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Figure 2. Computed mid- and far-IR (2 1000 m) absorptionspectra of several large PAH cations. The far-IR has been presented on a logarithmic wavelength scale
and the band intensities have been enhanced by a factor of 15. Bands have been given Lorentzian pro les with an FWHM of 30, 6, and 3cm~1 for the 2.5 15, 15 20,
and 20 1000 m regions, respectively (see Section 4.1 for a discussion on the chosen band widths).

(A color version of this gure is available in the online journal.)
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Figure 3. Computed far-IR (500 1cm~1; 15 0.03THz; 20 10,000 m) absorptionspectra of acenes up to ve rings in their neutral and singly charged states and
their equally weighted averages. Bands have been given Lorentzian pro les with an arbitrary FWHM of 3cm~1. Note: there are no data on Ci4H3y and CoHy, inthe
database.

(A color version of this gure is available in the online journal.)
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(A color version of this gure is available in the online journal.)

beyond 77cnt ( 13-0um; 2'3THZ) are sens_itivg o the The Computed Frequencies a-:\?jbllr?tégrated Cross-sections for the Lowest
molecular shape and size and can be used asan indicator for the “Drumhead” Modes for the Coronene and Pyrene “Families”
degree of molecular compactness. PAHs with elongated shapes

are more exible than compact symmetric PAHs of similar Coronene “Family” Pyrene “Family”

size, shifting their lowest out-of-plane band position to longer ot it
wavelengths compared to their compact symmetric cousins.  species  (cfil)  (kmmoPl)  Species  (cfl)  (km mofl)

Co4H12 124.0 4.93 GsHio 2100 7.30

2.3. PAH Charge CsqHig 546 2.33 GoHia 1147 421

. CogHo4 313 1.34 GgHis 72.8 2.62
Figure 8 shows the far-IR spectra of three large, compact Cisobso 168 092 GeHos 377 132

PAHs (C55H20, CygHoo, C95H24) in theirél, 0, +1, +2, and +3
charge states. The gure reveals that varying charge does not
have a strong in uence on band positions for this subset of large (15-9 THz: 500-300 cﬁf) region, the incorporation of two ni-

compact PAHs. Relative band intensities, however, do show . + _—

variations. This effect is most pronounced for thei and ~ r9en atoms versus one intg4el; does not signi cantly affect

CosHas anions and GyHas triply charged form. Interestingly. band positions or intensities, with the exception of the spectrum

the absolute intensities for the triply charged form agld, , In tht? secr?nd-to-last panel lfrom thle toﬁ , Where the qross-zectéon
: . is about three to ve times larger. In all cases prominent bands

and the anion of ggH»4 are nearly 10 times stronger than those fall between 33 and 50m (9—6 THz: 300200 cft) and near

for the other charged forms. However, comparing with den- i 1 i )
sity functional theory calculations using the Becke-Perdew86 160pm_(1.8THz, 60 crit!). A description Of. the eﬁept that ni-
trogen incorporation has on PAH spectra in the mid-IR can be

(BP86; Beckel988 Perdewl986 functional suggests that the : : ;
B3LYP results could be somewhat unreliable here, and therefore/©UNd in Mattioda et al. 2003 and Hudgins et al.2003.

the differences smaller (see also Bauschlicher &l0.

3. A CLASSICAL DESCRIPTION OF THE PAH
2.4. Nitrogen Containing Compact PAHs (PANHS) MOLECULAR VIBRATIONS IN THE FAR-IR

The far-IR spectra of three large, positively charged PAHs, 3.1. The Out-of-plane Bending Modes
with varying degrees of nitrogen substitution and placement,
are presented in Figui® The left panel in Figur® compares
the far-IR spectrum of &H7, with the spectra of six different
isomers in which one carbon atom is replaced with a nitrogen
atom. The right panel in Figut@compares the far-IR spectrum
of CggH3, with the spectra of eight single nitrogen containing
isomers. Remarkably, these gures show that, in general, band
positions and absolute intensities are hardly affected by nitro- e . o
gen substitution. The middle panel in Figi@ecompares the pyrene “families” are well tted by theingleexpression:
far-IR spectra of gH73 with the spectrum of eight different iso- S15
mers in which two carbon atoms are replaced with two nitrogen = 600 10°*° (cn¥)
atoms. Apart from introducing more activity in the 20483 A

Figure 10 focuses on the lowest vibrational mode of four
members of the disk-shaped coronene and rhombus-shaped
pyrene “families.” The frequencies and integrated cross-sections
are given in Tablel. The plot in the lower left frame of
Figure 10 demonstrates the shift to lower frequencies of the
lowest “drumhead” mode as molecular size increases.

The vibrational frequencies calculated for the coronene and

(cm°h). 3)
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Figure 10. Shift of the drumhead modes to lower frequencies and lower intensity for four members of the coronene (top left) and pyrene (top right) families.
Middle: the shift of the lowest drumhead mode to lower frequencies as the molecule increases in size; left and right for the coronene and pyrene families,
respectively. Bands have been given Lorentzian pro les with an arbitrary FWHM of 3cm~!. Bottom left: comparison of the predicted (0, 1) frequencies of a solid
graphene plate (dashed line), i.e., Equations (3) and (4), with those for the coronene (diamonds) and pyrene (triangles) families. Bottom right: integrated cross-section
as a function of area for the coronene (squares) and pyrene (triangles) families. The dashed line shows the least-squares t represented by Equation (9). Note:
circumcircumcircumcoronene (Cis50Hsp) is not part of database version 1.11, but will be included in a future release.
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Table 2
Predicted Radiah, Overtones of the “Drumhead” Modes According to EquatiénGompared to the Corresponding Bands for the Speci ¢ Molecule in the Database
n Coronene Circumcoronene Circumcircumcoronene Circumcircumcircumcoronene
Predicted Database Predicted Database Predicted Database Predicted Database

1 124.0 546 313 168

2 496.0 548.6 (11%) 218 2290 (5%) 1252 1298 (4%) 672 827 (23%)

3 . ... 4914 5627 (15%) 2817 3034 (8%) 1512 2008 (32%)

4 ... ... 50038 5729 (14%) 2683 3534 (31%)

5 ... ... 4200 5784 (38%)

Note. The deviation in percent is given in parentheses. NotenForl the values have been reproduced from Table

600 T ] L, [/ A with ¢ being the speed of light, the density of the bah the
r < bar thickness, an® the exural rigidity. The exural rigidity
3 1 is related to the second moment of inertia and depends on the
L . degrees of freedom the material is allowed. Where for plates

= 4001 _ all degrees of freedom are available, for bars there is only one.
£ L ] Therefore, ,

= Eh

> L R D=z —————, 8
5t ] 3(15p?) ®

§ 2001 ¢ n=1 - differing a factor 4 with Equations.

L j Adopting D _= 0.375 & 1.5/4)eV for the rigidity and

* again 75 x 10°8 gcnr? for the surface density If ) demon-
strates that the data on the acene “family” are well reproduced
by Equation {) (Figure 12). The study done by Pyykk &

o 1 5 3 Zaleski-Ejglerd 200§ on the acenes shows that the overtones
area™" [x10™ cm™?] also scale well with_S2.
Figure 11. Overtones found in the database compared to those predicted by The a“a|}/3'3 of the coronetgyrene “families” and the
Equation ¢) for n = {1, 2, 3, 4} (solid lines). acene “family” reveals that the lowest (out-of-plane) skeletal
modes involving the entire molecule, i.e., the “drumhead” and
Table 3 “bar” modes, can be understood in terms of elastic vibrations.

The Computed Frequency and Integrated C_ross-sections for the “Bar” Modes However, this imposes a sensitivity to shape, related to the
of the Acene “Family” . ! ,, O '
available degrees of freedom. One “family” resembles plates,
Acene “Family” the other bars. This sensitivity has also been seen in the study
by Ricca et al. 2010).

,int 'L
Species (crl) (km moP1) (10°8cm) 3.2 Band Strenath
CioHs 1718 1.94 6769 o g
CaaH10 90.6 1.03 9228 For the coronene and pyrene “families,” the bottom right
CigH12 56.1 0.56 1169 panel in FigurelO presents the integrated cross-section as a
CazH14 382 0.34 1415 function of area. A clear trend is apparent and is well tted by
] ] the expression
Note.L is the length, see Figur.
10§15 4/5 .
with increasing molecular length (cm), the frequencies are it = 23 (x 10°* cnr). )
well tted by the expression
< 2 The decrease in the integrated cross-section of the lowest
- 78 ﬁ (cmgl) ©6) “drumhead” mode with increasing PAH area for these compact
L ' PAHSs is striking. Utilizing the Mulliken population analysis

(estimated atomic charges) obtained from density functional

where for the length, 2.46 x 1058 cm is taken as the length of  theory shows that charge accumulates at the edge of the PAH
aring and 185x 10>8 cm is added for the protruding hydrogens molecule in alternating negatively and positively charged rings.
on both ends, see the left frame in Figaz Thus, considering a PAH molecule as a vibrating charged disk
The classic solution for the lowest “free—free” vibration of cannot be used to model the band intensities. It appears that a
a bar follows also from the general solution of the differential full quantum mechanical treatment is necessary to obtain the
equation of motion after application of appropriate boundary trend.
conditions (Den Hartod947 Pyykkd & Zaleski-Ejglerd2008.
The Iowest(“free—free'gvibrati?r/lal frequency is Jtghen give?; by 4. ASTROPHYSICAL CONSIDERATIONS

With Herscheland SOFIA making sensitive spectroscopic

1 F observations in the far-IR, it is of interest to assess the impact
= ——1 n (7 PAH emission should have on this region of the spectrum.
4 7S 5 The PAH far-IR bands hold information about the astronomical
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Figure 13. Effect of temperature on the relative band strengths for a cationic small, medium, large, and very large PAH. The rst column shows the computed spectr
emitted by each of these PAHSs at a temperature of 800 K. The two subsequent columns show the spectra emitted by each of these PAHSs after absorbing 4 and 8
photons, respectively. The maximum attained temperature for each PAH is quoted in each panel. Bands have been given Lorentzian pro les with aB0F8/HM of

and 3 cn¥? for 3500-667, 667-50, and 50—1 ehy respectively (see the text for details).

(A color version of this gure is available in the online journal.)

absorbed UV photon. The sum is taken over all modes andthe ratio of the mid/far-IR bands can be much larger than ex-

the integral runs from the ambient PAH temperaturé (p to pected on the basis of the average excitation temperature de-
the maximum attained temperatufig,§x) of the PAH molecule  duced from the near/mid-IR band ratios. Second, with increas-
upon absorption of the photon. ing PAH size the far-IR emission becomes more important.

The maximum attainedibrational temperature is directly The FWHM of the pro les observed in astronomical mid-IR

related to the energy of the absorbed photon through the PAHspectra varies substantially for the different wavelength regions.
heat capacity@y), and in addition connects to the cooling rate: Emission features generally have an observed characteristic line
width of 10-30 cmi? for the 6-9um region (Peeters et £1004),
dT dE S'gE 4 while for the bands between 15 and 20, a range between 4
9 dT L aC om iB(i,T).  (11) and 8cn¥! is more typical (e.g., van Kerckhoven et aD0Q
v v [ Moutou et al.1998 Boersma et al2010. Due to the lack of
) . observational data, emission band widths of astronomical PAHs
The heat capacity can be calculated by treating the PAHin the far-IR are currently unknown. Furthermore, the shape
molecule as a molecular system of isolated harmonic oscillatorsand width of the emission pro les in the mid-IR are determined
or using analytical expressions estimated frpm experime_nt (seepy anharmonicity, but in the far-IR it is the rotation&®QR
e.g., Dwek et al1997). Bakes et al.Z00]) provide an analytical  envelope that determines band pro le and width. Estimating
approximation for the entire cooling rate. rotational pro les is an involved task because the rotational
Figure 13 demonstrates the difference between the emissionstate of large PAHs is not well quanti ed (see, e.g., Rouan et al.
spectrum from a speci ¢ PAH at a xed temperature versus the 1992 Mulas 1998 Ysard & Verstraet€010. Usually several
total emission spectrum taking the full temperature cascade intomechanisms are considered to transfer angular momentum to
account. The three spectra in each column show the emissiorthe PAH molecule, including the emission of IR photons. This
from different sized PAHs computed at 800 K (left; xed) then drives rotation, which can be expressed hytational
and after absorbing a 4 and 8eV pumping photon (middle, temperature. It is this key parameter that determines the width
right; cascade). Each row represents a different compact PAHof the pro le. Large PAH molecules are likely to have a very
size: from small, medium, large to very large;(8i2, CsaH1s, low rotational temperature (angular momentum) due to their
CogH24 t0 Cy30H2s). large inertial mass. However, some models suggest that the
Figure13illustrates two points. First, the excitation temper- rotational temperature could vary signi cantly depending on
ature that characterizes the mid-to-far-IR bands is much lowerthe astrophysical region considered, ranging from tens to several
than that which characterizes the near-to-mid-IR bands. ThUS,hundredS of degrees Kelvin for a PAH 100 carbon atoms in size
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in the coronene family, due to their symmetry, do not possess
a butter y mode. Also, the non-pure-radial modes (m > 0 in
Equation (4)) carry no intensity due to a lack of a net dipole mo-
ment. Currently, studies are underway examining these trends
for larger members of the coronene family, up to 384 carbon
atoms (A. Ricca et al. 2011, in preparation).

4.3. Observational Considerations

The detection of PAH far-IR features will likely be hampered
by poor contrast with strong dust background emission as well
as spectral confusion with other features and bands. On the
other hand, the PAH far-IR emission features will likely have
distinctive natural line widths from most other emitting species,
relatively more energy will be radiated in the far-IR for large
and cold PAHs compared to the warm PAHs dominating the
mid-IR, and objects can be chosen to minimize the contribution
of dust emission. Mulas et al. (2006a) have shown that the
lowest vibrational transitions of interstellar PAHs with sizes
Nc ~ 48 should typically contain a few tenths of a percent
of the absorbed far-UV energy. While this is only a tiny
fraction of the total energy, one can enhance the expected
spectroscopic contrast by searching for far-IR PAH features in
warm photodissociation regions. Here, classical dust is warm,
shifting the peak blackbody emission from the far-IR well into
the mid-IR range.

While detection of these transitions might prove to be chal-
lenging, one could further focus on emission from particularly
radiative intense environments, such as that of the planetary neb-
ula, NGC 7027. Telescope sensitivity will not be an issue in these
environments, and UV photolysis will have whittled the PAH
population to their most stable forms, leaving only a very limited
number of differentspecies. In this case, band pileup would
be expected. Given their high stability and likely contribution to
the mid-IR (Bauschlicher et al. 2008; Mattioda et al. 2009), the
compact structures making up the coronene and pyrene fam-
ilies are particularly interesting in this regard. However, care
must be taken to avoid environments in which a PAH might
absorb a second FUV photon before having de-excited from the

rst, as otherwise it will not have had time to emit in the far-IR
and overall far-IR emission will be suppressed.

5. SUMMARY AND CONCLUSION

This work summarizes the far-IR spectroscopic properties
of large PAHs containing about 100 carbon atoms. Using
the theoretical spectra in the NASA Ames PAH IR Spec-
troscopic Database (http://www.astrochem.org/pahdb), the role
that molecular shape, size, charge, and nitrogen inclusion have
on the far-IR PAH spectra have been studied.

PAH far-IR spectral richness increases with increasing PAH
size. The linear fused ring PAH series, the acenes, have very
simple far-IR spectra, with a prominent band near 21 m.
Interestingly, this falls close to the transitory 21 m emission
feature seen in carbon-rich, post-AGB stars suggesting acenes
as PAH building blocks. The much larger irregular-shaped PAHs
with pendent rings studied here show the band.

Introducing edge irregularities increases the number of far-IR
bands. However, series of PAH families with the same overall
compact structure, e.g., the circumcircumcoronene (CggHa4)

family, have common Jumping-Jack modes that overlap.
This enhances band strengths and spectral contrast at certain
frequencies, making these regions of particular interest to search
for PAH far-IR emission features. In particular, PAHs of about
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100 carbon atoms in size generally have bands between 45 and
55 m. Since these are PAHSs that likely also contribute to the
mid-IR emission features, a band near 50 m is predicted.

Detailed analysis of the out-of-plane bending drumhead
and bar modes has shown that the lowest frequency and
overtones of this type of molecular vibration can be treated
as a classical vibrating graphene sheet and bar, respectively.
From this point of view, for a family of similar-sized compact
PAHSs, geometry has a negligible effect on the band positions.
Thus, these modes cannot help distinguish between different
molecules, but do re ect size. Overall, this non-dependence of
shape on far-IR spectra will make a positive identi cation of
speci ¢ PAHSs challenging.

Charge state plays a negligible role in determining PAH far-
IR band positions, but can in uence relative band intensities.
Nitrogen inclusion, on the other hand, has little effect on far-IR
band positions and only weakly in uences band intensities as
compared to the mid-IR.

The NASA Ames PAH IR Spectroscopic Database, which
now includes the far-IR spectra of almost 600 PAHSs, provides
both a broad and a deep overview of PAH far-IR properties.
However, important caveats must be kept in mind. Since the
database is limited in diversity and size range, some classes of
PAHs that are not represented in the database may be important
astronomically. The absence of species containing more than
130 carbon atoms is particularly signi cant for the far-IR since
these will be at the lowest excitation levels and therefore can
only relax by emitting in the far-IR. Studies on these larger PAHs
are currently underway (A. Ricca et al. 2011, in preparation).

An observing strategy was considered to optimize the chances
of detecting unequivocal PAH far-IR emission. By observing
highly excited regions showing the mid-IR PAH features, one
probes environments where the PAH population is likely to be
comprised of the most stable members of the astronomical PAH
family, PAHs which are compact and symmetric. These will tend
to have bands which pile up in narrow (far-IR) regions, particular
near 50 m for PAHs with ~100 carbon atoms, increasing
chances of detection. In addition, the dif culties associated by
blending with broadband emission from classical dust particles
will be minimized as the dust in these regions is hot and the bulk
of their blackbody emission is shifted to the mid-IR.

This work was supported through NASAs Long Term
Space Astrophysics, Astrobiology, Laboratory Astrophysics,
The Spitzer Space Telescope Archival Research, NASASs
Astronomy + Physics Research and Analysis (APRA;
NNX07AH02G), and HerschellLaboratory Astrophysics Pro-
grams; the Netherlands Organization for Scienti ¢ Research
(NWO) and by an appointment to the NASA Postdoctoral
Program at the Ames Research Center, administered by Oak
Ridge Associated Universities through a contract with NASA.
Studies of interstellar PAHs at Leiden Observatory are sup-
ported through advanced- ERC grant 246976 from the European
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