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ABSTRACT

In this paper, we present the results of a computational study of the effects of a low absolute level of deuteration
(~5%) on the observed mid-IR spectrum of the interstellar polycyclic aromatic hydrocarbon (PAH) population.
The analyses are based on a global average spectrum, including all the possible singly deuterated isomers of an
ensemble of partially superhydrogenated PAH species (i.e., H,-PAHs) in both neutral and cationic forms. The
distinctive spectroscopic properties considered in this paper include three classes of D-involved vibrational
modes: (1) C—D in-plane bending features in the 9.5—12 pm region, (2) C—D out-of-plane bending features in the
14.5—-17.9 pm region, and (3) aromatic and aliphatic C—D stretching features in the 4.4—4.7 um region. In
addition, D substitution also has the potential to alter the appearance of the C—H out-of-plane bending features in
the 11-14 pm region by disrupting the adjacency of the H atoms on the PAH edge rings. The spectroscopic
impacts of a low level of deuteration in the interstellar PAH population are considered, and their implications for
the detailed appearance of the astronomical mid-IR PAH emission spectrum is explored. Overall, the results of this
study indicate that the C—D stretching features offer the greatest prospects for the detection of deuterated
interstellar PAHs. Since these features are effectively obscured by telluric CO, absorptions, the information
presented herein should be useful in the planning and design of future space-based IR observing platforms.
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1. INTRODUCTION

Studies of the abundance and distribution of the different
isotopic variants of the atoms and molecules in the cosmos can
provide valuable insight into the physical and chemical pro-
cesses that shape our universe. Among the most valuable in this
regard are hydrogen ('H) and its heavy isotope deuterium
(2H or, more commonly, D), since measurements of the relative
distribution of these two isotopes among the various inter-
stellar molecular materials can provide valuable insight into
interstellar chemical processes. Of particular interest in this
respect is the recent tentative detection of two infrared emission
bands at 4.4 and 4.65 um in interstellar spectra attributed
to C—D stretching vibrations of polycyclic aromatic hydro-
carbons (PAHs) carrying one or more D atoms (Peeters et al.
2004). These observations highlight the important insight into
interstellar PAH chemistry that dAPAHs—PAHs on which one
or more of the peripheral H atoms have been replaced by a
D atom—might one day provide and underscore the need
for a better understanding of the infrared spectral properties
of those species. Given the low overall cosmic abundance of
D ([D]/[H] ~ 1 x 1073; Vidal-Madjar et al. 1998), it is likely
that singly deuterated forms of PAHs, as opposed to PAHs
carrying multiple D atoms, have the greatest impact on the
astrophysical problem. The work reported in this paper was
undertaken to explore the spectroscopic effects of substituting a
D atom for one of the H atoms on the periphery of a PAH.
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The D we find around us today arose from nucleosynthesis
in the epoch immediately following the big bang (Reeves et al.
1973). The resultant primordial D/H ratio—ostensibly that ob-
served at cosmological distances—reflects the conditions and
processes that characterized the earliest moments of our uni-
verse (see, e.g., Epstein et al. 1976; Tytler et al. 1996; Jedamzik
& Fuller 1997; O’Meara et al. 2001). Moreover, since the
primordial D is, on balance, consumed in stellar nucleosyn-
thesis, the “local” D/H ratio of our own and other nearby
galaxies probes the stellar history and evolution of those sys-
tems (Pagel 1997). The astrophysical importance of D is not,
however, limited solely to its cosmological significance and its
value as a tracer of galactic and stellar physics. On the contrary,
the occurrence of D in interstellar molecules also provides
direct insight into the physical and chemical conditions through-
out the interstellar medium (ISM).

In general, chemical reactions are insensitive to the isotopic
masses of the atomic species involved. However, at the ex-
tremely low kinetic temperatures that characterize many inter-
stellar environments (7 < 100 K), the small absolute masses of
H and D atoms coupled with their large relative mass difference
(mp/my ~ 2) can lead to large discrepancies in the chemistries
of these two species. Under those conditions, the difference in
zero-point vibrational energy favors the preferential survival
of chemical bonds involving D atoms over those involving
H atoms and often results in the production of deuterated mo-
lecular species with relative abundances ([XD]/[XH]) far in
excess of the cosmic (atomic) D/H ratio (Geiss & Reeves 1981;
Dalgarno & Lepp 1984; Tielens 1997). Indeed, the importance
of D enrichment in gas-phase interstellar chemistry is well
established observationally. Radio-frequency observations of
the rotational transitions of the wide array of simple gas-phase
interstellar molecules found in cold, dark clouds have shown
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that many of these species exhibit high degrees of D enrich-
ment (see, e.g., Mauersberger et al. 1988; Jacq et al. 1990;
Roueff et al. 2000; Turner 2001). Furthermore, the degree of
D enrichment and the pattern of D substitution are unique to
each molecular species and are a direct consequence of the
chemical pathway(s) that gave rise to that species (Sandford
et al. 2001; Sandford 2002). Consequently, we can learn a great
deal about interstellar chemistry by studying the distribution
of D in interstellar molecules.

The presence of deuterated species among the interstellar
PAH population, the photoproducts of mixed molecular ice
mantles, and other interstellar organics have also been the sub-
ject of theoretical (Tielens 1983, 1992, 1997; Millar et al. 1989,
2000; Aikawa & Herbst 1999) and experimental study. The
experimental work has considered both studies of laboratory
analogs (see, e.g., Bernstein et al. 1995, 2000; Sandford et al.
2000, 2001) and analyses of meteoritic materials (Kerridge &
Chang 1985; Zinner 1997). Regarding the latter, D enrichments
are commonly found in primitive solar system materials, such
as carbonaceous chondrites, which contain both circumstellar
and interstellar materials that survived the transition from dense
cloud to planetary surfaces (Bernatowicz & Zinner 1997). The
excess D in meteorites is largely carried by a variety of organic
species, of which aromatics appear to be the most significant
(Kerridge et al. 1987; Cronin et al. 1993; Messenger 2000). The
combined theoretical and experimental work strongly suggests
that interstellar ices and organics, especially PAHs and related
aromatic systems, should be significantly enriched in D in many
interstellar environments.

Nevertheless, despite the abundance of interstellar PAHs as
inferred from the ubiquity of their emission features in space
and the mounting evidence that dPAHs should constitute sig-
nificant carriers of D (Sandford et al. 2001), these species have
received little attention in terms of telescopic study. This is due
both to the comparative weakness of their expected C—D
bending and stretching features (even in D-enriched materials
the absolute D content is quite low) and to the difficulty of
making such observations from the ground due to spectral
interference from telluric CO,. As a result, while extensive
laboratory and observational work has been done on the spec-
troscopy of PAHs over the last two decades, relatively little
consideration has been given to the impact of deuteration on
their emission spectra. That is the purpose of the work reported
here.

This paper is organized as follows. In § 2 we briefly review
previous experimental and theoretical studies relevant to the
production and abundance of dPAHs in interstellar environ-
ments. In § 3 we present the results of our theoretical analyses
of the infrared spectroscopic properties of singly deuterated
PAHs, with subsections devoted to the features arising from
each class of fundamental C—D vibrational mode. We also
discuss the likely impact of the presence of a D atom on the
associated C—H features of the PAH.

2. DEUTERATED INTERSTELLAR PAHs

The majority of the interstellar chemical processes that yield
high D fractionations—e.g., gas-phase ion-molecule reactions
(Geiss & Reeves 1981), reactions on grain surfaces (Tielens
1983), and isotopic exchange during the irradiation of inter-
stellar ices (Sandford et al. 2000)—do so only at low temper-
atures (7 < 50 K). These processes are therefore restricted to
the environments of dense molecular clouds. For a few classes
of interstellar molecules, such as PAHs, there exists an addi-
tional D-enrichment mechanism that does not require low tem-

peratures, namely unimolecular photodissociation (Allamandola
et al. 1989). While all four of these distinct astrochemical pro-
cesses can produce dPAHs, each is expected to produce a dPAH
population with a distinctive pattern of D substitution, both
within a given PAH species and between different PAH species
(Sandford et al. 2001).

The most common and well-studied avenue for producing
D enrichments in interstellar molecular species is through
ion/molecule reactions occurring in the gas phase at the low
temperatures (7' < 50 K) characteristic of dense interstellar
molecular clouds. The preferential incorporation of D into
molecules occurs as a result of the slightly lower zero-point
energy (and, hence, slightly greater stability) of the C—D bond
compared to a C—H bond (Dalgarno & Lepp 1984; Herbst
et al. 1987; Millar et al. 2000; Tielens 1997). Observational
evidence that D fractionation occurs in the ISM via this
mechanism is provided by radio-wavelength studies of a wide
variety of simple molecules found in dense molecular clouds,
many of which show moderate to high degrees of D enrichment
(Mauersberger et al. 1988; Jacq et al. 1990; Roueff et al. 2000;
Turner 2001). Gas-phase ion/molecule reactions analogous to
these are also capable of producing D enrichments in the PAH
populations found in these regions (Tielens 1997). In the case
of PAHs, larger PAHs are initially preferentially deuterated by
virtue of the fact that they have more H atoms and, conse-
quently, more potential sites for D substitution. However, ul-
timately all PAHs in the gas phase should show increased D/H
ratios as they approach a steady state equilibrium. Since PAHs
are considerably more stable and abundant in the ISM than
many of the smaller species that show D enrichments (PAH/ H; ~
10-°, compared to, e.g., HCN/H, ~ 10~%), and since PAHs carry
more H atoms per molecule than simpler molecules, PAHs are
likely to represent the largest reservoir of materials enriched in
D by ion-molecule reactions.

Ion-molecule reactions in the gas phase represent only one
possible source of D fractionation in the dense cloud environ-
ment. At the temperatures typical of dense interstellar clouds
(T < 50 K), most volatile species condense out of the gas
phase onto icy grain mantles (Sandford & Allamandola 1993),
where they can participate in gas-grain reactions on the grain
surfaces (Tielens & Hagen 1982; d’Hendecourt et al. 1985;
Brown & Charnley 1990; Hasegawa et al. 1992). In environ-
ments where H/H, is large, surface reactions with H atoms will
dominate and species such as CH,, NH;3, and H,O are pro-
duced. Such chemistry should produce large D enrichments
in grain mantles where reduction is occurring because of the
high atomic D fractionation of the accreting gas (Tielens 1983,
1992, 1997; Charnley et al. 1997). However, there is currently
no laboratory evidence suggesting that PAHs can become fur-
ther reduced through simple H-atom exposure on grain sur-
faces. Thus, this process may leave PAHs largely unaffected.

As noted above, because of the D-rich nature of the mo-
lecular volatiles accreting from the gas phase and because of
the subsequent gas-grain reactions with D atoms that occur on
their surface, interstellar ice grains are expected to be signifi-
cantly enriched in D. Under these circumstances, further
deuterated species can be synthesized when these ices are
processed by UV and cosmic-ray radiation. Laboratory studies
of mixed-molecular ices in which some of the original species
are D enriched show this D incorporation into many of the
reaction products (Bernstein et al. 1994, 1995, 2000; Sandford
et al. 2000). Unlike the previously described processes, the
effect is not to produce a fractionation of H from D, but in-
stead to propagate previous fractionations into new molecular
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TABLE 1
CoMPARISON OF THE CHARACTERISTIC PosiTioNs oF C—H anp C—D Mobes IN PAHs anp PADs

C—H Bonp C—D Bonp*
MobE . (pm) 7 (em™h) . (pum) 7 (em™h)
Stretching ......ccceeeeeverienne 3.2-33 3100-3000 43-45 2325-2250
In-plane bending 7.1-9.1 1400-1100 9.5-12.0 1050-830
Out-of-plane bending............. 10.8-14.0 930-700 13.5-17.9 740-560

# Bauschlicher et al. (1997).

species. The presence of PAHs in these environments has been
indicated by detection of their infrared bands in absorption in
the spectra of stars embedded within dense clouds (Sellgren
et al. 1995; Brooke et al. 1996, 1999; Chiar et al. 2000; Bregman
et al. 2000; Sandford et al. 2004). Laboratory simulations have
shown that the irradiation of PAHs in D-enriched ices results in
rapid D enrichment of the PAH population through H/D ex-
change reactions on peripheral aromatic rings and on rings that
contain oxygen atoms (Sandford et al. 2000). PAH deuteration
by these mechanisms is independent of molecular size but
should show specific regiochemical behaviors (Sandford et al.
2001). Further D incorporation in icy grain mantles should also
occur through the D-atom addition (as opposed to substitution)
reactions that produce D-enriched H,-PAHs, i.e., PAHs that
carry excess H atoms (hereafter we will use the term “dH,-
PAH” to represent an H,-PAH on which one or more of the
H atoms have been replaced by a D atom). D enrichments
generated in this fashion would be expected to correlate with
the presence of H,-PAHs, increasing H/C ratios, and the pres-
ence of aliphatic structures (Sandford et al. 2001).

Finally, in contrast to the foregoing processes that produce
D fractionations at very low temperatures, the fractionation
effects of unimolecular photodissociation are restricted pri-
marily to the interstellar PAH population but may produce
D enrichments at elevated temperatures (Allamandola et al.
1989; Tielens 1997). PAHs are distinguished by their resistance
to photolytic destruction and their resulting persistence in
harsh radiation environments where most molecular species are
quickly destroyed. However, while PAHs are resistant to pho-
todestruction, they are not immune to photon-mediated modi-
fication. In intense, hard UV radiation fields such as those found
in planetary nebulae and regions of massive star formation,
PAHs may absorb more energy than they can accommodate in
their vibrational manifold, leading to bond scission within the
molecule. If that break occurs within the carbon skeleton of
the PAH, the two resulting fragments are held in close prox-
imity to one another by the remaining carbon skeleton and the
bond is likely to reform quickly, returning the excess energy to
the vibrational manifold. If, on the other hand, the break occurs
at a C—H bond on the periphery of the species, the fragments
are no longer tethered to one another. In that case, the bond has
no opportunity to reform and the excess energy is dispersed
largely in the form of the kinetic energy. Because of the zero-
point energy difference between C—D and C—H bonds, the rate
of D loss from interstellar PAHs should be lower than that of H
loss. The resulting PAH radical will subsequently react with
ambient H/D atoms, and the process begins again. Because of
the modest preference toward H loss over D loss, repeated
processing in this manner should lead to a gradual D enrichment
in the PAH population.

Since the vibrational energy capacity of a molecule is
proportional to molecular size, the threshold energy needed to

exceed this capacity also increases with size. Thus, in a given
radiation environment, the foregoing process will preferen-
tially deuterate the smaller species in the interstellar PAH pop-
ulation since the rate of unimolecular photodissociation will
increase with decreasing molecular size. Steady state iso-
topic equilibrium is expected to be reached in this manner in
photodissociation regions and, at least for small PAHs, in dense
clouds. At equilibrium, the fraction of peripheral D relative to
H will be 3 times the local gas-phase ratio of D to H (107> to
107%). Thus, in these interstellar environments, many PAHs
having less than ~25 C atoms should have peripheral D atoms.
This process is unique in that the extent of the D enrichment
depends on the size of the PAH and does not require the local
environment be cold. D enrichment is expected to be most
significant for PAHs in the size range from 10 to 40 C atoms.
Enrichment in PAHs having more than ~40 C atoms is not
expected because these larger PAHs can accommodate the
maximum energy of typical UV photons without photolytic
bond cleavage occurring.

Thus, interstellar PAHs are expected to be enriched in D,
with the extent, topology, and distribution of that enrichment
dependent on the local environment and the PAHs’ history
(Sandford et al. 2001). This, together with the recent report of
the tentative identification of a pair of weak emission features
near 4.4 and 4.6 pm in the SO SWS spectrum of Orion bar D5
attributed to dPAHs (Peeters et al. 2004), warrants a closer look
at how deuteration might impact the canonical PAH infrared
spectrum.

3. INFRARED SPECTRA OF DEUTERATED PAHs

D atoms substituted on the periphery of PAHs participate in
the same characteristic types of vibrational motions that H
atoms do. These include C—D stretching motions and in-plane
and out-of-plane bending vibrations. All of these vibrations
are, however, shifted to lower frequencies compared to the
analogous C—H motions because of the larger mass of the
D atom. Laboratory infrared spectra have been obtained from
a number of matrix-isolated perdeuterated PAHs (PADs;
i.e., PAHs in which all of the peripheral H atoms have been
replaced by D atoms; Bauschlicher et al. 1997). The charac-
teristic frequencies for the various C—D modes in PAHs
compared to those of the analogous C—H modes are given in
Table 1.

However, while the interstellar PAH population is likely to
be enriched in D over the canonical interstellar [D]/[H] ratio by
a combination of the processes discussed in the previous sec-
tion, they will certainly not be fully deuterated. Indeed, the
absolute level of deuteration is unlikely to exceed a few per-
cent. As a result, most of the PAHs in the interstellar population
would carry no more than a few D atoms. Assuming a 1:1
correspondence between the intrinsic intensities of corre-
sponding C—D and C—H vibrational modes, the intensity of
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the resulting interstellar C—D features should be no more than
a few percent that of the analogous C—H bands. This difficulty
is further compounded by the fact that two of the three classes
of C—D vibrational modes (the 4.3—-4.5 um C—D stretches
and the 13.5-17.9 um C—D out-of-plane bends) fall in regions
of high atmospheric opacity due to telluric CO, absorptions
and are completely accessible only from space. Detecting
the C—D vibrational features of deuterated interstellar PAHs
therefore constitutes a considerable observational challenge.
Nevertheless, with the advent of new instruments and space-
based observational platforms (e.g., ISO, Spitzer, and the James
Webb Space Telescope), the high-sensitivity spectroscopic mea-
surements required to detect and study the features of inter-
stellar dPAHs are becoming increasingly feasible.

In an effort to optimize the utility of currently available as-
tronomical data, to provide the basis for future observational
studies, and to guide the development of future astronomical
infrared instruments and missions, we have undertaken a com-
putational study of the effects of partial deuteration on the ob-
served spectroscopic characteristics of an ensemble of PAHs.
The details of the computational approach are discussed in the
following section (§ 3.1). Subsequent sections will explore the
various distinctive spectroscopic characteristics that would
arise in a population of PAHs containing a few percent D rel-
ative to H.

3.1. Computational Approach

In recent years, density functional theory has proven to be an
excellent method for calculating the vibrational frequencies
and intensities of large aromatic molecules (see, e.g., Langhoff
1996). Indeed, these studies have been largely driven by the
needs of the astrophysical problem and have provided much
valuable insight into the nature of the interstellar PAH pop-
ulation. The computational methodology employed in these
studies has been discussed extensively in the literature (see,
e.g., Langhoff 1996; Bauschlicher & Langhoff 1997; Hudgins
et al. 2001; Mattioda et al. 2003) and will be summarized only
briefly here.

The quantum chemical calculations employed for these
studies were performed using the Gaussian 98 computer codes
(Frisch et al. 1998). Optimized molecular geometries were
calculated and used to compute the harmonic frequencies and
infrared intensities for each species using the B3LYP hybrid
functional (Stephens et al. 1994; Becke 1993) in conjunction
with the 4-31G basis sets (Frisch et al. 1984 and references
therein). This level of theory strikes a balance between the com-
peting demands for computational accuracy and computational
speed. Calibration calculations (Bauschlicher & Langhoff 1997)
conducted at this level of theory have previously shown that a
single scale factor of 0.958 brings the B3LYP/4-31G harmonic
frequencies into excellent agreement with experimentally mea-
sured fundamental mode positions. Those calibration calcula-
tions also show that the computed B3LYP/4-31G intensities
are accurate except for the aromatic C—H stretches of neutral
PAHs, which are overestimated in the calculations by as much
as a factor of 2 (interestingly, the intensities calculated for aro-
matic C—H stretches of ionized PAHs and the aliphatic C—H
stretching fundamentals of both neutral and ionized H,-PAHs do
not appear to be similarly overestimated; Hudgins et al. 2001).
Similar calibration calculations conducted as part of the present
study indicate that the calculated intensities of the aromatic
C—D stretching fundamentals exhibit similar intensity behav-
iors at this level of theory, as do the C—H stretching funda-
mentals; i.e., the theory provides good intensity results for all
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Fic. 1.—Structures of the H,-naphthopyrene (C,4H,¢) and Hy-naphthopyrene
(Cy4H;g) species upon which the average spectra in Figs. 2—5 are based. See
§ 3.1 for details of the spectral averaging procedure. The numerals in the first
structure illustrate the adjacency classes of the C—H groups associated with each
of the peripheral aromatic rings (i.e., 1 = solo, 2 = duet, 3 = trio, and 4 = quartet;
see § 3.1).

but the C—D stretching vibrations of neutral dPAHs, which may
be as much as a factor of 2 too large.

To facilitate comparisons with astronomical infrared emis-
sion spectra, synthetic representations of the computational re-
sults have been prepared in which each peak is assigned a
nominal 30 cm~! FWHM, a width that is characteristic of the
natural line width of a PAH emitting under interstellar con-
ditions. The utility of such spectra for drawing insights into the
observed interstellar spectra is well established in the literature
(Allamandola et al. 1999; Hudgins & Allamandola 1999a,
1999b; Van Kerckhoven et al. 2000; Hony et al. 2001; Peeters
et al. 2002). In the course of this work, we first considered
deuteration of a series of partially hydrogenated derivatives
of the PAH naphtho[2, 3; a]pyrene (hereafter, naphthopyrene).
The structures of the species studied are shown in Figure 1. The
H,- and Hy-naphthopyrene species were chosen as the princi-
pal model compounds for a variety of reasons. First, like the
interstellar PAH population, they contain both aromatic as well
as aliphatic C—H groups. Second, all four of the different
aromatic C—H adjacency classes commonly reflected in the
interstellar 11-14 pym emission (Hony et at. 2001) are rep-
resented in the basic structure. The exact position of the PAH
features that fall in this region are sensitive to the number of
neighboring C—H groups on each peripheral aromatic ring
(e.g., Bellamy 1958)—termed the ‘“adjacency” of the C—H
groups. The designation “solo” is used to indicate an aromatic
C—H group with no immediately adjacent C—H groups. The
designation “duet” indicates two C—H groups adjacent to one
another. Likewise, “trio” indicates three adjacent peripheral
C—H groups and “quartet” indicates four adjacent C—H
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Fig. 2.—Comparison of (a) the average spectrum of the unsubstituted H,-naphthopyrene species shown in Fig. 1 to (b) that of the average of all the possible
singly deuterated isomers of those species across the mid-IR. The averages include both neutral and singly ionized states of each species. Trace ¢ shows the
difference between traces a and b. The characteristic wavelength regimes for the various D-involved vibrational modes of dPAHs are shaded. [See the electronic

edition of the Journal for a color version of this figure.]

groups. This concept is illustrated in the first H,-naphthopy-
rene structure of Figure 1, where the peripheral adjacency class
of the C—H group(s) on each aromatic ring is indicated by
a numeral within that ring (i.e., 1 = solo, 2 = duet, 3 = trio, and
4 = quartet). Finally, with 16 possible sites, substitution of a
single D atom in the molecule corresponds to a D content of
6.7% ([D]/[H] = 1/15), a comfortable upper limit to the level
of deuteration in the interstellar population. As expected, the
spectral changes that accompany substitution of a D atom de-
pend on the site of that substitution and, to some extent, the
particular molecule. For example, the spectral changes that
occur in molecules that contain aliphatic C—H groups are
somewhat different than those observed in the purely aromatic
parent. In addition, substitution of a D atom at the position of a
solo-CH group is different from substituting one at the position
of a duet-CH group, a trio-CH group, and so on.

Because the interstellar emission is expected to arise from a
mixture of PAHs rather than any one single species, we have
averaged the spectra of all the possible singly deuterated iso-
mers of all the naphthopyrene derivatives shown in Figure 1.
Again, this would correspond to a D/H ratio in the overall
population of 6.7%, almost certainly an upper limit to that
expected for PAHs in most interstellar environments. More-
over, it is now widely accepted that the features of neutral
PAHs dominate the interstellar emission in the 3.3-3.5 and
10-20 pm regions, while those of PAH cations dominate the
emission in the 6—9 pm region. Rather than present neutral and
cation spectra separately, we have also included both the
neutral and cationic forms of the foregoing species in the spec-
tral average. Thus, our averaged spectrum should reflect the
spectroscopic effects of the distribution of a few percent D un-
iformly across the various different structural sites and ioni-
zation states available in a generic population of PAHs. Note
that we have not scaled the strengths of any of the C—D bands,
so the relative strength of the C—D aromatic stretching feature
is probably slightly overestimated. The resulting spectrum
is shown in the middle trace of Figure 2 and represents the
average of 260 discrete spectra, 130 from neutrals and 130
from cations. The bottom trace in Figure 2 corresponds to the

analogous average spectrum of the fully hydrogenated species.
The top trace is the difference between these two spectra. A
quick inspection of the figure shows that a number of differ-
ences do arise from D-atom substitution. However, with the
notable exception of the C—D stretching features in the 4.4—
4.6 um region, the changes do not occur in “clean regions” of
the spectrum, but instead suffer from varying degrees of
spectral confusion with other vibrational bands. In the fol-
lowing sections we will explore these differences in more
detail.

3.2. The C—D In-Plane Bending Region
(9.5-12 pm; 1050-830 cm™1)

It is now well established that the C—H in-plane bending
modes of PAH cations are strongly enhanced relative to their
neutral counterparts and, as a result, dominate the prominent
7.7 and 8.6 um interstellar emission bands. The analogous
features of dPAHs, which should fall at somewhat longer
wavelengths (9.5-12 pm), might therefore seem to offer
excellent potential as targets for an interstellar search. However,
this potential is not borne out by our calculations. Figure 3
shows an expanded plot of the spectrum in Figure 2 in this
spectral region. The canonical C—D in-plane bending region is
indicated by a shaded bar on the diagram, as is the short-
wavelength end of the C—H out-of-plane bending region. In-
spection of the figure reveals that the features of unsubstituted
PAHs that fall shortward of the classic C—H out-of-plane
bending features (i.e., 4 < 11 um) are every bit as prominent as
the strongest expected C—D features in that region. The reason
for this is twofold. First, although the C—H-involved features
that fall in this region are intrinsically weaker than the C—D in-
plane bending fundamentals, C—H groups are far more abun-
dant that C—D groups in the population. Second, the prodigious
intensities of the C—H in-plane bending modes in PAH cations
are an indirect consequence of Fermi resonance with the C—C
stretching modes of the molecule, which are directly enhanced
by ionization and whose characteristic energies (1600—1200
cm~!) overlap those of the C—H in-plane modes (1400—1100
cm~!). This is not, however, true for the C—D in-plane bending
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Fic. 3.—Expanded view of the average unsubstituted— and d;-H,—
naphthopyrene spectra (traces a and b, respectively) through the C—D in-plane
bending region. Weak in the neutral species, these modes are too far removed
from the C—C stretching modes to experience any significant resonant en-
hancement in the cations as well (see discussion in § 3.2). Consequently, as
shown in the difference spectrum, the result is a weak feature or features in the
10-11 pm range that are lost amid an array of features from the unsubstituted
species. [See the electronic edition of the Journal for a color version of this

figure.]

modes, whose characteristic energies (1050—830 cm™') do not
overlap those of the C—C stretching modes and therefore do not
experience the same resonant enhancement. As a result, the
C—D in-plane modes in PAH cations are intrinsically weaker
than their corresponding modes in the hydrogenated cations.
Together, these two factors—low C—D group abundance and
lack of resonant enhancement—dictate that any C—D in-plane
vibrational features of dPAHs that might fall in this region of the
spectrum are likely to be no more prominent than the minor
features that might naturally be expected in the emission spec-
tra of normal, unsubstituted PAHs. Thus, even if a feature or
features were discerned in this region, it would be difficult to
establish an unequivocal connection to dPAHs.

3.3. The C—D Out-of-Plane Bending Modes
(13.5-17.9 pm; 740—560 cm™")

The C—D out-of-plane bending modes that fall in the 13.5—
17.9 pum region offer another possibility for detecting the
spectral signature of interstellar dPAHs. Exhibiting respectable
intensities in both neutral and ionized species, these modes are
the analogs of the C—H out-of-plane bending modes that pro-
duce the familiar 11.2 um feature and its accompanying sub-
structure in the 11-14 pum region of the interstellar emission
spectrum.

Figure 4 shows an expanded version of the spectra in
Figure 2 to facilitate a closer examination of this region of the
spectrum. As has been widely discussed in the literature (e.g.,
Hudgins & Allamandola 1999b; Hony et al. 2001), the out-of-
plane motions of groups of H atoms lying adjacent to one
another on the same peripheral ring of a PAH can couple to-
gether. These couplings alter the energy of the vibrations and
confer upon each adjacency class its own more-or-less unique,
characteristic frequency range. It is important to note that this
will not be the case for the D atoms in interstellar dPAHs. First,
because of its greater mass and different vibrational frequency,
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Fic. 4—Expanded view of the average unsubstituted— and d;-H,—
naphthopyrene spectra (traces a and b, respectively) through the C—D out-of-
plane bending region. The difference spectrum (trace ¢) shows that, on average,
modest D substitution gives rise to a broad, low contrast plateau between 14.5
and 17 pum that blends with the skeletal distortion modes of the unsubstituted
species that also fall in this region. [See the electronic edition of the Journal for
a color version of this figure.]

the out-of-plane motions of D atoms do not couple to those of
the adjacent H atoms. Second, the low absolute level of deu-
teration in the interstellar PAH population makes it highly
unlikely that even two D atoms will be adjacent to one another
on the edge of a PAH, let alone three or more. Consequently,
unlike H atoms whose adjacency is determined by the edge
structure of the carbon skeleton, essentially all the D atoms in
the interstellar PAH population will be solo D atoms, regard-
less of the edge structure of the carbon skeleton to which they
reside. Their presence will, however, change the adjacency
class of the H atoms on the same ring.

The presence of D atoms affects the 13—18 pm region of the
PAH spectrum in several ways. Inspection of the difference
spectrum in the top panel of Figure 4 shows that the presence
of D at the D/H ~ 6.7% level gives rise to a broad, low-level
“solo-CD” plateau extending from about 14.2 to 16.5 um (700
to 600 cm~1!). This contrasts with the characteristic solo C—H
out-of-plane bending modes that fall in a much narrower
spectral range (10.9—11.4 ym, AL~ 0.5 pm; 920—875 cm™!,
Av ~ 45 cm~") and combine to produce a prominent, discrete
band. This larger variance is likely attributable to the greater
structural variability associated with the solo-CD modes com-
pared to the solo-CH modes. As mentioned above, the adja-
cency class of a C—H group on the periphery of a PAH is
determined by the geometry of the edge structure of the PAH.
As a case in point, solo-CH modes correspond specifically to
C—H groups that are adjacent to two “bridgehead” C atoms,
C atoms that are bonded only to other C atoms in the structures
(see Fig. 1). Consequently, the structural nature of solo-CH
groups is quite homogeneous; hence the narrow characteristic
frequency range associated with these modes. C—D groups, on
the other hand, are all solo by virtue of the low isotopic
abundance of D, not because the structural characteristics of
their location on the parent PAH. Thus, for example, although
a solo-CD group may occupy a structural solo position as
defined above, we may just as likely (if not more so) find a
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Fic. 5—Expanded view of the average unsubstituted— and d;-H,—
naphthopyrene spectra (traces a and b, respectively) through the C—H and
C—D stretching regions. Trace ¢ shows the difference between the two spectra.
The subregions characteristic of aromatic and aliphatic stretches are indicated
by shaded bars. The figure illustrates that the C—D stretching modes of
dPAHs are expected to produce distinct features that fall in a region of the
spectrum free of features from the unsubstituted species. The C—D stretching
region of trace b (4.3—4.9 pum) has been multiplied by a factor of 5 to enhance
visibility. [See the electronic edition of the Journal for a color version of this

Sigure.]

solo-CD group occupying one of the positions in what would
structurally be classified as a duet, trio, or quartet edge struc-
ture if only H atoms were present. Consequently, the molecular
environment experienced by solo-CD groups in the interstellar
PAH population is significantly more heterogeneous than that
associated with the corresponding solo-CH groups. This results
in a broader spectral range into which these C—D out-of-plane
vibrations fall.

As a consequence of this behavior, if the level of D enrich-
ment in the interstellar PAH population were as high as ~10%,
we would expect a broad, low-level plateau with about 10% the
intensity of the 11.2 um band extending over the ~2 ym range
between 14 and 16 pm. While not out of the question, the
difficulty of this observation is compounded by the facts that
there are strong telluric CO, absorptions in this spectral region,
that the background dust continuum in many sources is rising
strongly through this spectral region, and that the ~7% level of
deuteration reflected in Figure 4 represents an optimistic upper
limit. Thus, as was the case for the C—D in-plane bending
region discussed above, it will likely be difficult to obtain un-
ambiguous assignments of features in the C—D out-of-plane
bending region due to dPAHs.

3.4. The Aromatic C—D Stretching Modes
(4.3-4.5 pum; 2320-2220 cm™ 1)

The final class of dPAH vibration that directly involves
motion of the D atom is stretching of the C—D bond. These
modes fall in the 4.31-4.51 pum (2320-2220 cm™!) region.
This wavelength region is obscured by a strong telluric CO,
feature, so detection of such a feature in the interstellar spec-
trum requires a space-based instrument. An expanded plot of
the relevant data from the C—H and C—D stretching regions is
shown in Figure 5.
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Figure 5 demonstrates that deuteration at the ~7% level
would give rise to a feature near 4.4 um (2275 cm™!) with
approximately 10% the intensity of the corresponding 3.3 um
(3050 cm™!) feature. Unlike the C—D in-plane bending modes,
these features are not substantially suppressed, on a per bond
basis, when compared to the analogous C—H modes. Fur-
thermore, unlike the C—D out-of-plane bending modes, these
modes are not particularly sensitive to peripheral structure.
Consequently, rather than smearing out over a wide region, the
C—D stretching features of different molecular variants pile up
to give a single discrete aromatic C—D feature, independent of
the placement of the D. Finally, there are no features of non-
deuterated PAHs or H,-PAHs that fall anywhere near this po-
sition in the spectrum. Therefore, any PAH feature identified
in this region could be unambiguously attributed to deuterated
PAHs. Consequently, the C—D stretching feature of deuterated
PAHs clearly presents the best candidate for providing an
identification of these species in the interstellar emission
spectrum.

3.5. The Aliphatic C—D Stretching Modes
(4.6-4.8 um; 2170-2080 cm™!)

The aromatic C—H stretching feature observed at 3.3 pm in
the interstellar PAH emission spectrum is commonly accom-
panied by secondary features in the 3.4—3.5 um range. These
features can be attributed to the stretching of aliphatic C—H
bonds in side chains (see, e.g., Sandford 1991) or partially
reduced PAH species (H,-PAHs; Bernstein et al. 1996) and are
clearly visible in the model spectrum of the singly deuterated
H,-PAHs shown in Figure 5. Recent observations have shown
that species such as these are important components of the
circumstellar outflows in which the PAH population is initially
formed (Goto et al. 2003). Moreover, as discussed above, these
species are also a natural consequence of the photochemical
processing of PAHs in interstellar ices (Bernstein et al. 1996,
1999, 2001). Since the same processes that produce H,-PAHs
under these conditions should also lead to D fractionations
(Sandford et al. 2001), it is reasonable to anticipate that ali-
phatic C—D groups will also be produced. In these cases a
significant portion of the D is sited on the peripheral aliphatic
rings of the parent PAH (Sandford 2002). As is the case for the
C—H stretching modes, aliphatic C—D stretching features
should fall at a slightly longer wavelength than do aromatic
C—D stretches. These aliphatic C—D features are clearly vis-
ible in the model spectrum of Figure 5 and do, in fact, fall in the
4.53-4.88 um (22102050 cm~') region longward of the ar-
omatic C—D stretches.

Since both aromatic and aliphatic C—D stretching features
lie in the relatively uncluttered spectral region near 4.5 um,
they represent the best candidates for an unambiguous obser-
vation of interstellar dPAHs and dH,-PAHs. Because of this
importance, to confirm that the results reflected in the model
spectrum are generally representative of such species, we have
undertaken calculations for several additional monodeuterated
H,-PAHs. These included hydrogenated derivatives of the
structurally compact PAHs coronene and circumcoronene
shown in Figure 6 (24 and 54 C atoms, respectively). The av-
erage calculated positions of the C—D stretching features for
each of these new classes of dPAHs, as well as those for the
monodeuterated H,-naphthopyrene species encompassed by
the model spectrum, are presented in Table 2. In addition, the
monodeuterated H,-naphthopyrene data are further broken
down to compare the average C—D stretching positions in the
neutral species to those in the corresponding cations.
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Fig. 6.—Structures of the Hj-coronene (C,4H;4) and H,-circumcoronene
(Cs4H,0) species upon which the average data included in Table 2 are based.
See § 3.1 for details of the spectral averaging procedure.

Inspection of the data in Table 2 shows that the positions of
the aromatic and aliphatic C—D stretching features of dPAHs
are surprisingly insensitive to molecular size and symmetry and
position of D substitution. Ionization appears to produce a
slight blueshift in both classes of bands, although the effect
is small (<0.05 pm). As is the case for the aromatic C—H
stretches (Langhoff 1996), the total intensity of the aromatic
C—D stretching features is suppressed in the cations. It should
be noted, however, that this is not the case for the aliphatic
C—D stretching features. Calibration calculations conducted
as part of the present study show that the total intensities of
the aliphatic C—D stretching modes are, instead, similar in the
neutral and cationic species. This striking difference in the
ionization effect on the two classes of C—D stretching vibra-
tions is consistent with that reported previously for the analo-
gous C—H stretching modes (Hudgins et al. 2001).

The aromatic C—D stretching bands fall in a very narrow
wavelength range, while the aliphatic values show a somewhat
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larger spread in values. The origin of the larger range for the
aliphatic values arises because they actually fall into two
ranges, with average values of 4.625 and 4.757 pym (2162 and
2102 cm™!). These are due to asymmetric and symmetric C—H
stretching modes of the CH, groups, respectively. However,
since the natural line width of interstellar species is about
30 cm~! (0.066 pm at this wavelength), the features due to these
two modes will overlap significantly and this small difference
may be difficult to observe. Consequently, we believe the C—D
stretching positions reported here should be generally repre-
sentative of those that might be observable from the interstellar
emission zones, regardless of the ionization balance and the
detailed composition of the PAH/H,,-PAH population.

3.6. The Effects of Monodeuteration on the C—H Out-of-Plane
Bending Modes of PAHs

So far we have focused on the C—D bands, but replacing one
H atom with a D atom might, in principal, also exert an effect on
the C—H modes of the molecule. As noted above, because
of their different isotopic masses, the vibrational motions of
D atoms do not couple with those of the surrounding H atoms.
Nowhere is this coupling more intimately tied to spectral ap-
pearance than for the C—H out-of-plane bending modes whose
vibrational frequencies are sensitive to the number of adjacent
H atoms (see § 3.3). D substitution disrupts the adjacency of the
peripheral ring to which it is attached, thereby altering the
fundamental vibrational motions of any remaining H atoms on
the ring. The effect of D substitution on the various PAH ad-
jacency classes is illustrated in Figure 7. Substitution of the D
atom at a solo-CH position would eliminate that group entirely
(leaving only a solo CD). Substitution into a duet CH on the
other hand produces a solo CH at the expense of the original
duet group. Substitution at a trio-CH position produces either
a duet-CH group (% probability) or a pair of solo-CH groups
(% probability). Finally, substitution for a quartet-CH group
produces either a trio-CH group or one solo- and one duet-CH
group (with equal probability).

Nevertheless, while this substitution can certainly have a
profound impact on the spectrum of any particular species,
inspection of the 11-14 um region of Figure 2 shows that these
variances wash out when averaged over all the possible sub-
stitutional positions in a large dPAH population. Thus, in the
absence of a strong bias toward substitution at a particular
position, the spectral impact of D substitution on the C—H
vibrational modes of the interstellar PAH population would
likely be negligible.

3.7. PAHs with Multiple Deuteration

In the previous sections we conservatively restricted our-
selves to considering PAHs to which only one deuterium atom

TABLE 2
AVERAGE C—D STRETCHING FREQUENCIES FOR SEVERAL SINGLY DEUTERATED PAHS

AroMATIC C—D STRETCHING

AvipHATIC C—D STRETCHING

PAH A (um) P (cm™) A (um) 7 (em™h)
H,-naphthopyrene®........... 4.427 2259 4.690 2132
H,-coronene...................... 4431 2257 4.686 2134
H,-circumcoronene .......... 4.435 2255 4.675 2139
H,-naphthopyrene**......... 4.404 2271 4.670 2141

Norte.—Species are neutral unless otherwise indicated.
# Mixture of H,- and Hy-naphthopyrene isomers from Fig. 1.
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Fic. 7—Schematic illustration of the possible effects of substitution of a single D atom on the C—H adjacency for (a) solo-CH groups, (b) duet-CH groups,
(c) trio-CH groups, and (d) quartet-CH groups. The jagged gray lines indicate bonds to the remaining carbon skeleton of the PAH.

had been added (see § 3). However, the recent discoveries of a
number of multiply deuterated gas-phase species in the ISM,
for example D,CO (Loinard et al. 2000), NHD, and ND;
(Roueff et al. 2000; van der Tak et al. 2002), CHD,OH (Parise
et al. 2002), and D,S (Vastel et al. 2003), indicate that multiple
deuteration is more common than predicted in earlier chemical
models. The cause(s) of these larger than expected deuteration
levels are not currently fully understood, although gas-phase
ion-molecule reactions involving D,H" and D;* (Vastel et al.
2004) and gas-grain reactions in regions of enhanced D/H
(Parise et al. 2002) may well play a role.

In any event, interstellar PAHs are directly or indirectly
susceptible to deuteration by these very same processes
(Sandford et al. 2001), thereby raising the possibility that some
significant fraction of the PAHs in the interstellar population
might carry multiple D atoms. The presence of multiply deu-
terated PAHs will produce some changes in the predicted
spectrum of the overall PAH population, albeit generally fairly
minor ones. The nature of the change is dependent on the
placement of the multiple D atoms.

If one assumes that the placement of D atoms on interstellar
PAHs is random, i.e., that there are no favored molecular edge
sites for the deuterium, then most multiple deuterations involving
only a few D atoms will involve configurations in which the
D atoms all reside on separate rings. For example, in 10 of the
11 deuterium distribution configurations of the doubly deuterated
PAH coronene (Cy4H;(D»), the two D atoms reside on separate
rings. In these cases there will be very little interaction between
the different D atoms and the principal result will simply be to
enhance, by the corresponding enrichment factor, the various
spectral effects described in the earlier sections of this paper.

The spectral changes resulting from multiple D atoms lying
on the same ring are somewhat more complex. If there are
enough D atoms to fully deuterate a ring, then the ring will
behave much as it would in a perdeuterated (a// H replaced by

D) version of the PAH. Descriptions of the spectra of a number
of perdeuterated PAHs containing a variety of adjacency
groups can be found in Bauschlicher et al. (1997). If the num-
ber of D atoms on a ring are insufficient to fully deuterate
the ring, then one will see the same sorts of spectral alterations
as those associated with adjacency group changes shown in
Figure 7. For example, random placement of two D atoms on a
trio ring would result in two-thirds of the rings having one
solo-CH and one duet-CD group, while one-third of the rings
would have one solo-CH and two solo-CD groups. Each of
these variants would produce a different infrared spectrum that,
to first order, would look like the proportional mixing of the
relevant functional groups/combinations present.

Again, while such effects can add a great deal of complexity
to the spectra of individual PAH variants, they are likely to
have a relatively minor effect on the spectrum of the overall
population, since most PAHs will be undeuterated and of those
that do carry deuterium, only a minor fraction are likely to
carry multiple, adjacent D atoms. Thus, we have not attempted
to calculate the much more extensive number of molecular
combinations that involve two or more D atoms on the same
PAH, although such calculations could be carried out if fu-
ture telescopic observations should demonstrate that multiple
deuteration of PAHs is unexpectedly significant.

4. CONCLUSIONS

PAHs are expected to be significantly enriched in D in many
different interstellar environments. In most cases this enrich-
ment will be manifested either by (1) the replacement of a single
peripheral H atom with a D atom, or by (2) the addition of a D
atom to an peripheral ring that is converted to aliphatic bonding.
Since the degree and distribution of the enrichment depend on
the PAHs’ chemical history and the specific enrichment pro-
cesses involved, the detection of dPAHs in space can potentially
serve as a powerful tool for understanding chemical processes
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in space. In addition, since many of the organics in primitive
meteorites—including aromatic species—are highly enriched
in D, dPAHs may serve as excellent tracers for understanding
how interstellar materials are incorporated into forming stellar
systems.

Three different types of vibrational modes are affected when
a D atom is substituted for a peripheral H atom: C—H in-plane
bending modes, C—H out-of-plane bending modes, and C—H
stretching modes. The fundamental C—D vibrational frequency
of each of these modes is decreased relative to its C—H coun-
terpart. The in-plane bending modes of deuterated PAH ions are
moved from 7-9 to 9.5-12 pum, where they overlap with neutral
PAH modes. The out-of-plane C—D bending modes are moved
from 11-14 to 13.5-17.9 um, where they partially overlap with
C—H modes associated with rings having higher H-atom ad-
jacency. The aromatic C—H stretching shifts from 3.3 to near
4.4 ym when D replaces H. Similarly, the 3.4 um band of the
C—H stretch in the aliphatic edge rings of H,,-PAHs is shifted to
near 4.6 um in the C—D case. In both cases, the shifted C—H
stretching modes are shifted to frequencies at which PAHs and
H,-PAHs have no other vibrational modes. The degree of the
frequency shift for the in-plane and out-of-plane bending
modes is somewhat dependent on the structure of the PAH, and
the shifts are therefore variable. In contrast, the stretching mode
frequencies for both the C—H and C—D stretches are relatively
insensitive to the structure of the PAH. As a secondary effect,
the presence of peripheral D atoms on PAHs alters the adja-
cency statistics of the associated C—H modes. This results in
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some changes in the C—H modes themselves, although this
should be a minor effect for PAH populations deuterated to the
levels expected for most interstellar environments.

Thus, the C—D stretching modes in the 4.4-4.6 ym region
offer the best prospects for observing features that can be un-
ambiguously attributed to deuterated PAHs and related species
in interstellar emission spectra. All the remaining C—D-
involved modes of these species fall in regions of the mid-
infrared that are also populated to a greater or lesser extent by
modes of undeuterated species. Nonetheless, these other
modes can still potentially serve as checks for consistency with
any C—D stretching mode detections. Since the C—D
stretching modes fall in a wavelength region obscured by tel-
luric CO, absorption (as do the C—D out-of-plane bending
mode bands), a proper study of the degree of deuteration of
interstellar PAHs will require the use of space-based spec-
trometers that have spectroscopic capabilities in the appropri-
ate wavelength regions.
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