of the
possible 4.4 and 4.67 µm features provides a measure of the amount of deuterium in the
PAH population. The D/H ratio of the emitting PAH population can be estimated by taking
the ratio of this sum to the analogous sum of the 3.3 µm and weaker satellite bands which
provide a measure of the hydrogen in the PAH population. Assuming that the integrated ab-
sorbance values of the corresponding CH/CD modes are the same, we estimate that the D/H
ratio within the family of interstellar PAHs at position 4 in the Orion ionization ridge is 0.17
± 0.07. Within the framework of our proposed identifications, the aliphatic groups have a
much higher deuterium fraction than the aromatic groups, as implied by the high 4.6/3.4 in-
tensity ratio compared to the 4.4/3.3 ratio. If born out, this difference in fractionation may
provide important clues to the processes fractionating interstellar PAHs.

Deuterium fractionation occurs due to the different zero-point energies of CH and CD
bonds, resulting in slightly more stable CD bonds (Tielens 1997b; Millar et al. 2000). For
PAHs, there are at least four distinctly different astrochemical processes that should drive
D-enrichment (Sandford et al. 2001). First, PAH deuterium enrichments can result from low
temperature (T < 50 K), ion-molecule reactions occurring in the gas phase (Tielens 1997b;
Millar et al. 2000). Second, PAHs can become deuterium enriched in ice mantles in dense
interstellar clouds. Gas-grain chemistry (Charnley et al. 2001) should produce large D enrich-
ments in grain mantles where reduction is occurring due to the high atomic D fractionation
of the accreting gas (Tielens 1992; Charnley et al. 1997). Third, additional D-enrichment
can occur to PAHs within these ices when they are processed by UV and cosmic ray radia-
tion (Sandford et al. 2000). In this case both aromatic and aliphatic CD bonds are produced
(Hudgins, Bauschlicher & Sandford, in preparation). Lastly, D-enrichment by unimolecular
photodissociation can also occur to PAHs in the gas phase (Allamandola et al. 1989b). In
contrast to the previous processes, this does not require low temperatures and is expected to
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be most significant for PAHs in the size range from about C10H8 (naphthalene) to C42H18

(hexabenzocoronene), the portion of the interstellar PAH population expected to dominate
the emission in this region of the spectrum. With time, interstellar PAHs should become
enriched in deuterium by any or all of the above processes. Since PAHs are considerably
more stable and more abundant in the ISM than many of the smaller species that show D en-
richments (PAH/H2 ∼ 10−6 compared to HCN/H2 ∼ 10−8), and PAHs carry more H atoms
per molecule than simpler molecules, PAHs are likely to represent the largest reservoir of
D-enriched interstellar materials.

While interstellar PAHs are expected to be enriched in deuterium, the extent of the enrich-
ment depends on the local environment and history, making the PAH D/H ratio a particularly
useful new interstellar probe. In particular, PAHs freshly ejected by stars would be expected
to contain little deuterium since most of the parent star’s original deuterium will have been
destroyed during nucleosynthesis. In contrast, PAHs in dense clouds have experienced a long
period of interstellar evolution and will have had ample opportunity to become enriched in
deuterium by ion-molecule and unimolecular photodissociation reactions occurring in the gas
phase and by radiation-driven exchange reactions in ice mantles. Some of the highest D/H
ratios in gas phase PAHs might be expected in the transition zones, such as the Orion Ion-
ization Ridge studied here, where H II regions are exposing fresh dense cloud material to the
strong stellar radiation field. Indeed, Hn-PAHs have been identified in the Orion Bar(Sloan
et al. 1997), so it is reasonable to find evidence for their deuterated counterparts. These envi-
ronments drive rapid gas phase enrichments and this is where D-enriched PAHs frozen in ice
grains will be released into the gas phase. Here, the PAH D/H ratio may serve as a probe of
the past interstellar heritage and age. If born out, the difference in fractionation between aro-
matic and aliphatic hydrogen suggested by the Orion data may reflect that they drive largely
from different reservoirs. For example, enriched Dn-PAHs and methylated PAHs may result
from exchange reactions and photochemistry in ice mantles (in the dense-cloud phase). In
contrast, the fractionation of the aromatic H may be controlled by ion-molecule, and uni-
molecular photodissociation reactions in the gas. The understanding gained by further obser-
vations of the PAH D/H ratio in the Galaxy can be used as a template to interpret the PAH
and PAD emission spectra obtained from other galaxies.

Closer to home, deuterium enrichments have been identified in both bulk meteoritic ma-
terials (Yang & Epstein 1983; Epstein et al. 1987) and within specific classes of meteoritic
molecular species including aromatic hydrocarbons (Kerridge et al. 1987). While the specific
processes leading to these species are still unclear, the D-enrichment is generally taken as ev-
idence that meteoritic organics contain relics of presolar, interstellar materials (Zinner 1997).
The measurements reported here are an attempt to establish the first family of deuterium en-
riched compounds which are common to interstellar space and the Solar System. This holds
the promise to become a powerful means to link interstellar chemistry directly to the organics
in primitive Solar System materials, matter which may have played a key role in the origin of
life on earth.
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