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Abstract

Pdycyclic Aromatic Hydrocarbon (PAH) molecules have been long proposed to be a
major carrier of ‘Unidentified Infrared’ (UIR) emission bands that have been observed
ubiquitously in various astrophysical environments. These molecules can potentially
be an efficient reservoir of deuterium. Once the infrared properties of the deuterium-
containing PAHs are well understood both experimentally and theoretically, the inter-
stellar UIR bands can be used as a valuable tool to infer the cause of the deuterium
depletion in the ISM.

Density Functional Theory (DFT) calculations have been carried out on deuterium-
containing ovalene variants to study the infrared properties of these molecules. These
include deuterated ovalene, cationic deuterated ovalene, deuteronated ovalene and
deuterated-deuteronated ovalene. We present a D/H ratio calculated from our theo-
retical study to compare with the observationally proposed D/H ratio.

Keywords: PAH, Interstellar molecules, IR spectra, Unidentified infrared bands,
Astrochemistry

1. Introduction

Pdycyclic Aromatic Hydrocarbon (PAH) molecules have long been recognized as
carriers of the mid-infrared emission bands popularly known as Unidentified Infrared
(UIR) emission bands, which are observed at 3.3, 6.2, 7.7, 8.6, 11.2 angdrh2aiid
longer wavelengths as broad emission features towards diverse astrophysical sources
(Tielens) 2008). After being discovered lby Gillett et bl. (1973) in the §s13range,
these infrared (IR) bands have been observed towards numerous Galactic and extra-
galactic sources that vary in phy5|cal and chemical environments (Onaka et al., 1996;

IMattila et al., 1996} Verstraete et al., 1996; Hony etlal., 2001; Verstraete et all, 2001;




PPeeters et al., 2002; Abergel ef al., 2002; Acke and van defkekn2004; Sakon et al.,
m). Increasing number of IR observations indicate thdespread, extremely stable
interstellar particles are responsible for such featupdlarhandola et al., 1989). The
search for the origin of these features began with the hygsisfof Duley and Williams
@) that vibrations of chemical functional groups &ttt to small carbon grains
might produce such featuresmréﬂ’l%@ proposedsitnatly heated very
small grains (size~ 10A) to be the carriers. Latef, Léger and Plidet (1984) and
Allamandola et al.| (1985) independently suggested thafeheires arise due to the
vibrational relaxation of PAH molecules on absorption o€kground UV photons,
giving rise to infrared fluorescence. However, identificatdf the exact molecular
form of PAH has not been successful so far. Recent discavefisome weak features
in the3 — 20 um range with the Short Wavelength Spectrome8¥%) on board SO
point to the existence of an extended PAH family rather thamgle form that may
explain UIR features (Verstraete et al., 1996; Peeters 2G04).

PAH molecules bear a significant fraction of interstellarbom of about 5-
10 % MS@S) and take part in crucial chemical preegsincluding heat-
ing of the ISM through the photo-electric effect and in detiging the charge
balance inside molecular clouds (Lepp and Daldarno, |19@Bstkaete et all, 1990;
Bakes and Tielehs, 1994; Peeters et al., 2004). PAH moleeuke also proposed to

be potential carriers of ‘Diffuse Interstellar Bands’ (BlBhat are absorption features

on the interstellar extinction curve (Crawford et al., 19 'Hen rt,
11985;/ Salama et al., 1996, 2011; Cox etlal., 2006; &mIS) The re-

cent identification of two DIBs with & strongly supports the existence of large-sized
PAHs in the ISM [(Campbell et a . Ehrenfreund and Fo2@i5).| Berné et al.
@) recently proposed the top-down formation of fullergG;y) by dehydro-
genation of large PAHs using a photochemical model. In @&idita recent obser-
vation has proposed that some of the interstellar deute(djmexists in the form
of PAD or D,—PAH; i.e. a PAH molecule with deuterium attach@et
2004). PAHs are likely to accommodate some of the primorBigDraine,| 2006)
which may explain the present lower value of D/H in the intiar gas. Due to
the potential astrophysical as well as environmental iogplons, extensive study on
regular and substituted PAHs has been carried out both iexpetally and theo-
retically (Langhoff/ 1996 Hudgins and Sandford, 1998#&bamandola et dl., 1999;
Oomens et al., 2008; Mattioda ef al., 2005; Pathak and| €008 Bauschlicher et al.,
12010; Alvaro Galué et al., 2010; Simon et al., 2011).

Current research on substituted PAHS suggests the presénkmjterated PAHSs
(PADs and D,PAHS) as p055|ble carriers for some of the observed
2004;| Draine, 2006; Onaka et al.. 20 uﬂmmmmmal Lzais)
Such species are crucial as they show characteristic &satnrthe4 — 5 um region
which is a featureless region for other pure as well as knavastituted PAHsS. Along
with deuterated PAHSs, other forms of deuterium-contairAgl variants are equally
important as they are expected to show similar featuresaaftdeuterated PAH. In
our latest report, (Buragohain et al., 2015), a new form afteléum-containing PAH
molecule, i.e. deuteronated PAHs (DPAHhave been suggested as potential carriers
for observed bands in thie— 5 um region. Deuteronated PAH molecules of increasing
size have been discussed in Buragohain et al. (2015). Inrésept work, possible




variants of deuterium-containing ovalene have been siudieletermine the expected
vibrational transitions and to compare with observatiatzd.

2. Deuterium-containing PAH variants

A regular PAH molecule can be converted into a deuterated BAExchange of
D from D, O ice with one of the peripheral hydrogens in PAH in presence\dfra-
diation (Sandford et al., 2000). There are other formati@thanisms as discussed
by(Tielens|(1983, 1992, 1997) and Allamandola ét al. (19889). A deuterated PAH
molecule may be converted into an alternative form of mdieelg. deuteronated PAH
(DPAHT, a PAH with a deuteron added to it) in the course of chemiealtiens occur-
ring in the ISM, through addition of D to PAH radical cationslow temperature ion-
molecule reaction followed by deuterium fractionatione(@uragohain et all (2015)
for details). Spectral evidence of such species in the IS§¢beeen discussed recently
by [Peeters et all (2004); Onaka eit 014); Buragohaili €2@15). | Peeters et al.
@) reported two bands in the regiondof 5 ym associated with deuterated PAHS.
The bands at.4 ym and4.65 pm have been suggested to arise from the stretching of
aromatic and aliphati€ — D bonds respectively in a deuterated PAH (PAD QFBH).
These two bands are analogous to the 3.3 angid.dands which are characteristics
of aromatic and aliphatic C-H stretching, respectively.eTlitiea has gained further
support from an agreement of observed D/H ratio (Peetells 2094) with the pro-
posed value of D/H ratio by Draine (2006). Accordind to DEa{2006), some of the
primordial D atoms are incorporated into PAHs which may aipthe current lower
value of D/H in the interstellar gas compared with the priveitvalue of D/H ! Draine
M) proposed a D/H ratio ef 0.3 for PAHs which agrees with the observations of
[Peeters et al. (2004pKARI observationd (Onaka etlal., 2014) tentatively detected the
C — D band vibrations at 4.4 and 4.¢6bn and give an upper limit for the D/H ratio.
These observations favor a much lower D/H ratio and sugbasti is more likely to
be accommodated in large PAHSs.

3. Computational Approach

To assign carriers for the large set of observed UIR bandspeaoison between
observational, experimental and theoretical spectra diiPAs of the utmost im-
portance. However, experimental spectroscopy has limitatespecially for large
and complex PAHs for several reasons.Synthesis of largesRitd reproducing in-
terstellar conditions in the laboratory are the major caists faced in experimen-
tal spectroscopy. Theoretical quantum chemical calanatiprovide the missing
link. Density Functional Theory (DFT) is immensely valuatib study the vibra-
tional properties of a large set of PAH candidate carrierselation to UIR bands
(DeFrees et al., 1993:; Langhoff, 1996; Szczepanskilet 861 Bauschlicher et al.,
11997;| Bauschlicher and Langhoff, 1997; Langhoff etlal., & ins etdl. 2001,
2004, Pathak and Rastbgi, 2005, 2006, 2007; ilet 807 | Pauzat etlal.,
2011;[Kleerke et all, 2013; Candian et al., 2014; Roserl€p@lL4; Buragohain et al.,
). In this work, a DFT combination of B3LYP/6-311G** hagen used to




Deuterated ovalene Deuterated ovalene cation
Cy,H ;D & DC;,H,, (C3,H3D)*

Deuteronated ovalene Deuterated-Deuteronated ovalene
DCy,H,,* DC;,H ;D

Figure 1: examples of deuterium-containing ovalene visian

optimize the molecular structure of PAHs. Frequencies amensities of vibra-
tional transitions have been computed using the optimizedrgetry at the same level
of calculation. The calculated intensities are used astitpwan emission model
(Cook and Saykally, 1998; Pech et al., 2002; Pathak and Ra&@08). The emission
model uses black body radiation generated by a source ha¥fective temperature
of 40,000 K. The PAH molecule absorbs this radiation follogvtheir respective ab-
sorption cross-section. The excited PAH attains a peak eéemtypre and cools down
following a cascade mechanism emitting IR photons cornedjpg to their vibrational
modes. These IR photons are added up to generate the engpsgictnum. Details of
the emission model may be found.in Pathak and Rastogi (2008).emitted energy
and frequency thus obtained from emission model is usedtapgbaussian profile of
FWHM 30 cntt. The profile width is typical for PAHs emitting in interstatl envi-
ronment and depends on vibrational redistribution of théemade (Allamandola et al.,
@). Considering the emission model with a lower blackybeftective temperature




of say 30,000 K, we find no difference in the PAH emission spectexcept that the
emitted energy is slightly reduced.

It is important to note that the theory overestimates theegrgental frequency. To
bring the frequencies into accordance with experimentakbs theoretical frequencies
are scaled down by using three different scaling factorgtoee different ranges of
vibrational frequency. Scaling factors are calculated yparing the frequencies of
selected PAH molecules with available experimental datardBohain et all, 2015).
Scaling factors used here are 0.974 €or H out of plane (OOP), 0.972 foC —

H in-plane andC — C stretching and 0.965 fo€ — H stretching al.,
). In case of deuterium-containing PAHs, since we dohawe laboratory data
for aliphatic deuterium-containing PAHSs, a scaling faa10.965 corresponding to
C — H stretching is used fo€ — D stretching. The shift in frequencies of aliphatic
bonds needs experimental support and may have some unterRelative intensities
(Intrclﬁ) are obtained by taking the ratio of all intensities to the<imaum intensity near
3060 cn1! for neutral ovalenes. Similarly, for cations, we dividetak intensities by
maximum intensity that appears near 1600 ¢rfor normalization. Several unresolved
bands might add up resulting some band intensity to crogg.uni

A mid-sized PAH ovalene({32H14) is chosen for this work. Figurel 1 shows
the structure of various deuterium-containing ovaleneéavas. This work includes
DFT study of i) Deuterated ovalene (aromatic), ii) Deutedabvalene (aliphatic), iii)
Deuterated ovalene cation iv) Deuteronated ovalene, vijddated-Deuteronated ova-
lene. Isomers of all the sample molecules are also consideriis work. The data
presented here were produced using the QChem quantum ¢hesnige of programs
I5). The vibrational modes of the molecwdadentified using graphi-
cal software available for computational chemistry paelsag

4. Resultsand Discussion

Neutral and cationic Ovalene

These are pure ovalenes in neutral and ionized forms. Tioedtieally computed
emission spectra of neutral ovalene{8,,) and cationic ovalene{32H;,) are pre-
sented in Figurgl2. Neutral ovalene shows strong lines &0 — 900 cm ! (~ 13 —

11 pm) and~ 3050 cm~!(~ 3.3 um) due toC — H oop andC — H stretching vi-
brational modes, respectively (Figilde 2a). Weak features 500 — 1600 cm ™~ (~

10 — 6 pum) are characteristics d& — H in-plane bending an@ — C stretching vi-
brational modes. These features are inherent for any fomeofral PAH molecules.
Likewise, any form of cationic PAH molecule shows a greatenber of features in the
~ 1000 — 1600 cm~*(~ 10 — 6 um) region as shown in Figufé 2b. The region below
~ 1000 cm~! is attributed toC — H oop modes. Unlike neutral PAHs, all cationic
PAHs show a weak feature 3980 cm~', ~ 3.3 um due toC — H stretching vibra-
tional modes. These are the standard features expectedafipmeutral and ionized
PAH moleculd

lnt., = absolute intensity
rel ~maximum absolute intensit

2For convertingem 1! to ym, +2:900

cm—1

is a simple conversion formula.
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Figure 2: Theoretical emission spectra of (a) neutral owalg2H14), (b) ovalene
cation Cs2H7,)

Deuterated Ovalene

A deuterium atom can attach to the periphery of a neutral PAdteoule either in
an aromatic or aliphatic site that leads to the formation déaterated PAH molecule
(PAD or D,PAH) (Peeters et al., 2004). Figilife 3 shows the emissiortrspefodeuter-
ated ovalene, both aromaficand aliphati@] (C32H13D and DG3H14). Ovalene has
four unique sites of deuteration which give four isomers efitérated ovalene, both
aromatic and aliphatic. In Figufé 3, the emission spectraldhe isomers of deuter-
ated ovalene are also presented.

Both aromatic and aliphatic deuterated ovalene along wstisomers show usual
features similar to those present in neutral ovalene. 8utish of D reduces the
symmetry of ovalene that activates modes that were IR{iveadh neutral ovalene

3D replacing H atom so that the resultiGy— D bond remains aromatic in nature
“4addition of an extra D to neutral ovalene so that the regulfin- D bond remains aliphatic in nature
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Figure 3: Theoretical spectra of (a) deuterated ovalemen(atic,GoH;3D), (b) isomer
1 of C33H13D, (c) isomer 2 of GoH13D, (d) isomer 3 of GoH 3D, (e) deuterated
ovalene (aliphatic, D& H14), (f) isomer 1 of DG3H14, (g) isomer 2 of DGaH14, (h)
isomer 3 of DGyH 14



(Mulas et al., 2003). In deuterated ovalenes, w&ak D oop (~ 600 — 700 cm ™!, ~

16 — 14 ym) andC — D in-plane modes+ 860 — 900 cm ™!, ~ 11 um) appear due to
the presence of D in the structure. These modes are reddsbdtepared to analogous
C — H modes due to the heavier deuterium. Fiddre 3 (a-d) are repaives of the
same molecule, i.e. aromatic deuterated ovalene, but diffly in the position of D. In
Figure[3 (a-d), a unique feature appears-a@260 cm~!, 4.4 umf (INtee1(em) 0.138)
which is characteristic df — D stretching in GoH13D. This feature is analogous to the
strongC — H stretching modes at 3.3 um. In the case of DgH,4 and its isomers,

as shown in Figurgl3 (e-h), addition of an extra deuteriunmatmes not affect the
spectrum much except in te- 5 um region. Addition of deuterium to a neutral ova-
lene molecule breaks the aromatic nature at the site whesa@ded. Stretching of the

C — D andC — H aliphatic bonds in Dg;H., gives features at 2095 cm ™!, 4.8 ym

(INt ey(em) 0.24) and2880.31 cm ™!, 3.5 um (Inte1(em) 0.36) respectively. Tablel1 lists
intensities and positions @f — D stretching transitions for all the deuterated ovalenes
(both aromatic and aliphatic) along with its isomers. Thsitiens and intensities of
4.4 pm (aromaticC — D stretching) and.7/4.8 um (aliphaticC—D stretching) feature
are partially affected by the position of D. There is a maximuavenumber variation

of 8 cm~! for aromatic deuterated ovalene and32 ' for aliphatic deuterated ova-
lene. Similarly, Int.m) also varies among the isomers, however no uniform pattern
is observed (Figurg 3).

Deuterated Ovalene cation and Deuteronated Ovalene

All the isomers of cationic forms of deuterated ovalefig,{;3D*) show more
features compared to their neutral counterparts; paatityuin the region~ 1000 —
1600 cm~!, ~ 10 — 6 um as shown in FigurEl4 (a-d). This region is characteristics
of C — H in-plane andC — C stretching vibrational modes. This is similar to that of
ovalene cation(3,H{, (Figure[2b). The effect of deuterium is however not observed
in this region. The region below 1000 cm~! is attributed toC — H oop modes,
which is again free from any significant D-associated motteBigure[4 (a-d), a weak
feature atv 2272 cm ™', 4.4 um (INtc1(em) 0.03) is attributed to the aromatic — D
stretching mode i3, H;3DT. The2000 — 3000 cm ! (5 — 3um) region is magnified
to highlight the weak features. Unlike the neutral couraetpof deuterated ovalene,
cationic deuterated ovalenes show a weak featusdst cm—', ~ 3.3 um. The
position of the4.4 ym band is not much affected by the position of D in solo and duo
site with a maximum wavenumber separatioridfcm—!. Similarly, INt.ci(em) doeSs
not vary much as can be seen in Tdfle 1.

A new form of PAH candidate carrier of mid infrared emissi@mts; deuteronated
PAH (DPAH") has recently been discussed by Buragohainlet al. (2018)ctStally,

a deuteronated PAH is a PAH with a deuteron added to its penyph-ormation of

these PAHSs is favorable in the ionized ISM. Its closed sHetiteonic structure makes
a deuteronated PAH molecule chemically less reactive tharcorresponding PAH
cation which is an open shell structure. However, photdialdoes not change

Swavenumbers are averaged among the isomers of the sameuteolec
6Relative intensity from emission model, average is takertfe same molecule including its isomers
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much between similar open shell and closed shell speciesor€tical IR spectra of
deuteronated ovalene (RgH,) and its isomers are presented in Figure 4 (e-h). Ad-
dition of a deuteron (D) to a neutral PAH at different positions reduces the symynetr
and a rich IR spectrum, particularly in the regien1000 — 1600 cm !, ~ 10 — 6 ym

is noted. A number of features in this region are contribligdC — H in-plane
and C — C stretching modes. However, a new D-associated feature sseroéd
at 1212.41 em™!', 8.3 um (INtei(em) 0.41), which arises due to a combination of
D — C — H oop,C — H in-plane andC — C stretching vibrations. Prominent fea-
tures with Intej(er) between 0.1 and 0.2 due ©— H oop modes are present in the
~ 800 — 900 cm~!, ~ 13 — 11 um region. This region is not affected by any signif-
icant D-associated modes. A pure D-associated mode appiear2118 cm ™!, i.e.,
4.7 pm with a very low Int..m) of 0.02. This feature is attributed to the stretching
of the aliphaticC — D bond in DGH;,. Stretching of aliphatic and aromatit— H
bonds gives weak features at 2887 cm~1(3.5 um) and~ 3080 cm~!(3.3um),
respectively. In Figurl4, th#200 — 3000 cm ! region is zoomed in to show the weak
features. Isomers of DGH{, show a variation in the position of the 4 with

a maximum wavenumber variation 88 cm~!. Intensities remain almost the same
irrespective of the structural difference of BfE1},.

DovaleneD™

DovaleneD (DCs3H3D™) carries two types of2 — D bonds, aromatic at the
addition site of D and aliphatic at the addition site of DThe computed IR spec-
tra of of DovaleneD and its isomer are shown in Figure 5 (a,b). Several isomers
for DovaleneD are possible, though only two are randomly chosen. Thetsimeic
of DovaleneD is a combination of deuterated ovalene (aromatic) and dended
ovalene and shows similar characteristic vibrational nsdtiat are present in deuter-
ated ovalene (aromatic) and deuteronated ovalene. Théspe(Figureld) is dom-
inated by richC — H in-plane andC — C stretching modes that appear in the
~ 1000 — 1600 cm~',~ 10 — 6 um region. C — H oop modes are compara-
tively weak and are distributed in the 600 — 900 cm~!,~ 16 — 11 pum re-
gion. The presence of deuteriums in Dovalefiefauses new features to appear in
the~ 600 — 1600 cm~!, ~ 16 — 6 um region. The most significant features (above
relative intensity 0.05) ar€ — D in-plane and> — C — H oop. The former is analo-
gous to theC — H in-plane mode, but is redshifted due to the heavier mass afd a
blended with theC — H oop modes. This feature appears-at860 cm~—*(11.6 ym,
Intci(em) 0.08) in DovaleneD™ and at~ 850 cm™!(11.8 ym, INt,e1(em) 0.15) in its
isomer. The latterl) — C — H oop) appears at 1212 cm ™! (8.3 um, Int,¢) 0.42) in
DovaleneD" and at~ 1200 cm ™! (8.3 um, Int..; 0.66) in its isomer. These features are
however not pure and are mixed with tie-H in-plane and th€ — C stretching modes.
Pure contributions of D atoms in DovaleneRre observed at 2133 cm ™! (4.7 pm,
Int,e; 0.005) and at- 2269 cm~!(4.4 um, Int,; 0.01). These two features arise due
to the stretching of aliphati€ — D and aromaticC — D bonds respectively and are
extremely weak compared t© — C stretching modes. The stretching of the aliphatic
C — H bond gives rise to a very weak feature~at2907 cm (3.4 ym, Int,; 0.004).

In the isomer counterpart (Figuré 5b), stretching of altigh@ — D, aromaticC — D

10
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Figure 5: Theoretical spectra of Dovalene[DCz;H;3D ") and its isomer

and aliphaticC — H bonds are seen at 2117 cm~!(4.7 ym), ~ 2258 cm ™! (4.4 pum)
and~ 2885 cm~!(3.5 um) with Int,; 0.02, 0.03 and 0.02 respectively. The region
of 2000 — 3000 cm ™! is zoomed-in as shown in Figuré 5, to highlight the weak fea-
tures atd.7,4.4 & 3.5 um. As expected, another weak but distinct feature appears at
~ 3080 cm~!(3.3 ym) which is due to aromati€ — H stretching vibrational modes
and is inherent in all cationic PAHs.

DovaleneD has a possibility of several isomers and a slight variatsopresent
in the the aliphatic and aromatic<D stretching bands depending on the position of
substitution/addition of the D atom. This leads to the besang of the C-D stretching
band if contribution from all the isomers is considered.

Figure[® compares the spectra of deuterated ovalene cattbdeateronated ova-
lene with that of protonated ovalene (kEl},). A protonated PAH is a PAH with a
proton added to its periphery and is structurally identiosh deuteronated PAH. We
have considered protonation only at one position and coeapaith respective coun-
terparts of deuterated ovalene cation and deuteronatésh@val he emission spectrum
of protonated ovalene shows similar features that are pt@seleuteronated ovalene.
An exception is the appearance of a weak feature aR900 cm~1(3.5 um, Int
0.006) due to symmetric H-C-H stretching at the additioe.dlits associated antisym-

11
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metric H-C-H stretching appears at 2915 cm~!(3.4 pm) with very low relative
intensity.

5. Astrophysical Implications

PAHSs with incorporated deuterium might be crucial as it nhigtovide an expla-
nation for the missing primordial D which could not be solahswered b astratidn
The current value of D/H has been estimated te-b&ppm to~ 22 ppm m&
11999; Sonneborn et al., 2000; Wood €t al., 2004; Linsky lei24106) along various
lines of sight, whereas the primordial D/H ratio is suggeste~ 26 ppm MI
12002;| Steigman, 2008; Wood et al., 2004), DrlalEEEOOG) nasgsed that the prob-
lem of reduced D/H ratio can be explained if some of the pritia@dDs are considered
to be depleted in interstellar dust. Among all forms of istellar dusts, some might
be depleted onto PAHs which may produce a deuterated PAHcuieleDraink/(2006)
also proposed a D/H ratio ef 0.3 in PAHs which is in accordance with the present
estimated ratio of D/H in interstellar gas. For observadl@earch of such deuterium
or other deuterium-containing PAH variants in the ISM, sp@®bservations of these
molecules are desired.

In this report, we have considered deuterium-containingl RAriants for theo-
retical spectroscopic study. All frequencies correspogdod D-associated modes in
deuterium-containing PAHs may not be used to compare wiseations due to their
low intensity. Another important fact is th&t — D in-plane and oop modes merge
with other usual modes that are present in a pure PAH. Suttréssare inappropriate
to distinguish any interstellar deuterium-containing PA&h exception is the&C — D
stretching mode4(— 5 pm) that uniquely may help to identify a PAH candidate with
deuterium. The previous section emphasizes that all kifidkoterium-containing
PAH variants show unique features in the- 5 um region. This region has not been
identified with any significant lines apart from the linds{(xm and4.7 ym) expected
from deuterium-containing PAHs as seen in the emissiontspet PAHs. However,
there is a possibility of overtones and combination bandasiwing at a similar posi-
tion (Allamandola et al[, 1989). Stretching of aromatic afighaticC — D bonds in a
deuterium-containing PAH causes two features to appear & ym and~ 4.7 ym
respectively. Tablgl1 describes the position and intesssiif the corresponding — D
stretching modes in our sample molecules. The intensitiiede features depends on
the percentage of deuteration and also on the position oftBensomers. The same
features{ — 5 um region) have been observationally detectetl by Peeters(@0ai4)
at~ 4.4 ypm and~ 4.65 pm towards the Orion bar and M17. The observed features
are assigned t@ — D stretching vibrational modes in PADs o, PAHs. AKARI also
observed a small area of overlapping region as that of Peetel. (2004), and only
detected some excess emissions at these wavelengths (€irmka2014). Bands at
~ 4.4 ym and~ 4.65 ym are analogous to bands-at 3.3 ym (aromaticC — H
stretching) and- 3.5 um (aliphaticC—H stretching) respectively. Thie-5 um region

“conversion of D into other heavy elements due to nucleaoftisi stellar interiors
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Table 1: Intensities and positions of tlie— D stretching mode in deuterium-
containing PAH variants

PAH Frequency| Wavelength Absolute INtret(abs) 2 | INter(em) D
(cm™h) (um) intensity (km/mole)
Deuterated ovalerfe 2253 4.44 9.816 0.08 0.10
Deuterated ovalerfg
(isomer 1) 2261 4.42 10.118 0.08 0.11
Deuterated ovalefe
(isomer 2) 2260 4.42 13.424 0.12 0.17
Deuterated ovalefe
(isomer 3) 2260 4.42 13.297 0.11 0.15
Deuterated ovalerﬂe 2114 4.73 11.681 0.09 0.13
Deuterated ovalerfe
(isomer 1) 2095 4.77 15.748 0.14 0.2
Deuterated ovalerfe
(isomer 2) 2086 4.79 19.360 0.2 0.29
Deuterated ovalerfe
(isomer 3) 2082 4.80 21.566 0.24 0.35
Deuterated ovalefe
cation 2264 4.42 5.166 0.03 0.02
Deuterated ovalefe
cation (isomer 1) 2274 4.40 5.887 0.04 0.03
Deuterated ovalefe
cation (isomer 2) 2275 4.40 5.641 0.03 0.03
Deuterated ovalefe
cation (isomer 3) 2274 4.40 4.782 0.02 0.02
Deuteronated ovaletfe 2133 4.69 1.434 0.005 0.005
Deuteronated ovaler&
(isomer 1) 2117 4.72 3.561 0.02 0.02
Deuteronated ovaletfe
(isomer 2) 2110 4.74 8.755 0.04 0.04
Deuteronated ovaletfe
(isomer 3) 2114 4.73 5.699 0.02 0.02
2269 4.41 3.616 0.01 0.01
DovaleneD §#
2133 4.69 1.460 0.006 0.005
2258 4.43 5.673 0.04 0.03
DovaleneD" B (isomer)
2117 4.73 3.609 0.02 0.02

For structures of various isomers of deuterium containibgl$? please refer to Figufé 3, Fig-
ure[4 and Figurgl5

Int.c1(ans) iS directly calculated from absorption data obtained frofTDcalculation and
Int,.c1(em) is calculated from the emission model. ..,y shows an average increase-085 %
from Int.c)(aps)-

2Relative intensity (Int,;) from absorption
bRelative intensity (Int;) from emission model
¢C-D bond is aromatic in nature

dC-D bond is aliphatic in nature
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is pure in D characteristic vibrational modes and may be tsddtermine the D/H ra-
tio. Both the observations made B0 andAKARI (Peeters et al., 2004; Onaka et al.,
) estimated a D/H ratio by taking the ratio of band inte&sat~ 4 — 5 um
to~ 3 — 4 um. Peeters et al. (2004) proposed D/H ratios of 80203 in the Orion
bar and 0.36:0.08 in M17.| Onaka et al. (2014) suggested a comparativelyhiue

of D/H (0.03) and proposed low deuteration limited to largéiB. It is implicitly as-
sumed that a molecule can have more than one D _(Peetefs20@4; Onaka et al.,
M) Thus, emission pé&f — D bond was considered in observatl etal,
12004; Onaka et all,, 2014). This work proposes a [R/Hfhat is calculated by tak-
ing the ratio of integrated band intensities duate- D stretching to that of2 — H
stretching from the emission model. Deuterated ovalenggdated ovalene cation and
deuteronated ovalene carry only one D atom, whereas Da@afehas two D atoms.

Table 2: Theoretically computed D/H ratios in deuteriunm@ining ovalene variants

PAHs no of [D/H] i &
D atoms, n

Deuterated ovalene (aromatic) 1 0.05

Deuterated ovalene isomer 1 (aromatjc) 1 0.07

Deuterated ovalene isomer 2 (aromatjic) 1 0.05

Deuterated ovalene isomer 3 (aromatjc) 1 0.07

Deuterated ovalene (aliphatic) 1 0.06

Deuterated ovalene isomer 1 (aliphatic) 1 0.07

Deuterated ovalene isomer 2 (aliphatic) 1 0.09

Deuterated ovalene isomer 3 (aliphatic) 1 0.1

Deuterated ovalene cation 1 0.11

Deuterated ovalene cation 1 0.13
isomer 1

Deuterated ovalene cation 1 0.13
isomer 2

Deuterated ovalene cation 1 0.12
isomer 3

Deuteronated ovalene 1 0.04

Deuteronated ovalene isomer 1 1 0.08

Deuteronated ovalene isomer 2 1 0.17

Deuteronated ovalene isomer 3 1 0.12

DovaleneD 2 0.14 (0.07)
DovaleneD isomer 2 0.22 (0.11f

[D/H] .15 is equal to [D/H],,. for all molecules except for DovalenéDand its isomer as the
no of D atom is one in deuterated ovalene, deuterated ovalgian and deuteronated ovalene.
DovaleneD" and its isomer consist of two D atoms and thereby give a @iffefD/H].,. from
[D/H]int.

€[D/H];n¢ =intensity ofC — D stretch/intensity o — H stretch from the emission model
f[D/H] abe= [D/H]ing
S n
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To make a comparative study, a [Dig] is computed which is nothing but [D/H]
(intensity of C-D stretch/intensity of C-H stretch) per noen of D atoms. TablE]2
describes the theoretical [D/K) ratios obtained from deuterium-containing ovalene
variants. Since intensity is sensitive to the position inchiD is substituted and/or
added, [D/H],s shows variation from one isomer to another isomer in all wered
PAHs. Such variation is salient for deuteronated ovalehe.calculated [D/H],s val-
ues for deuterated ovalenes are small compar&8Qmbservation and close AKARI
observation. On the contrary, for deuterated ovalene rsitiib/H].,s values are in
close proximity tolSO observations. However, nothing concrete can be deduced by
considering a single form of PAH. The observed value of D/at traries from 3% to
30% (Peeters et al., 2004; Onaka et al., 2014) indicates treisf deuterated PAHs,
if present in the ISM. In our recent study (Buragohain &{2015), a [D/H}. ratio has
been derived for a set of different molecules which is coraplgrto observation made
by 10 and AKARI. The [D/H}, ratio is simply [D/H}u¢/[D/H] wum B. In our present
work, we have made similar calculations for ionized formglefiterated ovalene as
ionization of molecules is likely to occur in the ISM. Thisshbeen compared with
our previous results (Buragohain et al., 2015). Table 8 tis¢ [D/H].. ratios from our
previous as well as present results. The molecules are chiogerms of increasing
size. If the observed D/H ratio is lower than the calculatefH]. ratio, it suggests a
mixture of pure, deuterated, deuteronated and/or othestisuied PAH molecules.

D/H ratios provided by Peeters et al. (2004) and Onakal €2@lL4) may be used
to estimate the size of the deuterium-containing PAH vasiam the ISM by com-
paring with the theoretically obtained D/H ratio. Our résufrom previous work

T T
15 20 25 30 35 40 45 50 55 60
no of C atoms

Figure 7: [D/H];. ratio with increasing size, no of C atoms is directly profmrél to
size of PAH molecule

(Buragohain et all, 2015) and the present report suggestHi {Dratio (Table[B) that
is large compared to t :tlal. (2004) and Onaka(@bak) observations ex-
cept for deuteronated ovalene and deuteronated circumeneo The three isomers of

8 =no of D atoms
[D/H] num= no of H atoms
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Table 3: [D/H]., ratios calculated for DPAH

DPAH™ [D/H]s 8
Deuteronated pyrerie 5.00
Deuteronated perylefe 3.39
Deuteronated coroneﬁe 2.71
DcorD 1.43
Deuterated ovalene cation 1.38

Deuterated ovalene cation isomfr|1  1.63
Deuterated ovalene cation isomfr|2  1.63
Deuterated ovalene cation isomfr|3~ 1.50
Deuteronated ovalefle 0.57
Deuteronated ovalene isomdr 1 1.14
Deuteronated ovalene isomdr 2 2.43
Deuteronated ovalene isomdr 3 1.71
DovaleneD 0.93
DovaleneD isomef 1.47
Deuteronated circumcorongfe 0.13

w

9[D/MH]sc= D/Hlint

[
~ D/ My,
h(Buragohain et al.. 20[L5)

ipresent work

deuteronated ovalene show a larger value of [Q/H)Vith increasing size, the [D/K|]
ratio tends to decrease (Figlile 7). For a particular moée@ualdition of more than one
deuterium may or may not lead to an increase in the [Q/IFtio. [D/H]. ratios for
deuteronated ovalene and deuteronated circumcoronerire elase proximity to the
D/H ratio observed by Peeters el al. (2004) and hence may fisideed as feasible
carriers for bands at— 5 um. [D/H]. ratios suggested by our work do not match with
AKARI observation. Itis suggested that PAH molecules close taafibn atoms may
match the observed D/H ratio AKARI.

Doney et al. (2016) observed H regions in the Milky Way in near infrared in
order to estimate the amount of deuterium in PAHs. They didletect emission from
deuterated PAHs towards all the sources and concludedhéateuteration of PAHs
is not common._Doney et al. (2016) calculated emission specfor molecule with
aliphatic group attached to the PAH structure and calcdlat®/H ratio in the range
of 0.01-0.06 by taking the intensity ratio of 3.3 and 4.4m band. Our approach
is different from Doney et al| (2016) and the [D/H]ratio is calculated by taking the
ratio of integrated band intensities of both aromatic arphatic C — D stretching
to integrated band intensities of both aromatic and alipiat— H stretching for our
sample molecules. The calculated [D/]in our work for solo deuteration is in the
range of 0.04-0.17. The molecules with an aliphatic sideigrieowever are feasible
only in benign environments and may be destroyed in a hatshstellar environment

such as fully evolved planetary nebulae onHegions|(Bernstein et al., 1996).

17



6. Conclusion

Deuterium-containing PAH variants have been studied #tally in relation to
mid-infrared emission bands. This report suggests PAH cutés with deuterium con-
tent as potential candidate carriers for some of the obddsii featuresin the ISM on
basis of the band positions. PAHs with a D of Qive features in the — 5 um region
which arises purely due to the stretching of €he- D bond and hence may be consid-
ered responsible for observed bandg.dtum and4.65 pm. To gain further support,
the [D/H],. ratio for ovalene with D is estimated. On comparing thisadtom the
present and previous reports with observations, it iszedlthat deuteronated ovalene
and deuteronated circumcoronene agree with the obsemsaiftPeeters et al, (2004).
AKARI observations propose comparatively large PAHs (no. of @ate 100) with
low deuterium content. PAHs with a suitable [D{Hmay be arranged accordingly
for much more expensive laboratory experiments which angrabst importance for
assignment of carriers. The study of deuterium-contaifidgls is essential in order
to measure D/H that will give insight into the history of starmation. This study can
further be progressed to estimate HR/tdtio in interstellar gas. For reliable analysis,
more experimental and observational evidence of intéastééuterium is needed.
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